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Abstract

Isomerization and cracking reactions ofn-heptane on 0.2 wt.% platinum supported on sulfated zirconia (Pt/SZ) are in-
vestigated in such a way to get maximum kinetic data. The experimental conditions were varied as follows: (i) two ranges
of hydrogen pressure, low pressure (LP) 190–760 Torr and high pressure (HP) 900–3000 Torr were studied; (ii) reaction
temperatures of 150, 200 and 250◦C were investigated; and (iii) hydrocarbon partial pressures from 5 to 40 Torr were ana-
lyzed. Reaction orders versus hydrogen pressure and hydrocarbon pressure, and apparent activation energy values have been
determined. The Pt/SZ catalyst displays an original catalytic behavior: (i) at LP, the hydrogen reaction order is negative,
while it is positive at HP, and in both cases, these orders tend towards zero when the reaction temperature increases; (ii) the
apparent activation energy values are lower at HP than at LP; and (iii) the reaction orders versus hydrocarbon are equal to
1 whatever the experimental conditions are. The changes in the experimental conditions involve modifications of the kinetic
parameters. Such results are explained by the fact that the relative proportions of metallic sites or acid sites are influenced
by the experimental conditions. The metal–proton adduct site [H–(Mm)(H+)x ]x+ explains these experimental results. We
interpret that at hydrogen pressures higher than 760 Torr, the excess of hydrogen provokes a shift in the reactivity from the
metallic part of the adduct to the acid one. In fact, at HP and at high reaction temperature, the reactivity is controlled by the
acid sites, while at LP and low temperature, it is managed by the metallic and the acid sites.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sulfated zirconia (SZ) is a solid acid catalyst,
which is able to catalyze isomerization reaction of
alkanes, and particularly,n-butane isomerization into
iso-butane at low temperatures[1]. Despite its high

∗ Corresponding author. Tel.:+33-3902-42737;
fax: +33-3902-42761.
E-mail address: garin@chimie.u-strasbg.fr (F. Garin).

acidity or superacidity, as it is sometimes called[1,2],
this catalyst deactivates rapidly[3]. The addition of a
metal, like platinum[4–6], increases its stability. Fur-
thermore, the simultaneous presence of hydrogen and
platinum is essential to have a stable active catalyst
[6–8], even if Garin et al.[4] showed that Pt addition to
SZ has no influence on the catalyst stability and activ-
ity in presence of sufficiently high hydrogen pressure.

Platinum supported sulfated zirconia (Pt/SZ) is a
bifunctional catalyst, with a metallic function, Pt, and
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an acidic function, SZ. Generally, on a bifunctional
catalyst, the isomerization reaction is believed to pro-
ceed, following the “traditional” bifunctional mecha-
nism, proposed by Mills et al.[9], which comprises
the dehydrogenation of alkanes on the metal surfaces,
the isomerization of the protonated alkenes on the acid
sites, and the hydrogenation of the isomerized alkenes
on the metal surfaces.

However, recent investigations have introduced
some modifications to this mechanism. In our pre-
vious paper[10], we suggested the presence of a
metal–proton adduct [H–(Mm)(H+)x ]x+, to explain
our results concerning the conversion ofnC7, nC8
andnC9 on Pt, Ir, or Pd supported on SZ. This adduct
site combines metallic and acidic sites, and conse-
quently, the migration step between these two sites
is suppressed. This concept is in agreement with the
[PdnH]+ and [PtnH]+ adducts, which act as “col-
lapsed bifunctional sites”, as proposed by Sachtler and
coworkers[11–14], and also, with the “compressed
bifunctional sites” suggested by Paál and coworkers
[15,16] paraphrasing the preceding authors.

Many investigations, concerning the properties and
characteristics of SZ and Pt/SZ, have been published.
But the results are much debated. Particularly, the
reaction mechanisms and the role of hydrogen are
controversial. Iglesia et al.[17] supposed that Pt cat-
alyzes the molecular hydrogen dissociation as hydride
and proton. The proton acts then as a Brønsted acid
site, while the hydride reacts with the isomerized
carbenium ion to form the product, decreasing the
surface lifetime of this ion. Hattori and coworkers
[5,18–20]and Tomishige et al.[7] suggested an other
interpretation. They think that H2, adsorbed on Pt,
is dissociated in atomic hydrogens, which undergo
by spillover onto the SZ and convert to a proton and
a hydride, the former one acting as an active site.
Concerning thenC4 isomerization reaction, Garin
et al. [21] suggested that the isomerization follows
a monomolecular mechanism, while Sachtler and
coworkers[13,22–24]proposed that the predominant
mechanism is the intermolecular one, supposing the
formation of a C8+ as reaction intermediate. How-
ever, according to Tran et al.[25], this difference in
butane isomerization mechanism is mainly due to the
nature of the gas used in the experiments, N2 or H2.
Tran et al.[25] showed that the isomerization follows
a bimolecular process under nitrogen, and that hydro-

gen has an inhibition effect on this mechanism and
favors monomolecular processes. This observation
reinforces the explanations of our results[21].

Kinetic studies can provide informations concern-
ing the H2 role and the catalyst’s behavior. In gen-
eral, a conventional bifunctional metal-acid catalyst
exhibits specific kinetic data: (i) hydrogen reaction
orders between−1 and 0; (ii) hydrocarbon reaction
orders close to 1; and (iii) apparent activation energy
values between 20 and 30 kcal/mol[26–29]. But,
concerning the Pt/SZ catalyst, the hydrogen reaction
orders differ from one paper to the other. In some
studies, negative values are found[7,23,30], while
in others, the orders are positive[17,31–33]. In both
cases, the reactions are performed at temperatures
higher than 150–200◦C and at hydrogen pressure su-
perior to atmospheric pressure. However, in a general
manner, a hydrogen–inert gas mixture is used in the
former case, while pure hydrogen is the gas vector in
the latter situation. Different interpretations are then
provided to explain these orders, besides the fact that
the reactions were realized under different conditions.

This paper reports a kinetic study, ofn-heptane con-
version on 0.2 wt.% Pt-supported sulfated zirconia,
under low (190–760 Torr) and high (900–3000 Torr)
hydrogen pressures. This study gives information
about the catalyst behavior in relation to hydrogen
concentration.

2. Experimental

2.1. Catalyst preparation

A one step sol–gel synthesis of sulfated zirconia
was used[34,35]. It consisted in addition of water
to alcohol solution (n-propyl alcohol) of zirconium
alkoxide (zirconiumn-propoxide), the sulfuric acid
being introduced through the hydrolysis water. The
solid was dried at 80◦C for 18 h and calcined at
625◦C for 4 h. Then 0.2 wt.% of platinum was added
from Pt(NH3)4(NO3)2. The mixture was stirred for
2 h and then was dried in an oven for 12 h. The
hydrogen reduction was performed at 350◦C for 2 h.

The sulfur content of the support was equal to
1.14 wt.%. The BET of the support was equal to
81 m2/g. After calcination at 625◦C, amorphous-
sulfated zirconia crystallized in the tetragonal phase.
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2.2. Apparatus, procedure and calculation

The catalytic reactions at low and atmospheric pres-
sures were carried out in a pulse flow system with a
glass-fixed bed reactor working at atmospheric total
pressure. In each run 5�l of n-heptane (Fluka, puriss.
standard for GC) were introduced into the gas flow of
hydrogen–helium mixture (Air liquide, purity 4N) at
constant hydrocarbon partial pressure (around 5 Torr)
thanks to a cooled trap kept at a constant temperature.
The hydrogen partial pressure was varied from 190 to
760 Torr.

For the experiments at high pressures, the catalytic
reactions were also carried out in a pulse flow system
with a fixed bed reactor, but this device is different of
the precedent. It is made in stainless steel, but the reac-
tor consists of a glass tube inserted in the stainless steel
reactor tube. The hydrogen pressure was varied from
900 to 3000 Torr. In each run, 5�l of n-heptane were
introduced into the gas flow of hydrogen at constant
hydrocarbon partial pressure (around 5 Torr) thanks to
a cooled trap kept at a constant temperature. We have
to notice here that the use of a stainless steel reactor
tube without an inner glass tube leads to the deacti-
vation of the catalyst. The reaction rate is divided by
about a factor of 100 in comparison to the rates ob-
tained in presence of the glass reactor. It seems that
the sulfates of the Pt/SZ catalyst are decomposed and
attack the inner side of the stainless steel tube during
the catalyst activation process.

In both cases, the products were analyzed by gas
chromatographs (Varian 3300) equipped with a flame
ionization detector and a capillary column (CP Sil
5CB, length 50 m, diameter 0.53 mm). The GCs were
always coupled to the outlet of the catalytic reactors,
and we have defined:

• the total conversionαT in percent as:

αT (%) = 100− amount of unreacted reactant

• the isomerization selectivity,Sisom (%) as:

Sisom(%)

= 100× ∑
isomer formed∑

isomer formed+ ∑
cracked products

(1)

The denominator ofEq. (1)is equal toαT (%); and
all the calculations are in moles.

2.3. Kinetic study

In such a way to get a maximum of information, the
experiments were performed as follows. For hydrogen
order determinations, the pressure of hydrogen var-
ied when reaction temperature and hydrocarbon pres-
sure (around 5 Torr) were kept constant. Two domains
of hydrogen pressures were investigated: one between
190 and 760 Torr and the other one between 900 and
3000 Torr. The hydrogen orders were determined, in
these two domains of pressure, at three different tem-
peratures: 150, 200 and 250◦C. The hydrogen flow
was of 30 and 100 ml/min, for the experiments led at
150 and 200–250◦C, respectively. For the hydrocar-
bon order measurements, hydrogen pressure and reac-
tion temperature were kept constant, the hydrocarbon
pressures varied between 5 and 40 Torr. These experi-
ments were performed at three different temperatures
170, 180, and 240◦C and at three different hydrogen
pressures 760, 1500, and 2250 Torr. The hydrogen flow
was of 30 and 100 ml/min, for the experiments led at
170–180 and 240◦C, respectively. Finally, the appar-
ent activation energy values were determined between
150 and 250◦C at P(H2) = 760, 1500 and 2250 Torr
with P(nC7) = 5 Torr. The hydrogen flow was settled
to 100 ml/min.

The reaction ratesr (nmol/(g s)) were determined
by the following equation:

r = Vd

Mωt
ln

(
1

1 − αT

)

whereV is the hydrocarbon volume injected (l),d the
hydrocarbon density (g/l),M the hydrocarbon molar
weight (g/mol),ω the weight of catalyst (g), andt the
time for the hydrocarbon to pass throughout the cata-
lyst (s). The isomerization rate,risom, and the cracking
rate,rcrack, are determined according to this equation,
but in replacing, respectively,αT by αisom = αTSisom
and byαcrack = αTScrack, with αisom the conversion
in isomer products,Sisom the fraction of isomers
formed among the reaction products,αcrack the con-
version in cracked products, andScrack the fraction
of cracked products formed among the reaction prod-
ucts. In all the experiments, for the determination of
the kinetic data, the total conversionαT was<25%.
This was performed by adjusting the gas flow, as
mentioned.
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Table 1
Reaction orders vs. hydrogen pressure (P(nC7) = 5 Torr)

T (◦C) Low P (H2)
(190–760 Torr)

High P (H2)
(900–3000 Torr)

�n (H2)a

150 −0.50 0.80 1.30
200 −0.35 0.20 0.55
250 −0.15 0.00 0.15

a Gaps between the orders at low pressures and the orders at
high pressures.

3. Results

The reaction rater, in general, can be written fol-
lowing a power lawr = kP(H2)

nP (nC7)
mf (state

of the catalyst), wherek = Ae−EA/RT, and we deter-
minedn, m andEA.

3.1. Hydrogen reaction orders

Table 1shows the different reaction orders versus
hydrogen pressure, obtained at 150, 200 and 250◦C,
and, for each case, at two different ranges of hydrogen
pressures: (i) low pressures (LP), 190–760 Torr; and
(ii) high pressures (HP), 900–3000 Torr. FromTable 1,
we can remark different points:

(i) at a given temperature, the orders at LP and HP
are negative and positive, respectively, but at
250◦C and at HP, the order is zero,

(ii) increasing the reaction temperature, the orders at
LP and HP increase and decrease, respectively
towards zero value,

(iii) the gaps between the orders at LP and HP dimin-
ish with the increase of the temperature: 1.30 at
150◦C, 0.55 at 200◦C, and 0.15 at 250◦C,

(iv) at 150◦C, the influence of hydrogen is the most
important. At 250◦C, the hydrogen pressure has
a small effect on the reaction rate at LP, and no

Table 3
Apparent activation energy values (P(nC7) = 5 Torr)

Experimental conditions GlobalEA (kcal/mol) IsomerizationE isom
A (kcal/mol) CrackingEcrack

A (kcal/mol)

T (◦C) P (H2) (Torr)

150–250 760 31.0± 0.5 28.0± 1.5 38.0± 0.5
150–250 1500 19.0 12.5 32.5
150–250 2250 18.5 11.5 32.5

Table 2
Reaction orders vs.nC7 partial pressure

T (◦C) P (H2)
(Torr)

P (nC7)
(Torr)

Reaction order
in nC7

170 760 5–45 1.00
180 760 5–29 0.95
240 760 5–40 1.00
240 1500 5–40 1.00
240 2250 5–40 1.00

influence at HP. The orders obtained at 200◦C
correspond to intermediate values.

3.2. Reaction orders versus n-heptane partial
pressure

The reaction orders versusnC7 partial pressures
have been settled, firstly at atmospheric pressure of hy-
drogen and at three different temperatures, 170, 180,
and 240◦C, and, secondly at 240◦C for three dif-
ferent hydrogen pressures 760, 1500, and 2250 Torr
(Table 2). In each case, the order values are very close
to 1. The reaction rate is then proportional to thenC7
partial pressure, independently of the reaction temper-
ature and of the total pressure.

3.3. Apparent activation energy data

The global apparent activation energy (EA) and the
apparent activation energy values for isomerization
and cracking reactions (Eisom

A andEcrack
A , respectively)

have been determined graphically in a range of tem-
peratures from 150 to 250◦C, and at three different hy-
drogen pressures, 760, 1500, and 2250 Torr (Table 3).
For these three experiments, theEcrack

A are greater
than theEisom

A . At 1500 and 2250 Torr,Ecrack
A has

the same value, approximately 32.5 kcal/mol, while
Eisom

A is slightly different and close to 12 kcal/mol. At
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atmospheric pressure, the apparent activation energy
values are similar to those corresponding to a reac-
tion performed on a bifunctional catalyst. However, at
higher hydrogen pressures, they are lowered. On one
hand,Eisom

A has values almost divided by two from
the one obtained at atmospheric pressure. On the other
hand,Ecrack

A is decreased by few units (32.5 kcal/mol
versus 38.0 kcal/mol at atmospheric pressure). More-
over, the global apparent activation energy values show
the same evolutions.

4. Discussion

Contrary to homogeneous gas-phase reactions, re-
actions between gases catalyzed by metals often ex-
hibit a negative pressure dependency on the partial
pressure of one of the reactants, even under initial con-
ditions. This is frequently the case for hydrogen in
catalytic reactions involving hydrocarbons such as in
hydrogenolysis and isomerization reactions.

In most of the interpretations of the negative or-
der relative to H2 pressure, in reactions of alkanes,
it is striking that the inhibiting effect in H2 pressure
is related to the degree of dehydrogenation of the
most abundant surface intermediate. When analyzing
the experimental data concerning catalytic reactions of
alkanes on metals, it appears that the value of the in-
hibiting effect in hydrogen pressure is not independent
of the experimental conditions[36]: it varies contin-
uously with both temperature and pressure ranges. In
fact, on pure metals, that inhibiting effect is increas-
ing both when the H2 pressure increases and when the
temperature is lowered. This, of course, leads to the
difficulty that the degree of dehydrogenation should
increase when the H2 pressure is increased or when
the temperature is lowered[37]. Moreover, our results
do not follow exactly those obtained on pure metals.
At low hydrogen pressure, when decreasing the reac-
tion temperature, the inhibiting effect is increasing as
already noticed but at high hydrogen pressure, it is no
longer the case, a promoting effect takes place, which
is more important at low temperature than at high
temperature.

Generally, for conventional bifunctional metal-acid
catalysts as, Pt/MOR[26], Pt/SiO2–Al2O3 [27],
Pt/AlCl3–Al2O3 [28] and Pt/HMOR[29], in all the
pressure range studied, between 200 and 3000 Torr,

the order versus hydrogen is always negative. Then it
shows that Pt/SZ has a particular behavior:

(i) At low hydrogen pressure, H2 has an inhibiting
effect (Table 1).

(ii) At high hydrogen pressure, H2 has a promoting
effect (Table 1).

(iii) The hydrogen reaction orders are dependent on
the reaction temperature: at low and high pres-
sures, they respectively increase and decrease
towards zero value when the temperature is
enhanced (Table 1).

(iv) As reported in our previous paper[10], at at-
mospheric pressure, the isomerization selectivity
increases, at isoconversion, with reaction tem-
perature (from 200 to 250◦C). This particular
evolution was attributed to the participation of a
metal–proton adduct site in the isomerization re-
action. However, at high hydrogen pressure, the
isomerization selectivity drops, at a given total
conversion, with increasing reaction temperature
(Fig. 1): at αT ∼ 20%,Sisom ∼ 70% at 150◦C,
while Sisom ∼ 50% at 200◦C; and, atαT ∼ 60%,
Sisom > 40% at 200◦C, while Sisom < 30% at
250◦C. This behavior is characteristic of an acid
catalyzed reaction. On metallic catalysts, when

Fig. 1. Reactivity ofn-heptane on Pt/SZ at a hydrogen pressure of
1500 Torr. Evolution of the isomerization selectivitySisom (%) as a
function of the total conversionαT, at three different temperatures.
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the reaction temperature is increased, the relative
contribution of the isomers is increased. This
is due to the fact thatEisom

A > Ecrack
A . These

results were obtained on 10 and 0.2 wt.% Pt
on �-Al2O3 catalysts[38–40]. Furthermore, the
transition from low pressure to high pressure is
characterized by a small decrease in the reac-
tion rate (Fig. 2). At 150◦C, the reaction rates
are 3.43 × 10−11 and 1.79 × 10−11 nmol/(g s),
respectively, at 760 and 900 Torr. The rate is
divided by a factor 2. This loss of activity is
slightly more important at 150◦C than at 250◦C.
It can be explained by poisoning of the metallic
part of the metal–proton adduct.

In summary, hydrogen reaction orders vary, on one
hand, with the hydrogen pressures, and on the other
hand, with the reaction temperatures. Moreover, it
seems that there is a transition from a metal-acid
bifunctional catalysis to an acid catalysis with the
increase of either hydrogen pressure or reaction tem-
perature.

Following the Frennet’s concept[37,41,42] con-
cerning the fact that the active sites for adsorption, the
landing site, and for the reaction involve an ensem-
ble of Zsurf. at. surface atoms, the rate equation of that
adsorption steprads can be written as follows:

CnH2n+2 + Hads+ Zsurf. at.S →
rads= kadsPHCθHθS

Z where θH+θS+θC = 1

with kads the rate constant of the adsorption step,PHC
the hydrocarbon partial pressure,θH the fraction of ad-
sorbed hydrogen atoms,θS the fraction of free surface
sites S, andθC the fraction of adsorbed hydrocarbon
molecules. Hads is a chemisorbed hydrogen atom in
adsorption–desorption equilibrium with the gaseous
hydrogen. This associative adsorption process can
explain very high hydrogen inhibiting values without
deeply dehydrogenate the most abundant surface in-
termediate[43]. In fact, the hydrogen order value is a
function of the ensembleZ of surface atoms, and the

Fig. 2. n-Heptane reactivity on Pt/SZ. Evolution of the reaction
rates as a function of the hydrogen pressure (the hydrocarbon
pressure is kept constant at 5 Torr), at three different temperatures:
150◦C (circle); 200◦C (triangle); 250◦C (square) (in white, low
pressures; in black, high pressures).

active site is composed of adsorbed hydrogen and of
Z free surface atoms. This concept is very close to
our proposal concerning the active sites in bifunc-
tional catalysis where is involved a metal–proton
adduct [(Ptm)(H+)x ]x+ as active site, as reported in
our previous paper[10]. This site groups together the
acidic and the metallic functions. Then the alkane
isomerization is visualized taking place on such sites
without the need for the intermediates to shuttle be-
tween metal and acid sites. All the reaction steps can
be achieved during a single residence of the molecule.
The adsorption step is associative, and as the exper-
iments are performed under an excess of hydrogen,
some hydrogen atoms are adsorbed on the metallic
sites. The reactive site is then [H–(Ptm)(H+)x ]x+. The
following general reactions were suggested[10]:

CnH2n+2 + [(H–Ptm)(H+)x]x+ ↔ [CnH2n+3]Pt participationagostic species(A)

[CnH2n+3]Pt participationagostic species(A)
↔ [CnH2n+3]+acid participationcarbonium ion(B)

[CnH2n+3]+acid participationcarbonium ion(B)
↔ [CnH2n+1]+(Pt+acid) participations+ H2carbenium ion(C)

[CnH2n+1]+(Pt+acid) participationscarbenium ion(C)
→ isomers or cracked products

(I)
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Table 4
Cracking product distributions fromnC7 on 0.2 wt.% Pt/SZ, ob-
tained at reaction temperatures of 150, 200 and 250◦C, and at
hydrogen pressures of 760 Torr[10] and 2250 Torr

P (H2) (Torr) T (◦C) αT (%) Sisom (%) Cracking products
selectivity (%)

C3 iC4 nC4

760 150 19.6 64.9 18.1 17.0 0.0
760 200 23.8 15.5 43.8 40.3 0.4
760 250 19.3 70.5 15.1 14.0 0.4

2250 150 13.7 72.1 14.4 13.5 0.0
2250 200 19.7 50.7 25.8 23.5 0.0
2250 250 15.6 32.8 34.1 33.1 0.0

TheEq. (I) follows the Eley–Rideal kinetic model.
The reactant adsorbs on the metallic part of the adduct
site and an agostic species (A) is formed. An equi-
librium occurs between (A) and a carbonium ion (B)
formed with the proton of the acidic part of the adduct
site. Finally, a carbenium ion (C) is formed giving iso-
mers and/or cracked products. At that point, we have
to point out that the cracking pattern is very simple.
The amount of C3 equals to theiC4 formed (Table 4).
Methane, ethane, pentanes and hexanes are not pro-
duced. Moreover, at low conversions (αT < 25%), the
isomerization selectivity is independent of the total
conversions and remains almost constant[10], around
75% at 150◦C and around 45% at 200◦C (Fig. 1). The
formation of cracked products is then a parallel reac-
tion with respect to isomerization. However, at higher
conversions (αT > 25%), the isomerization selectivity
decreases with increasing conversion, as observed on
Fig. 1and at 250◦C [10]. Hence, cracked products are
also formed by a consecutive reaction which is added
to the simultaneous reactions[10].

4.1. Inhibiting effect of hydrogen at low pressures

At 150◦C, the hydrogen pressure has a negative ef-
fect on the catalyst activity and at such temperature
the metal is only reactive for carbon–hydrogen bond
breaking. In agreement with our bifunctional mech-
anism, the rate determining step is then the reaction
occuring on the acid site of the adduct. The reaction
sequences, as given, can be written as follows:

CnH2n+2 + (Hads+ Zsurf. at.S) ↔ [CnH2n+3]Pt (K1)

[CnH2n+3]Pt ↔ [CnH2n+3]+acid (K2)

[CnH2n+3]+acid ↔ [CnH2n+1]+(Pt+acid) + H2 (K3)

[CnH2n+1]+(Pt+acid)

→ isomers or cracked products(k)

where K1 is the adsorption equilibrium constant on
the metal,K2 the carbonium formation equilibrium
constant,K3 the carbonium dehydrogenation equi-
librium constant, andk the rate constant on the acid
function. According to the Frennet’s concept
[37,41,42], the adsorbed hydrogen on an ensemble
of Zsurf. at. surface atoms (Hads + Zsurf. at. S) can
be seen as the “hydrogen–platinum–proton” adduct
[H–(Ptm)(H+)x ]x+ wherem is the size of the metallic
aggregate.

The rate equationr is:

r = k[CnH2n+1]+(Pt+acid)

K1 = [CnH2n+3]Pt

PHCθH(θS)Z K2 = [CnH2n+3]+acid

[CnH2n+3]Pt

K3 =
[CnH2n+1]+(Pt+acid)PH2

[CnH2n+3]+acid

with θS+θC+θH = 1,θH = θ0
H(1−θC), andθS = (1−

θ0
H)(1 − θC) whereθ0

H characterizes the H2 coverage
in the absence of chemisorbed hydrocarbon radicals
[37,41]. Therefore, the global rate expression can be
written as:

r = kK1K2K3PHCθ0
H(1 − θC)Z+1(1 − θ0

H)Z(PH2)
−1

(2)

The hydrocarbon reaction order is equal to 1,
whatever the hydrogen pressure and the reaction tem-
perature are (Table 2). At low hydrogen pressure
the metallic behavior predominates, at least for the
adsorption step, hence the fraction of adsorbed hy-
drocarbon can be neglected,θC ≈ 0. Furthermore, the
fraction of adsorbed hydrogen can be assumed to be
low (1 − θ0

H) ≈ 1 and thenθ0
H ≈ (KHPH2)

1/2, KH
being the equilibrium constant of molecular hydrogen
dissociation[41]. Thus, at low hydrogen pressure the
rate equation can be written as:

r = kK1K2K3K
1/2
H PHC(PH2)

−1/2 (3)
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This equation gives a hydrogen reaction order of
−0.5, which is similar to our experimental value ob-
tained at 150◦C (Table 1).

As observed, the hydrogen reaction order depends
of the reaction temperature: it increases from−0.50
to −0.15 when the temperature is raised from 150
to 250◦C (Table 1). These results point out that the
participation of the acidic function is more and more
pronounced as the temperature is increased.

Negative orders versus hydrogen were already ob-
served by Sachtler and coworkers[23], wheren(H2) =
−1.1 to−1.3 fornC4 isomerization on Pt/SZ. FornC5,
the order was−0.15[24]. Otherwise, Sayari et al.[30]
observed a negative order in hydrogen of−1.2 for
butane conversion on SZ at 180◦C. Tomishige et al.
[7] investigated thenC4 isomerization at high temper-
atures 220–400◦C and in a large range of hydrogen
pressures 1–50 bar. In all cases, the reaction order was
negative.

4.2. Promoting effect of hydrogen at high pressures

At hydrogen pressures higher than atmospheric
pressure, the hydrogen reaction order shows positive
values (Table 1). Hydrogen pressure has a positive
effect on the reaction rate. In this range of pressure, it
has been noticed, that the reaction seems to be more
driven by the acid sites. Following our bifunctional
mechanism, the active sites are metal–proton adducts,
where are distinguished metallic and acidic functions.
We suggest a competition between these two func-
tions. In this situation, contrary to the low pressure’s
case, the fraction of adsorbed hydrocarbonθC is no
longer negligible as the reaction is performed via
acid sites, for which the adsorption is stronger than
on metals. Moreover, we observed that the reaction
rate is decreased under such experimental conditions
(Fig. 2). The hydrocarbon adsorption can be defined
as:

CnH2n+2 + Hads
k1↔
k2

(CnH2n+3−2δ)ads+ δH2

At equilibrium, k1PHCθH = k2(PH2)
δθC, and

θC = KCPHC(PH2)
−δ/1 + KCPHC(PH2)

−δ, where
KC = k1/k2 θ0

H. Then, we can approximate (1−θC) as

(1 − θC) ≈ (PH2)δ

KCPHC
≈ K ′

C(PH2)
δ(PHC)−β [41,44,45],

whereβ is defined in a way to moderate the inhibiting

hydrocarbon effect, andδ is related to the degree
of dehydrogenation of the hydrocarbon residues
[37,44,45]. Moreover, at high hydrogen pressure,
θ0

H ≈ 1, and(1−θ0
H) ≈ (KHPH2)

−1/2 [41]. Therefore,
theEq. (2)becomes:

r = kK1K2K3K
−Z/2
H K ′(Z+1)

C (PHC)1−β(Z+1)

×(PH2)
δZ−Z/2+δ−1 (4)

The hydrogen reaction order is equal toZ/2, with
δ = 1. At high hydrogen pressure and at 150◦C, we
have a hydrogen reaction order of+0.80 (Table 1).
From this result, we can deduce a value forZ approx-
imately equal to 2. This value is in agreement with
our reaction scheme, which needs two free sites: one
located on the metal (hydrocarbon adsorption), and
the other on the acid site (hydrocarbon activation by
a proton).

Furthermore, if the inhibiting hydrocarbon effect is
low, i.e.β ∼ 0, then the order versus the hydrocarbon
is almost equal to 1 as observed experimentally.

The temperature increase involves a decrease in hy-
drogen reaction order toward zero (Table 1), which
can be explained by the presence of a catalytic surface
saturated in hydrogen. But how can we explain such
situation when the temperature is increased? The only
way to interpret this result is to consider that, at high
temperature, the reaction is only acid-controlled.

Iglesia et al.[17] suggested, to explain a reaction
order in hydrogen of+1 for nC7 conversion at 200◦C,
that isomerization occurs by direct reaction of alkanes
on acid sites assisted by the presence of metal sites.
Pt converts molecular hydrogen into active hydride
species, which transfer to the adsorbed carbenium
ions on the acidic site. The hydride species shorten
the residence time of the carbenium ions on the SZ
surface. This accounts for a positive effect of hydro-
gen. Comelli et al.[31] explained a positive order in
hydrogen pressure onn-hexane conversion at 200◦C
by the fact that hydrogen inhibits catalyst deactiva-
tion and that there is a limiting action of hydrogen on
the lifetime of reaction intermediates on the catalyst
surface. Otherwise, Duchet et al.[32,33] investigated
nC6 on 0.3 wt.% Pt/SZ at 150◦C. Hydrogen had a
positive effect on the reaction in a range of pressures
from 760 to approximately 4000 Torr. They supposed
that a classical bifunctional mechanism is improbable
at 150◦C, and that the catalyst, more likely, operates
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by an acid mechanism. Therefore, they suggested a
mechanism involving Lewis sites in which hydride
abstraction fromn-hexane on coordinatively unsatu-
rated zirconium atoms creates carbenium ions, which
adsorb on Lewis basic sites (bridged oxygen atoms).
The adsorbed carbenium ions are then rapidly iso-
merized and finally desorbed by the hydride species.
These hydrides are provided by homolytical dissoci-
ation of molecular hydrogen on Pt and by spillover
of hydrogen atoms on SZ, where they are converted
to (Zr–H−). Protons are also formed (O–H+). In this
manner, hydrogen increases the concentration of hy-
dride species, accelerates the desorption of carbenium
ions and thus the overall reaction rate. This explains
the positive order. Following the same idea, Hattori
and coworkers[5,19,20] proposed that hydrogen is
a source of Brønsted acidity. Molecular hydrogen
dissociates on Pt to hydrogen atoms, which migrate
by spillover to the SZ sites where they convert to an
H+ and an e− or H−. Furthermore, the bifunctional
catalysis would be negligently small.

4.3. Reaction orders in n-heptane partial pressure

In general, a bifunctional catalyst exhibits a hydro-
carbon reaction order of 1. Tomishige et al.[7] showed
a reaction order inn-butane of 1.0–1.1, concluding
that the butane isomerization is a monomolecular
mechanism. However, for Sachtler and coworkers
[23], the orders innC4, for the rate ofiC4 formation,
were between 1.2 and 1.6, depending on tempera-
ture and hydrogen pressure. They suggested then an
intermolecular mechanism involving a C8 interme-
diate. The same experiments have been carried on
with nC5, by Sachtler and coworkers[24], and they
found a reaction order of 1.1, in agreement with an
intramolecular mechanism. Experiments onnC6, led
by Duchet et al.[32,33], gave also a reaction order
of 1. However, Iglesia et al.[17] were far from these
results. They investigatednC7 conversion on 0.4 wt.%
Pt/SZ at 200◦C and displayed an almost constant re-
action order of 0.2, remarking that this result differs
significantly from that observed for alkane reactions
on conventional bifunctional catalyst.

In our case, then-heptane reaction order is 1, and
reaction temperature and hydrogen pressure do not
influence this value: Pt/SZ behaves as a bifunctional
catalyst. We have been able to explain this value

Table 5
Apparent activation energy values iniso-butane formation over
Pt/SZ, according to the results of Tomishige et al.[7]

Partial pressures
ratio (H2/nC4)

Apparent activation energy
(kcal/mol)

267–300◦C 220–267◦C

9 9.8 21.7
29 17.9 24.1
99 20.8 25.1

whatever the hydrogen pressure is. But at high hydro-
gen pressures, an inhibiting effect was taken into ac-
count. This inhibiting effect was equal to−β(Z + 1).
The global hydrocarbon order was then equal to
1− β(Z + 1), depending on the value ofβ. At low β

values, the global order is not far from unity.

4.4. The apparent activation energy values

It is always puzzling to correlate the influence of
the partial pressures of the reactants to the changes
in the apparent activation energy values. Tomishige
et al.[7] observed, fornC4 isomerization, an increase
in the apparent activation energy values with the in-
crease of the ratio H2/nC4 (Table 5). They explained
this evolution by the detrimental effect of hydrogen
pressure. Moreover, they ascribed, to the difference
of apparent activation energy values between the two
temperature ranges, a change of reaction mechanism
or of the rate determining step. This suggestion could
be adapted to our results. Indeed, as observed above,
at high hydrogen pressures, the reaction mechanism is
different than the one occuring at low pressures. More-
over, the enhancement in hydrogen concentration has
a non-beneficial effect on the reaction rate in the high
pressure range. The lower values of the apparent acti-
vation energies at 1500 and 2250 Torr can be justified
by a change in the reaction mechanism. At low pres-
sure, the mechanism is “bifunctional type”, for which
the active site is a metal–proton adduct: the appar-
ent activation energy values correspond to those ex-
pected for a bifunctional catalyst (∼30 kcal/mol). At
pressures higher than 760 Torr, the excess of hydrogen
provokes a shift in the reactivity from the metallic part
of the adduct to the acidic one. In this case, the appar-
ent activation energy values are decreased due either
to higher heat of adsorption than on the metallic sites
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or to the presence of more elementary steps in the
process. Our values,EA andEisom

A , are close to those
observed by Coman et al.[46] for n-hexane conver-
sion on SZ at 120–140◦C: 7–19 kcal/mol, depending
on the preparation and on the calcination of catalyst.
The rate constantk appearing inEqs. (2)–(4)is ex-
pected to obey the Arrhenius equation while the tem-
perature dependency of the equilibrium constantsKi

will follow the Van’t Hoff relationship. Then, from the
Temkin formula[47] giving the relation between the
apparent activation energy (EA) and the true activation
energy (E0) of heterogeneous reactions, we can write:

EA = E0 +
∑

i

�Hi (5)

where�Hi are the enthalpies linked to the equilib-
rium constantsKi . At that point, we can determine the
apparent activation energy values from theEqs. (3)
and (4), by using equationk = Ae−EA/RT and ploting
ln(k) versus 1/T. Based on theEq. (5), the enthalpy
contribution at high hydrogen pressure will be greater
than at low pressure, and as a consequence, the ap-
parent activation energy value at high pressure will
be lower than at low pressure[48].

5. Conclusion

Platinum supported sulfated zirconia is a bifunctio-
nal catalyst, for which the active site is a metal–proton
adduct, more exactly a hydrogen–platinum–proton
adduct [H–(Ptm)(H+)x ]x+. We have proposed that
the first surface reaction, the adsorption step, is an
associative reaction. The kinetic study ofn-heptane
conversion displays original characteristics: (i) the
hydrogen pressure reaction orders are negative at low
pressures, while they are positive at high pressures;
(ii) the reaction orders versus hydrocarbon are equal
to 1, independently of the experimental conditions;
(iii) the apparent activation energy values are divided
by a factor of 2 when increasing the pressure from
atmospheric pressure to higher pressures. We have
been able to interpret these results by taking into
account the presence of an hydrocarbon inhibiting
effect at high pressure. Moreover, these particular
behaviors of Pt/SZ were explained by the occupation
of platinum–proton adduct site. Hence, at hydrogen
pressures higher than 760 Torr, the excess of hy-

drogen provokes a shift in the reactivity from the
metallic part of the adduct to the acidic one. The hy-
drocarbon is activated by the metallic function of the
platinum–proton adduct at low pressures, and by the
acidic site at high pressures and at high temperatures.
Furthermore, we noticed, from carbon-13 labeled hy-
drocarbons, that only one carbon–carbon bond break-
ing reaction takes place during the catalytic process;
no scrambling of the13C is observed. It underlines
that no repetitive process occurs. This result will be
discussed in a next publication[48].
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