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Abstract

A kinetic model of the skeletal isomerization ofn-butane and isobutane on sulfated zirconia in the absence of Pt is presented. The
isomerization of butane on sulfated zirconia has been shown to be initiated by oxidative dehydrogenation of the alkane. This is
by the formation of alkoxy groups/carbenium ions at the surface, induced by strong Brønsted acid sites. The isomerization osec-
butyl carbenium ion occurs mono-molecularly, as suggested by the 100% selectivity for isomerization extrapolated to zero conver
increasing conversion, the selectivity decreased linearly, leading to propane and pentanes up to 40% of conversion. The lower
for isomerization is qualitatively explained by reactions of isobutene present in small concentrations in the reactor at higher con
Transient experiments show conclusively that the isomerization of the carbenium ion and not the hydride transfer from the alka
carbenium ion is the rate-determining step.
 2005 Published by Elsevier Inc.
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1. Introduction

Sulfated zirconia and other sulfated metal oxides ar
interest because of their unique activity for skeletal isom
ization of short alkanes at low temperatures[1,2]. In recent
years the kinetics of butane isomerization on sulfated
conia has been studied frequently[3–7], and the results hav
been reviewed[8]. However, the marked differences inn-bu-
tane and isobutane isomerization reactions indicate tha
conclusions reached for a narrow set of conditions may
be generalized.

An induction period is observed, when butane is i
merized on sulfated zirconia at low temperature, which
assumed to be due to the accumulation of carbenium
species on the surface[9,10]. The presence of butenes sho
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ened the induction period significantly[11], which is ratio-
nalized by the easier formation of carbenium ions by p
tonation. The importance of carbenium ions during alk
skeletal isomerization on sulfated zirconia has also bee
dicated by the negative effect of CO (formation of oxoc
benium ion)[9,12]. Quantum chemical studies have co
tributed significantly to the understanding of the state
these carbenium ions and their conversion[13].

Intermolecular (bimolecular, involving asec- or tert-
octylcarbenium ion) and intramolecular (monomolecu
routes[14–21]have been proposed for butane isomeriza
on solid acids. The intramolecular isomerization of a bu
carbenium ion requires the formation of a primary car
nium ion, which is characterized by a high-energy barrie
the gas phase. Therefore, the intermolecular mechanism
speculated to be the preferred route, as it involves only
formation of secondary carbenium ions, followed by cra
ing and the subsequent hydride transfer/desorption ste
this context, it should be noted that the kinetics ofn-butane
,

isomerization was analyzed previously with the assumption
that dimerization and cracking are involved[3]. The high
isobutane selectivity (90–92%) duringn-butane isomeriza-

http://www.elsevier.com/locate/jcat
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tion was explained by the different stability and reactiv
of the C8 isomers, and the low reaction rate of isobuta
was ascribed to the steric hindrance of twotert-butyl groups
forming the C8 intermediate.

n-Butane isomerization carried out in the presence of
drogen showed a reaction order forn-butane above 1[4].
Therefore, the intermolecular mechanism was conclu
to dominate under these conditions. The opposite con
sion was reached by Garin et al., who used mono13C-la-
beledn-butane under similar reaction conditions[16]. How-
ever, in most of the experimental works dealing with is
merization of13C-labeledn-butane on promoted and u
promoted sulfated zirconia at low temperature, an ex
sive isotopic scrambling was observed. These results w
used as evidence for an exclusive or prevailing bimole
lar route[4,15,18,20,22]. It should be noted that in all o
these papers either the concentration of olefins in bu
was not specified and/or a purification step was not do
mented. In addition, the reported conversion at which
reaction mixture was analyzed for isotopic scrambling w
much higher than that corresponding to differential con
tions (for example, 40% in Ref.[15] and 10% in Ref.[18]).
It is important to note that the results of Garin (in favor
a monomolecular mechanism) were critically reinterpre
by Adeeva et al.[8], who stated that the absence of isoto
scrambling does not prove the mechanism to be intramo
ular.

The complete absence of disproportionation produ
propane and pentanes, at least in the early stages ofn-butane
isomerization on sulfated zirconia[14] or other acid solid
catalysts[21], has been interpreted as evidence for a mo
molecular mechanism. However, results of Luzgin et al. s
gested that at lower conversions intermolecular pathway
isobutane are conceivable. In this context it should be n
that the cracking products of branched octanes on sulf
zirconia at 373 K do not lead exclusively to isobutene, a
hence octylcarbenium ions were concluded not to be
main intermediates of butane isomerization[23].

In summary, the experiments reported here do not a
us to unequivocally decide the pathways along whichn-bu-
tane skeletal isomerization proceeds. This is among o
factors to be ascribed to impure feeds, which induce
ious reactions, including oligomerization and deactivati
After having demonstrated that the initiation step cons
of the oxidative dehydrogenation ofn-butane[10], here the
propagation step of the butane skeletal reaction on sulf
zirconia at 373 K is addressed.

2. Experimental

2.1. Catalyst preparation

Sulfate-doped zirconium hydroxide was obtained fr

Magnesium Electron, Inc. (batch number XZO 1077/01).
The as-received sample was heated to 873 K with an incre-
ment of 10 K/min and maintained at the final temperature
sis 232 (2005) 456–466 457

for 3 h in static air to form sulfated zirconia with a conce
tration 0.053 mmol/g of Brønsted acid sites. The resultin
catalyst was kept in a desiccator and was activated in si
described below before the kinetic studies.

2.2. Adsorption isotherms and differential heats of
adsorption

The adsorption isotherms were measured in a SETAR
TG-DSC 111 instrument. Approximately 15 mg of pelle
was charged into the quartz crucible used in the TG-D
system. The sample was activated by heating to 673 K
an increment of 10 K/min and maintained at 673 K for 2 h i
vacuum (p < 10−6 mbar). After activation, the temperatu
was stabilized at 373 K.n-Butane and isobutane were intr
duced into the closed system in small doses and allowe
equilibrate with the sulfated zirconia until no further ma
increase was observed. The butane pulses were repeate
til the pressure reached 300 mbar. The differential heatsn-
butane and isobutane adsorption were determined at 30

2.3. Butane isomerization

Isomerization ofn-butane (99.5%, Messer) and isob
tane (99.95%, Messer) was carried out in a quartz m
tube reactor (8 mm i.d.) at atmospheric pressure under
ferential conditions (conversion< 0.5%). Sulfated zirconia
pellets (355–710 µm) (0.2 or 0.5 g forn-butane or isobu
tane, respectively) were loaded into the reactor and activ
in situ at 673 K for 2 h in He flow (10 ml/min). The cat-
alyst was cooled to 373 K, and the reactant mixture (v
ousn- and isobutane partial pressures in He, total flow
20 ml/min) was passed through the catalyst bed. Butane
passed through an olefin trap containing activated ze
H-Y (20 g), before it was mixed with He. The butene co
centration in the resulting gas was below the detection l
(i.e.,<1 ppm). The reaction products were analyzed with
on-line HP 5890 gas chromatograph (GC) equipped wi
capillary column (Plot Al2O3, 50 m× 0.32 mm× 0.52 mm)
connected to a flame ionization detector (FID).

In order to investigate the catalytic activity and selectiv
of sulfated zirconia forn-butane (5%n-butane in He) at high
conversion, 1.5 g of sulfated zirconia was loaded into
reactor, and reactant flow rates between 0.5 and 2 ml/min
were applied.

2.4. Transient kinetic analysis

A concentration transient study duringn-butane isomer
ization at 373 K (0.2 g of sulfated zirconia, 20 ml/min of
5%n-butane in He) on sulfated zirconia was performed a
5 h TOS (time on stream), when stable activity was
served. The feed was changed in a step function from 5 v

n-butane to 2 vol% propane in He or pure He (20 ml/min).
Samples of the effluent were collected with a VICI 32-port
valve (16 loops) and analyzed by GC.
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Fig. 1. Differential adsorption heats of (Q) n-butane and (2) isobutane ad-
sorption at 308 K on sulfated zirconia (activated in vacuum at 673 K
2 h).

3. Results and interpretation

3.1. Differential heats of butane adsorption

The differential heats ofn-butane and isobutane adsor
tion as a function of the butane coverage determined at 3
are compiled inFig. 1. For n- and isobutanes, the heats
adsorption depended similarly on the coverage, startin
approximately 60 kJ/mol (at low coverage) and declining
about 40 kJ/mol at 40 µmol/g coverage. Thus, overall, tw
isotherms (adsorption sites) seem to coexist, which may
clude chemisorbed butane molecules at low pressures.

3.2. n-Butane and isobutane reactions at various partial
pressures

The isomer formation rates versus time on stream (T
during butane skeletal isomerization on sulfated zirconi
373 K at various partial pressures are shown inFigs. 2A
and 2Bfor n-butane and isobutane isomerization, resp
tively. All reactions showed an induction period depend
in duration upon the butane partial pressure. Higher
tial pressure led to a shorter induction period (seeFigs. 3A
and 3B). After the induction period, the catalyst showed s
ble catalytic activity with only very slow deactivation.

Because the conversion of butane was lower than 1%
plug flow reactor is safely concluded to be operated in
ferential mode, and the reaction rates can also be consid
as the intrinsic forward reaction rates. The maximum r
of isobutane formation increased with increasingn-butane
partial pressure (seeFig. 4A). In addition, the selectivity
for isobutane was nearly constant (approximately 96%
all n-butane partial pressures. The main by-products w
equimolar amounts of propane and pentanes (n- and isopen-
tane at a ratio of 1:4). However, as shown inFig. 4B, the
maximum rate ofn-butane formation from isobutane in
creased linearly only for isobutane partial pressures lo
than 19 mbar. For higher partial pressures, the isomeriza

rate increased more gradually, indicating a lower reaction or-
der in isobutane.n-Butane formation rates (from isobutane)
were about 50 times lower than isobutane formation rates
sis 232 (2005) 456–466

d

Fig. 2. (A) isobutane formation rates versus time on stream forn-butane
skeletal isomerization on sulfated zirconia at 373 K for (1) 170, (E) 100,
(Q) 50, (") 28, (2) 17 and (F) 7 mbarn-butane in the feed; and (B):
n-butane formation rates versus time on stream for isobutane skeletal iso-
merization on sulfated zirconia at 373 K for (×) 88, (P) 50, (!) 36, (1) 19,
(E) 13, (Q) 9, (") 6, (2) 4.6 and (F) 3.2 mbar isobutane in the feed.
Fig. 3. (A) Half of the induction period versusn-butane partial pressure
in the feed; and (B) half of the induction period versus isobutane partial
pressure in the feed.
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Fig. 4. (A) Experimental isobutane formation rate versusn-butane partial
pressure; and (B) experimentaln-butane formation rate versus isobuta
partial pressure.

(from n-butane), and then-butane selectivity was approx
mately 80% at all partial pressures for the former reactio

3.3. Transient kinetics

Fig. 5 shows the normalized transientsFn,i,p(t) follow-
ing step change during a transient experiment (wherei is
n-butane, isobutane, or propane and p is purge gas, H
2 vol% propane in He). When propane is used,sec- and
tert-butyl carbenium ions desorb with hydride transfer fro
propane, and their concentrations can be determined b
tegration of the difference in normalized transients dur
propane and He purge:

NnC4 = CnC4

∫ [
Fn,nC4,C3(t) − Fn,nC4,He(t)

]
dt.

CnC4 is the concentration ofn-butane in the product efflu
ent before the start of the transient. The amount of isobu
formed by hydride transfer from propane totert-butyl carbe-
nium ions is also obtained in this way. The results indic
approximately 5× 10−3 mmol/g of surfacesec-butyl carbe-
nium ions and only around 3× 10−5 mmol/g of tert-butyl
carbenium ions on the catalyst surface at the steady sta
n-butane isomerization. It should be noted that these con
trations correspond to those at steady state and not to

at thermodynamic equilibrium. The steady-state concentra-
tion of sec-butyl carbenium ions (5× 10−6 mol/g) should
be compared with the concentration of strong Brønsted acid
sis 232 (2005) 456–466 459

r

f
-
e

Fig. 5. Normalized transients at 373 K (20 ml/min, 0.2 gcat). (2) Pro-
pane, (E) isobutane, He, (2) isobutane, propane, (P) n-butane, He and
(Q) n-butane, propane.

Fig. 6. Isobutane selectivity versusn-butane conversion duringn-butane
skeletal isomerization on sulfated zirconia at 373 K.

sites(53× 10−6 mol/g). Thus 10% of Brønsted acid site
form alkoxy groups at steady state.

Therefore, we conclude that thesec-butyl carbenium ion
is the dominant species duringn-butane isomerization, be
ing more than two orders of magnitude higher in conc
tration thantert-butyl carbenium ions. This in turn implie
that the rate-determining step has to be the one in the r
tion sequence after the most abundant reaction intermed
that is, the skeletal isomerization of thesec-butyl carbenium
ion. Note that in case where hydride transfer is the r
determining step, the most abundant surface species w
betert-butyl carbenium ions.

3.4. Product distribution at high conversion

The isobutane selectivity duringn-butane isomeriza
tion on sulfated zirconia at low conversion was appro
mately 96%. However, as shown inFig. 6, it decreased with
conversion. The decrease was linear at low conversions
its slope was relatively low up to 60% conversion, wher
above 60% conversion the decline in selectivity was m
rapid by far. The isobutane yield increased almost line

with the conversion up to moderate conversions (approxi-
mately 40%), reached the maximum yield at 60% conver-
sion, and decreased at higher conversion (seeFig. 7A). The
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Fig. 7. Yield of products (A) isobutane, (B) (2) propane and (F) pentanes
versusn-butane conversion duringn-butane isomerization on sulfated z
conia at 373 K.

thermodynamic equilibrium value of isobutane at 373

of 62% [24] was observed at high conversions (80%). In

Scheme 1. Proposedn-butane isomerization mec
sis 232 (2005) 456–466

in nearly equimolar amounts, whereas at high conver
propane was formed in much larger amounts compared
pentanes (seeFig. 7B).

4. Discussion

4.1. General mechanism at low conversions

The heats of adsorption ofn- and isobutane on sulfate
zirconia and the isotherms are rather similar, leading u
the conclusion that with respect to the principal interact
the two molecules are qualitatively and quantitatively v
similar. The moderate decrease in the heat of adsorption
gests a very wide distribution of interaction strength and
the isotherm should be described by a Freundlich or Tem
form.

A minority of the physisorbed molecules are oxidized
butane on the surface[10] and form asec-butoxy group with
strong Brønsted acid sites at the surface. Thesec-butoxy
groups (transforming tosec-carbenium ions in the trans
tion state) isomerize totert-butoxy groups at the surface an
are desorbed via hydride transfer fromn-butane, forming
a newsec-butoxy group and isobutane. The principal re
tion sequence is depicted inScheme 1. In the following for
simplicity, the term “carbenium ion” is frequently used
describe the stable surface intermediates, but it shoul
noted that alkoxy groups and not carbenium ions are the
ble species in the ground state.
The prevalence of the monomolecular or the bimolecular
ra-

eing

contrast to the kinetically primary product isobutane, the
secondary products propane and pentane were formed first

reaction pathway has been vividly discussed in the lite
ture over a long period without a general consensus b
hanism on sulfated zirconia at low temperature.
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reached. This is related in part to the fact that the studies
alkanes with various levels of butene and work under wid
differing reaction conditions (up to 150◦C difference in re-
action temperature and at various levels of conversion).

In a strict sense, all reaction routes ofn-butane isomeriza
tion proposed involve bimolecular reactions. The differ
opinions with respect to the mechanisms can be divided
two large groups: (i) those arguing that asec-butyl carbe-
nium ion is isomerized intramolecularly to atert-butyl car-
benium ion that desorbs via hydride transfer from an-butane
molecule and (ii) those arguing that thesec-butyl carbe-
nium ion is alkylated with another olefin, forming asec- or
tert-octylcarbenium ion, which is isomerized and crack
forming a smaller olefin, which is re-adsorbed on a Br
sted acid site and finally desorbs, also via hydride tran
from n-butane. The relative contributions of the two react
pathways vary with the concentration of olefins in the re
tor, and the conclusions are therefore strongly influence
the purity of the reactants and the degree of conversio
shown below. However, both reaction schemes depen
the bimolecular step of hydride transfer for chain propa
tion.

4.2. Direct isomerization of butane versus alkylation/
isomerization/cracking route

Without metal components and in the absence of
drogen in the reactant mixture, sulfated zirconia is a
lective isomerization catalyst only at rather low conv
sions (below 40%). At higher conversion, the isobutane
lectivity decreased rapidly, especially when the isobut
concentration in the product was close to the thermo
namic equilibrium concentration (62%). When the relatio
of yield and conversion (seeFig. 7) are considered, isobu
tane is clearly a primary product with high stability and
very high ultimate selectivity (close to 100%) at low co
version. Propane and pentane are in turn concluded t
secondary products. If the only reaction pathway were
alkylation/isomerization/cracking route, isobutene, prope
and pentene would be the undetected intermediate prod
(after readsorption, protonation, and hydride transfer)
should appear as alkane primary products. This clearly
gests that isobutene, propane, and pentane are not form
a parallel step. As propane and pentane can only be for
via a C8 intermediate, we conclude that isobutane is form
via an intramolecular route (via methyl cyclopropyl carb
nium ions). This argument is supported by other experim
in the literature[14,21]. Note that all labeling studies ind
cating that an intermolecular mechanism is operative w
performed under high conversion[15,20].

Model calculation based on the thermodynamic g
phase composition for di- and tri-branched octenes le
comparatively low isobutane selectivities. At thermod

namic equilibrium dimethylhexanes are more abundant than
trimethylpentanes among the C8 isomers in the gas phase.
Only when it is assumed that on the surface the distribution
sis 232 (2005) 456–466 461

s

n

of C8 isomers is dramatically changed in favor of 2,2,4-
methylpentane is it possible to account for a selectivity
isobutane near 100%. However, this scenario seems t
unlikely and it is not supported experimentally. It has be
experimentally shown that the cracking pattern of branc
octanes at 373 K on sulfated zirconia cannot lead to iso
tane selectivity close to 100% as observed with SZ un
differential conditions[23].

Theoretical calculations also suggest that the intram
cular skeletal isomerization of butyl carbenium ions is f
sible [25]. The activation energy from asec-butyl to atert-
butyl carbenium ion has been calculated to be 76 kJ/mol,
whereas the activation energy for the reverse reaction, f
tert-butyl to sec-butyl carbenium ion, has been calculated
be 134 kJ/mol. The difference is related to the fact that t
tert-butyl carbenium ion has a significantly higher stabil
compared with thesec-butyl carbenium ion.

However, the variation in the isobutane selectivity w
increasing conversion also indirectly supports the propo
model of an intramolecular isomerization followed by a h
dride transfer. The isobutane selectivity decreases at lo
conversions linearly with conversion. This decrease in
cates that one decisive sequential reaction leading to pro
and pentane is first order in the concentration of isobut
We speculate that this is related to the easier oxidizabilit
isobutane and hence the higher concentration of isobu
in the gas phase above the catalyst. Furthermore,tert-butyl
carbenium ions formed in the isomerization process dec
pose to some extent and may form isobutene. Isobuten
acts withsec-butyl carbenium ions to dimethylhexyl alkox
groups (alkylation reaction), which react as discussed ab

Propane and (to a lesser degree) pentanes are the ma
products during butane isomerization on sulfated zirco
once it proceeds via the intermolecular dimerization pa
way by forming C8 species from two butyl species followe
by rearrangement and cracking. The equal molar amoun
propane and pentane in the product at lown-butane conver
sion in this study are in agreement with previous report
the literature[3] suggesting the formation and cleavage
octylcarbenium ions with readsorption of the olefins form
and their desorption with hydride transfer from an alka
However, at high conversion, the yield of pentanes is m
lower than that of propane, which suggests that the form
pentenes or pentylcarbenium ions are consumed by fu
reactions that involve many alkylation and cracking ste
The high selectivity for propane must be related to multi
further cracking and alkylation steps over these catalysts
occur parallel to the isomerization reaction.

The reversible isomerization and the irreversible disp
portionation cause the change in selectivity with convers
At low conversion, the isomerization rate is high and
disproportionation alkylation/cracking proceeds slowly.
high conversion, the integral isomerization rate is lowe

as a result of the additional contribution of the isomerization
of isobutene, leading finally to a decrease in the isobutane
yield above 60%n-butane conversion.
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4.3. Rate-determining step

The most abundant surface intermediate and in turn
rate-determining step were deduced from a transient
periment analyzing the absolute concentration ofsec- and
tert-butoxy groups duringn-butane isomerization at stead
state. We deduced the concentrations by purging the re
with an inert gas and in the presence of propane as hyd
transfer agent. The results show that two orders of ma
tude moresec- than tert-butyl carbenium ions from a cata
lyst operated at steady state inn-butane isomerization coul
be removed by hydride transfer from propane. The abso
concentration suggests that approximately 10% of all Br
sted acid sites exist in the form ofsec-butyl alkoxy groups
at steady state. The significantly higher abundance ofsec-
butyl carbenium ions demonstrates that the rate-determi
step must be in the sequence directly after the formatio
the alkoxy groups, that is, the isomerization step. In turn,
result also shows that the hydride transfer step must b
quasi-equilibrium.

In this context it is interesting to note that a quant
chemical study of elementary steps of hydrocarbon trans
mation in acid zeolite catalysts also suggests a fast hyd
transfer step by comparing the relative activation energ
that is, 180–200 kJ/mol for hydride transfer and 257 kJ/mol
for n-butene to isobutene isomerization[26].

4.4. Description of the initial rate parameters of n-butane
and isobutane isomerization

Scheme 2shows the main reaction steps of the o
idative butane activation and termination and the catal
cycle of isomerization described inScheme 1. Step (1)
is the irreversible oxidation ofn-butane to butene, wate
and SO2. The formed butene is protonated by a Brøns
acid site of sulfated zirconia (Step(2)). Step(3) describes
the skeletal isomerization of the formedsec-butyl alkoxy
group/carbenium ion. This step includes the formation
a methyl cyclopropyl carbonium ion, its opening to a p
mary isobutyl carbenium ion, and its final rearrangemen
a tertiarytert-butyl carbenium. Step(4) describes the prop
agation, that is, hydride transfer fromn-butane totert-butyl

(1)n-C4H10 + SO3
kn1→ n-C4H8 + SO2 + H2O

(2)n-C4H8 + H+ kn2�
kn−2

sec-C4H9
+

(3)sec-C4H9
+ kn3�

kn−3
tert-C4H9

+

(4)tert-C4H9
+ + n-C4H10

kn4�
kn−4

i-C4H10 + sec-C4H9
+

(5)n-C4H8 + T
kn5→ n-C4H8–T
Scheme 2. Proposed catalytic cycles for butane skeletal isomerization on
sulfated zirconia.
sis 232 (2005) 456–466

r

carbenium ion with formation of a newsec-butyl carbenium
ion.

As the concentration of surfacesec-butyl carbenium ions
is more than 100 times higher than that oftert-butyl carbe-
nium ions and the surface isomerization has been ident
to be the rate-determining step at steady state, the overa
can be described by the rate equation of Step(3). Because the
experiments were performed at very low conversions, o
the forward reaction is considered. Thus, the kinetic desc
tion is that of the forward reaction only and does not desc
eventual butane/butene side reactions at higher tempera

Olefins have not been detected in the reaction prod
and thus are below the 1 ppm detection limit in the GC an
sis used. On the other hand, oxidative activation at ste
state is slower than that in the induction period but proce
at a significant rate. Judging by the increase in the conce
tion of water on the surface, the process should produce
ficient butene to generate a stream of approximately 5
butene in the products[10]. Thus the absence of olefins i
dicates that at steady state the rate of olefin generatio
nearly equal to the rate of its reaction to dead end or
products. This reaction step is fast compared with the g
eration (Step(1)) but far slower than the olefin protonatio
and deprotonation. Thus, the concentration of butene ca
approximated as constant and below the detection lim
the reactor. Note that in the absence of a termination ste
olefin concentration should increase linearly over the c
lyst bed (integral reactor treatment).

The initial rate of butane isomerization normalized to
mass of catalyst is therefore described by

rn = kn3[sec-C4H9
+].

The concentration of thesec-butyl carbenium ion can b
derived by considering all steps producing and consum
the carbenium ion, whereas the concentration of buten
given by the balance between the oxidative and the te
native step (seeAppendix A for the details). Note that a
steady state without catalyst deactivation the olefin prod
tion is only needed to replace the small loss of olefins by
termination of the acid-catalyzed isomerization cycle. W
this approach the initial rate ofn-butane isomerization is ex
pressed as

rn = kn3CBAnA
′
nPn

1+ AnA′
nPn

,

whereCB is the concentration of Brønsted acid sites andPn

is the partial pressure ofn-butane,

An = kn2

kn−2 + kn3
and A′

n = kn1

[T]kn5
[SO3].

The rates of isobutane formation obtained from then-bu-
tane reaction at various partial pressures are fitted by

earization of the equation. An identical analysis was per-
formed on the isobutane reaction. The values for the com-
posite kinetic parameters are listed inTable 1.
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Table 1
Kinetics parameters for butane skeletal isomerization on sulfated zirc
at 373 K

Rate constant

(s−1)

Composite
constant

kn3 1× 10−3 An × A′
n 7.7

ki3 2.8× 10−5 Ai × A′
i

127

The composite constant for isobutane isomerization (Ai ×
A′

i = 127) is higher than that for then-butane isomerization
(An × A′

n = 7.7). Thus, the isobutane reaction rate reac
its maximum at lower partial pressure. The higher cons
of the isobutane isomerization can be associated with
higher oxidation reactivity or the higher protonation co
stantKipro = ki2/ki−2 of the formed isobutene, because
the higher stability oftert-butyl carbenium ion compare
with sec-butyl carbenium ion.

The isomerization reaction rate constants,kn3 andki3, are
1×10−3 s−1 and 2.8×10−5 s−1 for n-butane and isobutan
isomerization, respectively. More than one order of mag
tude difference in the reaction rate constant was found
n-butane and isobutane skeletal isomerization. The pred
isomer formation rates of butane skeletal isomerization
der differential conditions versus butane partial pressure
tained from our isomerization rate expression and kine
parameters are also shown inFigs. 8A and 8Bfor n-butane
and isobutane, respectively. The model fits the experime
results very well, which indicates that the isomerization
action of butane can be accurately described by our cata
cycle and kinetic parameters.

With the rate constants for the rate-determining step,
Gibbs free energy of activation is calculated with the use
transition-state theory:

k = kBT

h
exp

(
−�G0#

RT

)
,

wherekB is Boltzmann’s constant,h is Planck’s constant
and�G0# is the standard Gibbs free energy of activati
The calculated values of�G0# were 114 and 125 kJ/mol for
then-butane and isobutane isomerization reactions, res
tively. The standard enthalpy of activation can be obtai
with the equation�H 0# = �G0# + T �S0#, where�H 0# is
the standard enthalpy of activation and�S0# is the standard
entropy of activation. The standard entropy of transiti
state species was estimated with the assumption tha
transition state is similar to the carbenium ion[27]. Thus,
�S0# ≈ 0 and�H 0# = �G0#. The true activation energie
obtained fromEa = �H 0# + RT , are 117 and 128 kJ/mol
for then-butane and isobutane reactions, respectively.

The higher relative activity of the active species form
from n-butane, that is, thesec-butyl carbenium ion, com
pared with tert-butyl carbenium ion should be related
differences between the ground state and the transition s

Since thetert-butyl carbenium ion is the most stable species
(that with the lowest potential energy from the molecules and
molecular species investigated), the activation energy from
sis 232 (2005) 456–466 463

-

.

Fig. 8. (A) Experimental (F) and predicated (—) isobutane formation rate
versusn-butane partial pressure; and (B) experimental (F) and predicated
(—) n-butane formation rate versus isobutane partial pressure.

the tertiary carbenium ion to the methyl cyclopropyl carb
nium ion is higher than that from thesec-butyl carbenium
ion. However, the activation energy of thetert-butyl carbe-
nium ion reaction is only 11 kJ/mol higher than that of the
sec-butyl carbenium ion. This contrasts with the differen
in the free carbenium ions, which is 67 kJ/mol [25]. This is
explained by the fact that the carbenium ion in the gro
state resembles an alkoxy group more than it does a free
benium ion[13]. It is even demonstrated that the alkoxid
formed in the zeolite frame with primary, secondary, and
tiary carbenium ions have similar potential energies[28].
It is also suggested that with the assistance of the oxy
the intramolecular skeletal isomerization of butyl carbeni
ions is facilitated, providing a lower energy pathway co
pared with the reaction of free carbenium ions[17].

The second large true activation barrier found in the
tential energy diagram of the reaction (seeFig. 9) is the
hydride transfer (101 kJ/mol), obtained by analysis of the re
sults of transient study with kinetic and transition-state t
ory. The close proximity of the values for the isomerizat
of thesec-butyl carbenium ion and the hydride transfer fro
n-butane to thetert-butyl carbenium ion suggests that lim
ited room is available for improving the catalyst properti
This is related to the fact that the intramolecular isomer

tion and the hydride transfer require antagonistic properties
of the catalyst. The isomerization rate is proportional to the
stabilization of the cyclopropyl carbonium ion, which in-
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Fig. 9. Energy profile of isomerization/hydride transfer steps correspon

creases with increasing strength of the Brønsted acid s
In contrast, the rate constant for hydride transfer from
alkane to an alkoxy group/carbenium ion increases with
creasing strength of the Brønsted acid sites[29]. Thus, the
improvement of the isomerization would lead to a less
vorable situation for the hydride transfer and eventually
the shift of the rate-determining step from the isomeriza
to the hydride transfer.

5. Conclusions

The isomerization is initiated by an oxidative dehyd
genation ofn- and isobutane. Under differential condition
the formed butene adsorbs on acid sites and isome
monomolecularly. The products are removed by hyd
transfer.

Assuming approximately the same hydride transfer tr
sition state for propane andn-butane, the transient exper
ments show that duringn-butane isomerization moren- than
isobutane can be removed by hydride transfer. This sh
that moresec- thantert-butyl alkoxy groups/carbenium ion
are present on the catalyst during isomerization. Becaus
most abundant reaction intermediate should be the one
fore the rate-determining step, we conclude that the isom
ization of the carbenium ion is the rate-determining step
the chain sequence and that the hydride transfer is in q
equilibrium.

The variation of the yields in isobutane and in s
products (propane and pentanes) with increasing conve
shows conclusively that isobutane is the only kinetically p
mary product ofn-butane skeletal isomerization and that

side products are secondary products. Thus, main and sid
products are formed in sequential and not in parallel re-
actions. This is also confirmed by the high selectivity for
to isomerization ofn-butane to isobutane. (a) Value taken from Yaluris et al.[27].

.

-

-

isomerization forn- and isobutane at low conversion, whi
also implies that the isomerization occurs via an intram
cular mechanism. The true energies of activation (estim
by transition-state theory with the use of the experiment
determined thermodynamic and kinetic data) are 117
128 kJ/mol for the skeletal isomerization of thesec- and
tert-butyl carbenium ion, respectively. This agrees well w
the energetically demanding monomolecular reaction p
way.

The by-products, that is, propane and pentanes,
formed via bimolecular routes as secondary and tert
products. At low to moderate conversions ofn-butane, the
relative concentrations of propane and pentane incr
linearly with conversion. This is explained by the equil
rium between thetert-butyl carbenium ions and gas-pha
isobutene. This isobutene alkylates carbenium ions at
surface, leading to octylcarbenium ions, which crack
undergo re-adsorption and hydride transfer. It is espec
noteworthy that at higher conversion propane is formed
most exclusively, indicating that multiple alkylation an
cracking steps occur under such conditions. Reversible
merization and irreversible disproportionation are thus
cause of the reduced selectivity at high conversion in
absence of a hydrogenating function.

It is interesting to note that the forward rate of isobuta
isomerization is significantly slower than the isomerizat
of n-butane, despite the fact that isobutane is easier to
idize and is more stable as alkoxy groups/carbenium i
This lower activity is associated with a higher energy
activation for the isomerization of thetert-butyl carbenium
ion because of its higher stability compared with thesec-
butyl carbenium ion. As a consequence, the difference in

emethyl cyclopropyl carbonium ion and, hence, the true en-
ergy of activation are larger. The strong covalent bond of the
carbenium ions in the ground state (alkoxy groups) leads,
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however, to a dampening of the large differences expe
from free carbenium ion chemistry.

The excellent fit of the kinetic model based on the
conclusions shows that the reaction pathway for the
merization of lightn-alkanes on noble metal free sulfat
zirconia can be outlined. Under differential conditions a
at steady state the overall rate depends on the rate con
of the monomolecular isomerization of the carbenium i
the concentration of the olefins in the catalyst zone, and
concentration of the Brønsted acid sites on the sulfated
conia. The concentration of olefins in turn depends dire
on the partial pressure of the alkane and the concentratio
the labile sulfate-based redox sites of sulfated zirconia.
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Appendix A

The propagation step ofn-butane isomerization, hydrid
transfer, and skeletal isomerization ofsec-butyl carbenium
ion occurs many times (around 500) for each oxidation s
For the long-chain approximation, the formation and the
mination rates of butene species are nearly identical:

kn1[n-C4H10][SO3] = kn5[n-C4H8][T].
Thus, the steady-state concentration ofn-butene is

[n-C4H8] = kn1[SO3][n-C4H10]
kn5[T] = A′

n[n-C4H10],
were

A′
n = kn1[SO3]

kn5[T] .

In a general treatment of the butene concentration,
differential equation of the residence time dependent ol
concentration in the reaction is

d[n-C4H8]
dt

= kn1[n-C4H10][SO3] − kn5[n-C4H8][T].
Solving this differential equation, we obtain the concen
tion of butenes:

[n-C4H8] = kn1[SO3][n-C4H10]
kn5[T]

(
1− e−kn5[T]t)

= A′′
n[n-C4H10],
where

A′′
n = kn1[SO3]

kn5[T]
(
1− e−kn5[T]t).
sis 232 (2005) 456–466 465

t

f

Thus, if the termination rate is very fast, then

A′′
n = kn1[SO3]

kn5[T]
(
1− e−kn5[T]t) = kn1[SO3]

kn5[T] = A′
n

leading to the same solution as assumed in the steady
approximation.

According to the mechanism proposed forn-butane
skeletal isomerization on sulfated zirconia at low tempe
ture, the differential equation describing the time depend
response of surfacesec-butyl carbenium ion is

d[sec-C4H9
+]

dt
= kn2[n-C4H8][H+] − kn−2[sec-C4H9

+]
− kn3[sec-C4H9

+] + kn−3[tert-C4H9
+]

+ kn4[tert-C4H9
+][n-C4H10]

− kn−4[sec-C4H9
+][i-C4H10].

With the pseudo-steady-state hypothesis((d[sec-C4H9
+])/

(dt) = 0), the concentration ofsec-butyl carbenium ion can
be described as

[sec-C4H9
+]=(

kn2[n-C4H8][H+] + kn−3[tert-C4H9
+]

+ kn4[tert-C4H9
+][n-C4H10]

)
× (

kn−2 + kn3 + kn−4[i-C4H10]
)−1

.

Since at low conversion the concentrations of isobut
and tert-butyl carbenium ion during reaction are extrem
low compared withn-butane andsec-carbenium ion, the de
scription of concentration ofsec-butyl carbenium ion can
be simplified by the Most Abundant Surface Intermedia
(MASI) assumption:

[sec-C4H9
+] = kn2[n-C4H8][H+]

kn−2 + kn3
.

From the site balance, carbenium ion and free Brønsted
sites must be equal to the concentration of Brønsted
sites,[sec − C4H9

+]+ [H+] = CB, whereCB is the concen-
tration of Brønsted acid sites and [H+] is the concentration
of free Brønsted acid sites. Thus we can state that

[sec-C4H9
+] = CBAn[n-C4H8]

1+ An[n-C4H8] ,
where

An = kn2

kn−2 + kn3
.

This shows that the concentration ofsec-butyl carbenium
ion is directly related to the concentration of butene spec
which are formed by oxidation ofn-butane by adsorbed SO3
or pyro-sulfate species.

As we have concluded that the rate-determining ste
the isomerization of thesec-butyl carbenium ion to thetert-
butyl carbenium ion, the overall formation rate of isobuta
normalized to the sample weight is
d[i-C4H10]
dt

= rn = kn3[sec-C4H9
+].
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Substituting for the[sec-C4H9
+], one obtains the rate equ

tion in the simplest form:

rn = kn3CBAnA
′
n[n-C4H10]

1+ AnA′
n[n-C4H10] .
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