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n-Hexane skeletal isomerization over sulfated zirconia
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bstract

The n-hexane skeletal isomerization over Pt/SO4
2−/Al2O3/ZrO2 catalysts with different density of Lewis acid sites has been studied in a fixed-

ed reactor. The acidity of the catalysts was characterized by FTIR spectroscopy of low temperature CO adsorption. The calculation of the rate
onstants, characterizing the catalyst activity and selectivity was performed on the base of mathematical model of plug flow reactor. It was shown

hat the rate of hexane isomerization is mainly determined by the density of Lewis acid sites on the surface of sulfated zirconia catalysts: rate
onstant of n-hexane isomerization for catalyst with Lewis acidity 250 �mol g−1 is four-fold as that for catalyst with concentration of Lewis acid
ites 150 �mol g−1 and the rate constant of desired product (2,2-dimethylbutane) formation is also higher by two times.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Naphtha isomerization is a simple and cost effective tech-
ology for increasing octane number of gasoline. Skeletal
somerization of light naphtha is composed mainly of conver-
ion of n-pentane and n-hexane into branched alkanes. Multiply
ranched alkanes have higher octane number than mono-methyl
lkanes, and are preferentially produced at low temperature
ubject to chemical equilibrium. Recently new acid catalysts
ased on sulfated zirconia (SZ) have been developed and suc-
essfully commercialized by UOP LLC [1–3]. These catalysts
ffer a nice alternative for the corrosive halogen-containing solid
cids for light naphtha skeletal isomerization at low temper-
ture. By the large demand of desired isomerization products
evelopment of new more active catalysts has been continued
4].

It is known that activity of the SZ catalysts significantly
epends on preparation procedure, the activity of the catalysts
ith the same structure and equal in sulfate content may differ
y one order of magnitude [5]. Many researchers try to reveal the
ritical differences determining the variation in catalytic activity

nd to recognize the important characteristics of the active SZ
atalyst: is that Bronsted or Lewis acidity or both of them or other
arameter [6–18]. In the last years some authors emphasize the
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articipation of Lewis acid sites in the reaction mechanism for
lkane isomerization [11–13]. But there are no direct arguments
or this idea yet. Here we try to give the proofs of the depen-
ence between activity of SZ catalysts and their Lewis acidity.
aximum densities of Lewis acid sites on SZ catalysts pre-

ented in literature were 90–121 �mol g−1 [19–21]. Our group
as developed SZ catalysts with higher density of Lewis acid
ites—200–250 �mol g−1 [22].

The aim of this work was to investigate the n-hexane skeletal
somerization over Pt/SO4

2−/Al2O3/ZrO2 catalysts with differ-
nt density of Lewis acid sites.

. Experimental

.1. Catalysts preparation

Zirconium–aluminium hydroxides were precipitated from
he aqueous solution of zirconium oxynitrate and aluminium
itrate by ammonium hydroxide at the variation of pH from

to 11.5. The obtained solids were washed with distilled
ater until the complete elimination of nitrate ions. The

irconium–aluminium hydroxides were sulfated with H2SO4
nd calcinated at 650 ◦C. Platinum was loaded by incipient wet-

ess impregnation with an H2PtCl6 solution. The final catalysts
ere calcined at 500 ◦C for 3 h [22]. Catalysts composition

s Pt = 0.3%, SO4 = 6%, Al2O3 = 2.5%. BET surface area was
00–120 m2 g−1.

mailto:ggvolkova@catalysis.ru
dx.doi.org/10.1016/j.cej.2007.03.079
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Table 1
FTIR spectroscopy data of CO adsorption

Catalysts νCO (cm−1) Lewis acid sites
(�mol g−1)

Bronsted acid
sites (�mol g−1)

SZ-1, pH 7 2185 50
2175 85
2150 140

SZ-2, pH 10 2200–2190 150
2175–2165 140
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.2. FTIR characterization

FTIR spectroscopy was applied to determine the acidity of
he catalysts by monitoring the adsorption of CO (adsorbance
and at 2150–2175 cm−1 for Bronsted and 2185–2200 cm−1 for
ewis acid sites). The samples were pressed into self-supporting
afers containing of 15–20 mg cm−2 material. Samples were

educed by hydrogen in situ in IR sell at the temperature 200 ◦C
hen degassed at 200 ◦C and then cooled to the −173 ◦C and
reated with low doses of CO. The spectra were recorded in the
ange of 2000–2300 cm−1 with 4 cm−1 resolution using Shi-
adzu FTIF-8300 spectrometer.
The number of sites of each type was calculated by

tting the data to equation N = A/ρAo, where A is the inte-
rated intensity of band, ρ the mass of material (g cm−2)
nd Ao is the molar integrated absorption coefficient equal to
.8 cm �mol−1 for band 2185–2200 cm−1 and 2.6 cm �mol−1

or the band 2150–2175 cm−1. Procedure for determination of
o is described in ref. [23].

.3. Activity measurements

Catalysts were evaluated in a fixed-bed flow reactor with a
as chromatography analysis on line. Reaction conditions were
aried: H2/C6H14 ratio from 2/1 to 5/1, pressure from 0.3 to
.5 MPa, temperature from 180 to 250 ◦C. Prior to reaction, sam-
les were reduced in situ at 200 ◦C (heating rate 2 ◦C min−1) in
tream of 2% H2–He for 2 h.

. Results and discussion

.1. FTIR study

IR spectra of adsorbed CO on sulfated zirconia cata-
ysts (Fig. 1) revealed bands characteristic of both Lewis
2185–2200 cm−1) and Bronsted (2150–2175 cm−1) forms of
dsorption. Table 1 collects the acidity data calculated from

TIR spectra of CO adsorption.

A three to five-fold variation in concentration of the Lewis
cid sites is apparent across the range of samples. At the same
ime density of Bronsted acid sites lightly varies.

ig. 1. FTIR spectra of adsorbed CO at temperature 100 K and pressure 10 Torr
n Pt/SO4

2−/Al2O3/ZrO2 catalysts: (1) SZ-1; (2) SZ-2; (3) SZ-3.
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Z-3, pH 11.5 2200–2190 250
2175–2165 170

The lowest concentration of Lewis acid sites equal
0 �mol g−1 was observed for catalyst 1 precipitated at pH 7.
atalysts precipitated at pH 10 and 11.5 were characterized by

he density of Lewis acid sites of 150 and 250 �mol g−1.
It is known that acid strength may be characterized by spec-

roscopic identification of the interaction between acid site and a
eak base. In the adsorption of CO molecule on Lewis acid site

lectrons in the antibonding level of the C O bond become stabi-
ized, i.e., C O bond becomes stronger [24]. The resulting shift
f the IR band to higher wave number was used by Knozinger
nd co-workers as a measure of acid strength [25–27]. So the
trength of Lewis acid sites for catalysts 2 and 3 which char-
cterized by 2190–2200 cm−1 is higher than those for catalyst
with wave numbers 2185 cm−1. The catalysts 2 and 3 with

ighest and equal strength and different concentration of Lewis
cid sites 150 and 250 �mol g−1 were chosen for further detail
inetic investigation.

.2. Kinetic study

Study of the kinetics of isomerization of the n-hexane on solid
uperacids has shown that it is possible to divide process into
hree stages [28]. The first, the fastest stage, is formation of 3-
ethyl pentane (3MP) from 2-methyl pentane (2MP), and then,

,3-methyl butane (2,3DMB) formation up to thermodynamic
quilibrium. The reactions of the isomerization of n-hexane and
he formation of 2,2-methyl butane (2,2DMB) has the compara-
le rates. Third stage is the side products formation. The same
esults were obtained for hexane isomerization over HF-SbF5
atalyst [29].

For the kinetic analysis the following reaction network
Scheme 1) was used:

Rate of isomerization is influenced by many factors such as
nitial ratio of reagents, reaction conditions and so on. However,

t was noted in many papers that the reactions are pseudo-first
rder in reagents.

The calculation of the rate constants, characterizing the cat-
lyst activity and selectivity, was performed on the base of
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Fig. 3. The dependence of n-hexane conversion (1) and the 2,2 DMB concentra-
tion (2) on contact time for SZ-2 catalysts (points: experiment; lines: modeling).
P = 1 MPa, H2/nC6 = 5.
08 G.G. Volkova et al. / Chemical En

athematical model of a plug flow reactor:

dC1

dτ
= −k1C1

(
1 − C2

C1Ke1

)
,

dC2

dτ
= k1C1

(
1 − C2

C1Ke1

)
− k2C2

(
1 − C3

C2Ke2

)
− k3C2,

dC3

dτ
= k2C2

(
1 − C3

C2Ke2

)
,

dC4

dτ
= k3C2,

here C1 is the mole fraction of n-hexane, C2 the
MP + 3MP + 2,3 DMB, C3 the 2,2 DMB, C4 the cracking prod-
cts, τ the contact time, ki,k−i the rate constants of direct and
everse reactions of n-hexane isomerisation and 2,2 DMB for-
ation and Kei is the equilibrium constants.
To solve the system of differential equations, which describes

he balance correlation of the components in the gas phase, we
sed the semi-implicit method of Runge–Kutta to integrate a set
f the stiff ordinary differential equations.

The calculation of the kinetic rate constants was made in the
ollowing order:

. Thermodynamic equilibration was calculated based on value
of entropy and enthalpy of n-hexane, 2MP, 3MP, 2,3 DMB,
2,2 DMB and equilibrium concentrations of above mention
components were obtained for each temperature at the range
150–250 ◦C (Fig. 2).

. Equilibrium constants for all stages of Scheme 1 were deter-
mined based on equilibrium concentrations.

. Rate constants were determined on the basis of description

of the experimental data at the given equilibrium constants.

The kinetic rate constants and activation energies were deter-
ined. Figs. 3 and 4 present the experimental and calculated data

ig. 2. Dependence of the equilibrium concentrations of n-C6 isomerization
roducts on temperature.

Fig. 4. The dependence of n-hexane conversion (1) and the 2,2 DMB concentra-
tion (2) on temperature for SZ-2 catalysts (points, experiment; lines, modeling).
P = 1 MPa, H2/nC6 = 5.

Fig. 5. The rate constans of n-hexane isomerization (k1) and 2,2 DMB formation
(k2) vs. pressure for SZ-2 catalyst, calculated from description of experimental
data (points). T = 200 ◦C, H2/nC6 = 5.



G.G. Volkova et al. / Chemical Engineering Journal 134 (2007) 106–110 109

F Z-2 ca

o
a
a

p
F
w

r
f
c
S

a
i
r

h
f
p
2
a
t

t
c

a
c
[
i
w
a
e
b
f
d
a
t
p
o
n
c

T
E

P

2
2
n

R

ig. 6. Arrhenius plot of equilibrium constants (A) and rate constants (B) for S

btained at various contact times and temperatures for SZ-2 cat-
lyst. It can be seen that the results of mathematical modeling
re in good agreement with experimental data.

Analogously the experimental results obtained at various
ressures over SZ-2 catalyst were modeling and presented at
ig. 5. The model was found to fit experimental data reasonably
ell.
Activation energies of direct (28 and 14.2 kJ mol−1) and

everse reactions (35 and 25.5 kJ mol−1) were estimated
rom the Arrhenius plot of equilibrium constants and rate
onstants of direct reactions for SZ-2 catalyst (Fig. 6,
cheme 1).

Comparison of experimental and calculated data for two cat-
lysts with different density of Lewis acid sites is presented
n Table 2. Experimental results were obtained under the same
eaction conditions.

The data presented in Table 2 show that rate constant of n-
exane isomerization (k1) for catalyst 3 is four-fold as those
or catalyst 2, and k2 which characterized the rate of desired

roduct (2,2DMB) formation for catalyst 3 (Lewis acidity
50 �mol g−1) is more than two higher than for catalyst 2 (Lewis
cid sites 150 �mol g−1). From these data it may be concluded
hat the rate of n-hexane isomerization is mainly determined by

f
m
s
t

able 2
xperimental and calculated kinetic data for n-hexane skeletal isomerization over SZ

arameters SZ-2 (Lewis acid sites 150 �mol g−1)

Experiment

,2DMB (%) 1.5
MP + 3MP + 2.3DMB (%) 35.1
-C6 conversion (%) 40.3

ate constants (s−1)
k1

k−1

k2

k−2

n-Hexane (h−1) 2.79
H2:n-C6 2.09
talyst: (1) step of n-hexane izomerization; (2) step of 2,2 DMB formation.

he density of Lewis acid sites on the surface of sulfated zirconia
atalysts.

Thus, we experimentally demonstrated the key role of Lewis
cid sites in the skeletal isomerisation of alkanes on sulfated zir-
onia catalysts as it was suggested by many groups of researchers
11–13,30,31]. At the same time the increase of catalysts activ-
ty exceeded the rise in concentration of Lewis acid sites. It
as shown that Bronsted acid sites readily convert into Lewis

cid sites upon heating [32,33]. In our case this phenom-
na hardly affects the activity rise. It may be explained by
ifunctional nature of catalysts (metal–acid) usually required
or alkane isomerisation, in which metal sites catalyze alkane
ehydrogenation and acid sites catalyze skeletal isomerization of
lkenes [34]. In the literature there are several identifications for
hese metal–acid pair species. Pt presence may produced “com-
ressed bifunctional metal–acid sites” [35] or metal (or metal
xide) species may be distinguished into two parts associated or
onassociated with acid sites [36]. For the Pt/SO4/Al2O3/ZrO2
atalyst we have observed that increase in Lewis acid sites

rom 150 to 250 �mol g−1 led to four-fold increase in iso-
erization rate constant. It possibly means that amount of Pt

pecies associated with Lewis acid sites increased four times
oo.

-2 and SZ-3 catalysts, pressure 0.3 MPa, temperature 200 ◦C

SZ-3 (Lewis acid sites 50 �mol g−1)

Calculation Experiment Calculation

1.5 4.6 4.5
34.8 59.86 60.0
40.2 69.2 69.3

0.224 0.909
0.048 0.20
0.033 0.073
0.053 0.12

4.68
1.87
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. Conclusion

The skeletal isomerization of n-hexane was carried out in a
xed bed reactor over sulfated zirconia catalysts with different
ensity of Lewis acid sites and with about the same Bronsted
cidity. The key role of Lewis acidity for the activity and selec-
ivity of the Pt/SO4

2−/Al2O3/ZrO2 catalysts was experimentally
evealed.
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