
Catalysis Today 81 (2003) 495–506

Discovery of new paraffin isomerization catalysts based on
SO4

2−/ZrO2 and WOx/ZrO2 applying combinatorial techniques

A. Corma∗, J.M. Serra, A. Chica
Instituto de Tecnolog´ıa Quı́mica, UPV-CSIC, Avda. de los Naranjos s/n, E-46022 Valencia, Spain

Received 7 August 2002; received in revised form 4 November 2002; accepted 27 November 2002

Abstract

Applying accelerated techniques for catalyst synthesis and testing and a stochastic experimental design, two catalytic
systems based on SO4

2−/ZrO2 and WOx/ZrO2 were seen as active and selective forn-paraffin isomerization. After three
optimization cycles, a new catalyst formulation based on promoted SO4

2−/ZrO2 with improved activity and selectivity has
been found. Characterization of the best catalysts generated in each cycle has been done. Activity and selectivity of the
best catalyst found has been tested in the isomerization of a simulated industrial feed composed byn-pentane,n-hexane and
n-heptane. For the second best catalytic system, i.e. WOx/ZrO2, the influence of tungsten content, promotor (Ce), nature of the
starting precursor salt (sulfate, nitrate or chloride), and catalyst calcination temperature was studied using a factorial design.
The relevance of the interaction between salt precursor and calcination temperature is discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The optimization of heterogeneous catalysts for a
specific process is mostly achieved by the systematic
variation of the catalyst formulation (active metals,
nature of the support) and preparation conditions. In
traditional research processes, the catalysts are fre-
quently tested one-at-a-time by using laborious and
time-consuming catalytic methods.

Combinatorial methods[1–4] are applying accel-
erated (high-throughput) techniques, which allow the
preparation and characterization/catalytic testing of
a large number of new materials in a parallel way
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at lower scale than traditional. Hence, combinatorial
methods enable to increase the number of catalytic pa-
rameters to be screened minimizing the research time
and costs.

The combinatorial approach combines the use of
high-throughput experimentation (HTE) techniques
with the application of new optimization strategies,
allowing a more efficient experiment design[5–9].
This strategy directs the search process and decides
which materials have to be prepared considering the
testing results of the already tested materials. In this
sense, a generalized approach employs a genetic al-
gorithm (GA) [9–12] as a search strategy in order to
optimize the catalyst composition. This optimizing
strategy (GA) is quite appropriate for heterogeneous
catalysis since: (i) GA tolerates noisy data (experi-
mental data) with considerable error; (ii) GA uses a
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population of points to conduct the search, what fits
quite well with the application of HTE techniques;
and (iii) the goal is to find an approximate maximum
in a high-dimensional space minimizing the number
of trials.

This GA approach looks for combinations of el-
ements and concentrations, which would deal bet-
ter experimental results. Through the search process,
the combinatorial procedure focuses on specific re-
gions (exploitation) of the whole combinatorial space
in which catalyst results are supposed to be more
promising. On the other hand, the combinatorial pro-
cedure tries to preserve the diversity up to a point,
exploring different regions (exploration). All this is
carried out by applying conveniently the GA opera-
tors: crossoverfor exploitation andmutation for ex-
ploration.

Combinatorial methods are generally applying
[5,6,13] the catalytic reaction assay as the unique
experimentaloutput of the catalysts and, in many
cases, that assay only allows the catalyst optimiza-
tion without extracting much more information about
the principles of catalysis itself, in other words,
about the science behind the optimization process,
structure–activity relationship for instance. With this

Fig. 1. Influence of temperature on the thermodynamic distribution of pentane and hexane isomers.

aim, catalyst characterization was introduced as ex-
perimental part within a combinatorial search.

In the present work, we have applied the GA
methodology to the discovery of new active catalytic
formulations for hydroisomerization ofn-alkanes.
The hydroisomerization of light paraffins (C5, C6,
C7) to produce its branched isomers is an important
industrial process that it is used to produce gasoline
of high octane number. Legislation pressures for the
lead additive, olefins and aromatics phase-out from
gasoline[14,15] have made of isomerization an inter-
esting alternative process for this purpose.

The isomerization of light paraffins is an acid-
catalyzed process, in which the equilibrium shifts
to low octanen-paraffins when reaction tempera-
ture increases (Fig. 1). Thus, isomerization tem-
perature has to be reduced as much as possible in
order to maximize the yield of dimethyl-alkanes.
At present, the isomerization is industrially carried
out on catalysts such as halogen-treated alumina
or mordenite zeolite. The former catalyst works at
lower reaction temperature but it is highly corro-
sive, difficult to handle and very sensitive to sulfur
and water poisoning. Mordenite-based catalysts are
more resistant to water and sulfur but require higher
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reaction temperature with the corresponding penalty in
octane.

Considering this scenario, it would be interesting to
develop a new generation of environmentally friendly
catalysts with high activity and selectivity to branched
isomers and low working temperature.

About 25 years ago, it was shown that by a sulfate
treatment of oxides such as ZrO2, TiO2, SnO2, Fe2O3
and HfO2, a remarkable increase in the surface acidity
and in the catalytic activity for carbenium ion reactions
was achieved[15–22].

In the first part of this work, a screening of different
basic oxide formulations has been made employing
a GA, a multiple reactor system and characterization
equipment. Two final catalytic systems have been
optimized, i.e. SO42−/ZrO2 and WOx/ZrO2. Finally,
the best formulations have been tested using a sim-
ulated industrial feed for comparison with traditional
isomerization catalysts.

2. Experimental

2.1. Methodology

2.1.1. Catalyst formulation
In the present study case, we have classified the pool

of possible catalyst components in three groups: metal
oxide support, acidity enhancers and promotors: (a)
metal oxide supports—�-Al2O3, ZrO2 and TiO2; (b)
acidity enhancers—SO42−, BO3

3−, PO4
3− and WOx,

the content of SO42−, BO3
3−, PO4

3 is ranging from
0.5 to 6 wt.%, and from 0.5 to 36% for WOx; (c)
promotors—Pt, Ce, Pd, Sn, Ni, Mn and Nb, the content
of each metal is ranging from 0.5 to 6 wt.%. Each
material contains one support, one acidity promotor
and at least two metallic promotors, from which one
is Pt (0.5 wt.%).

2.1.2. Structure of the search algorithm
The genetic algorithm is initialized by generating

24 catalyst compositions, random combinations of the
established catalytic parameters following the patterns
explained above. Succeeding generations were set up
by the genetic algorithm taking into account the cat-
alytic performances of the previous generation, apply-
ing crossover and mutation operators. The objective
function is derived from experimental values of selec-

tivity (S) to iso-pentane andn-pentane conversion (X).
The population size is 24 catalysts, that is, the 0.167%
of the ab initio solution space. An elitism approach is
also used, so that the new generation includes the off-
spring of the selected and the very best compositions
of the last generation.

2.2. Catalyst preparation

A crucial factor in the optimization of catalysts is
the preparation procedure, since little variations in
those conditions would change severely the final phase
of the solid and consequently its catalytic character-
istics. Many parameters could be set as variables for
the genetic algorithm but this would require again an
intensive experimental work. Typical preparation vari-
ables are promotor precursors, type of impregnation,
calcination atmosphere, time, temperature, reduction
time and temperature and so forth. The preparation
method used in the present study is explained below.

2.2.1. Metal oxide supports synthesis
Zirconium hydroxide was prepared by precipitat-

ing from a 0.4 M aqueous solution prepared by zir-
conium(IV) oxide chloride ZrOCl8·H2O (Riedel-de
Haën) with an excess of NH4OH to a final pH of 8.3.
After, the precipitate is washed with distillate water to
complete Cl− elimination and dried at 160◦C for 16 h.

Titanium hydroxide was prepared by precipitating
from a solution of titanium isopropoxide in nitric acid
(molar ratio 1:1) with an excess of NH4OH to final
pH of 7. After the precipitate is filtered, washed with
distillate water and dried at 160◦C for 16 h.

�-Aluminia was a commercial product from Merck.

2.2.2. Acidity enhancers precursors
Four acid enhancers were used to generate acid-

ity over the metal oxide supports. The precursor
used were: (NH4)2SO4, H3BO4, H3PO4 and (NH4)6
H2W12O40·nH2O.

2.2.3. Promotor precursors
Promotors precursor used for the impregnation

were: Ni(NO3)2·6H2O, MnCl4·4H2O, SnCl4·5H2O,
Ce(NO3)3·6H2O, PdCl2, C10H5O20Nb·H2C2O4 and
H2PtCl6.

The precursors used for the study of cerium were:
Ce(NO3)3, Ce(SO4)2 and CeCl3.
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2.3. Parallel impregnation procedure

The different promotors were incorporated to the
corresponding supports by incipient wetness impreg-
nation following an automated impregnation proce-
dure. A robotic system was employed, which enables
to dose and weight different solids and liquids, handle
different types of vials and vortex stir. The prepara-
tion was carried out in parallel for each generation
applying a sequential impregnation procedure. The
followed steps carried out by the automated system
included: (i) impregnation of the different supports
with the acidity enhancer precursor solutions and sub-
sequently drying at 160◦C for 16 h; (ii) impregnation
with the promotor precursor (except Pt) solutions and
drying at 160◦C for 16 h; and (iii) final impregnation
with H2PtCl6 (Pt 0.5 wt.%) and drying at 160◦C for
16 h. The final materials are then composed of one
oxide support impregnated with one acidity enhancer,
one promotor and platinum.

2.4. Catalytic testing

High-throughput testing was accomplished using a
system of 16 continuous fixed-bed parallel microreac-
tors, able to work up to 80 MPa. Feeding of gases and
liquids in each reactor was carried out and measured
independently. Temperature and pressure is measured
in each catalyst bed. Catalysts calcination and reduc-
tion was performed in the same testing system prior
to reaction test.

Calcination is performed at 600◦C under airflow
for 8 h and reduction at 250◦C for 2 h under hy-
drogen flow. The catalytic tests were carried out at
3 MPa total pressure, temperature range 200–240◦C
and 2.26 h−1 WHSV, H2/hydrocarbons molar ratio of
2.93. The amount of catalyst in each fixed-bed mi-
croreactor is 500 mg and particle size 0.4–0.6 mm, for
which there are not internal diffusion limitations. Re-
action products distribution was analyzed on-line by
using a gas chromatograph (Varian 3380GC) equipped
with a Plot Alumina capillary column.

2.5. Catalyst characterization

The structure and the crystallinity of solids were de-
termined by X-ray diffraction on a Phillips PW diffrac-
tometer using Cu K� radiation. Surface measurements

were obtained on a ASAP-2000 apparatus following
the BET procedure.

The acidity of these materials was measured by
temperature-programmed desorption (TPD) of NH3
on a TPD/TPR 2900 equipment (Micromeritics). For
these experiments 200 mg of catalysts were pre-treated
in oxygen flow at 550◦C for 3 h followed by nitrogen
for 30 min. Then, ammonia was adsorbed at 100◦C
until saturation and afterwards desorbed from 100
up to 600◦C in a helium flow at a heating rate of
10◦C min−1. The amount of ammonia desorbed was
monitored by means of a thermal conductivity detec-
tor (TCD). Blank runs under the same experimental
conditions were also performed and subtracted from
the corresponding TPD diagrams.

Sulfur analysis was done employing a Perkin-Elmer
2400 CHNS analyzer.

3. Results and discussion

3.1. Genetic algorithm search process

The compositions of the different generations were
designed applying a stochastic algorithm. Each cat-
alytic material consisted of three components (one
support+ one acidity enhancer+ promotors) having
each catalyst set of 24 new materials, see, for instance,
the compositions shown inTable 1for the most ac-
tive catalyst of each generation. Each catalyst set was
synthesized and tested for then-pentane isomerization
according to the methods described above. After each
reactivity evaluation, the optimization algorithm de-
signed the next set of catalyst taking into account the
compositions and catalytic performances of the prior
generation of catalysts. Forn-pentane isomerization,
the objective functions were conversion and branching
selectivity. However, owing to the absence of crack-
ing, selectivity to methylbutane is practically 100%
and consequently conversion becomes the only objec-
tive function.

In the present study, three evolving cycles have
been run, that means that three catalysts generations
(72 samples) have been prepared and tested.Fig. 2
shows the catalytic performances of the 10 most ac-
tive catalysts for the three succeeded generations at
three different reaction temperatures. An important
improvement in the activity can be observed during
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Fig. 2. Isomerization catalytic performance (n-pentane conversion) of the 10 best-ranked materials of three generations at three temperatures
(500 mg catalyst, 2.26 h−1 WHSV, 200–240◦C, H2/n-C5 = 2.93 and 3 MPa).

theevolution. After three runs, the search process has
been focused on the ZrO2-S area where the catalyst
based on ZrO2-S-Nb-Pt exhibits the highest activity,
although it cannot be asserted that this maximum is the
absolute maximum of the solution space. By means of
this optimization process, a substantial improvement
in the catalytic materials has been achieved. However,
it was of particular interest to characterize systemati-
cally the most active catalysts of each generation in or-
der to determine the changes in the physico-chemical
properties, responsible for the increase in activity and,
therefore, for driving the search algorithm to the ob-
served optimum. Characterization was carried out us-
ing conventional apparatus.

The crystallization and stabilization of the ox-
ides ZrO2, TiO2 and Al2O3 in the crystalline phases
tetragonal, anastasa and gamma, respectively, allow
to obtain oxides with good catalytic properties in light
paraffin isomerization[23,24]. XRD results for the
10 best-ranked catalysts of each generation show that
these active phases are the majority in all materials
and do not exist important differences from the first
to the last generation. Acidity enhancers (BO4

3−,
WOx, SO4

2− or PO4
3−) have been introduced in the

general catalyst formulation to promote the stabiliza-
tion [25] of these phases in the support. From the
XRD results, it can be said that the amount of en-
hancers used are enough to achieve the desired phase

stabilization. However, the improvement in catalytic
activity, observed during the evolution process, cannot
be explained considering uniquely the stabilization of
these phases observed by XRD analysis.

Catalyst surface area was determined by the BET
method. For a comparative study of these results we
have considered three different groups: (a) catalysts
based on zirconia (Z); (b) catalysts based on alumina
(A); and (c) catalysts based on titania (T).Fig. 3shows

Fig. 3. BET area results for the 10 most active materials of each
generation: (1) first, (2) second, and (3) third generation for the
three groups of supports.
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Table 1
Composition of the 10 best catalytic materials of the three suc-
cessive generations

Support Acidity enhancer
(wt.%)

Promotor (wt.%)

First generation
1 ZrO2 S (1.75) Ce (0.97), Pt (0.51)
2 ZrO2 S (2.18) Pd (1.00), Pt (0.46)
3 TiO2 W (17.38) Mn (0.87), Pt (0.48)
4 ZrO2 W (5.58) Ni (0.55), Pt (0.51)
5 Al2O3 W (45.57) Nb (4.60), Pt (0.52)
6 Al2O3 W (11.27) Sn (5.52), Pt (0.47)
7 ZrO2 B (0.54) Ni (1.06), Pt (0.50)
8 ZrO2 P (4.34) Mn (3.90), Pt (0.48)
9 TiO2 B (0.55) Mn (0.97), Pt (0.55)

10 Al2O3 S (2.5) Mn (1.09), Pt (0.51)

Second generation
1 ZrO2 S (2.22) Pd (0.49), Pt (0.47)
2 ZrO2 S (1.76) Ce (0.97), Pt (0.51)
3 ZrO2 S (2.57) Nb (4.05), Pt (0.47)
4 ZrO2 S (2.05) Mn (1.74), Pt (0.48)
5 ZrO2 B (2.33) Mn (1.86), Pt (0.51)
6 Al2O3 P (1.42) Mn (7.87), Pt (0.52)
7 TiO2 P (3.72) Ce (0.94), Pt (0.49)
8 TiO2 S (2.55) Ni (2.05), Pt (0.49)
9 TiO2 S (1.98) Ce (0.86), Pt (0.51)

10 Al2O3 W (39.18) Ce (0.68), Pt (0.49)

Third generation
1 ZrO2 S (2.21) Nb (0.48), Pt (0.56)
2 ZrO2 S (2.15) Ce (1.18), Pt (0.48)
3 ZrO2 S (0.59) Pd (0.52), Pt (0.56)
4 ZrO2 S (1.81) Nb (5.11), Pt (0.42)
5 ZrO2 S (2.44) Nb (3.96), Pt (0.52)
6 ZrO2 S (2.63) Ce (1.10), Pt (0.47)
7 ZrO2 S (2.55) Nb (0.88), Pt (0.48)
8 ZrO2 S (2.09) Mn (1.13), Pt (0.48)
9 ZrO2 P (3.32) Nb (1.01), Pt (0.44)

10 TiO2 S (2.62) Ce (0.52), Pt (0.48)

the evolution of the average area for each group, being
clear that the observed improvement in activity within
the different catalyst generations does not correlate
either.

Acidity measurements were carried out by TPD-
NH3. Fig. 4 represents the average acidity for each of
the above group, expressed in adsorbed NH3 volume
(cm3) per catalyst gram. A gradual increase in the
NH3 absorption can be observed through the evolution
process. The catalyst acidity is related directly with
the catalytic activity in isomerization reaction and the
higher activity found can, therefore, be attributed to the

Fig. 4. TPD-NH3 results for the 10 most active materials of each
generation: (1) first, (2) second, and (3) third generation for the
three groups of supports.

increase of acidity achieved by the new combination
of promotors over the supports (zirconia).

3.2. Validation of the best catalytic system

The most active formulation (Z-S-Nb-Pt) was
tested in a conventional reactor using as a feedstream
a mixture of light n-alkanes (n-pentane 20 wt.%,
n-hexane 60 wt.% andn-heptane 20 wt.%) simulat-
ing an industrial LSR stream. The experiments were
carried out in a conventional reaction system using a
fixed-bed continuous-flow reactor. Reaction was car-
ried out at 3 MPa of total pressure, 2.26 h−1 WHSV,
H2/hydrocarbons molar ratio of 2.93, and 160◦C of
reaction temperature. The activity and selectivity of
this catalyst (Fig. 5) are compared with those ob-
tained with sulfated zirconia impregnated with plat-
inum (S-Z-Pt).Fig. 5 represents the evolution of the
conversion with reaction temperature. There can be
observed that the reactivity of then-paraffin follows
the ordern-heptane> n-hexane> n-pentane for both
catalysts, as it was expected taking into account the
adsorption heats of the different hydrocarbons[26].

S-Z-Nb-Pt catalyst shows a higher isomerization
selectivity and activity for all hydrocarbons. While
n-pentane andn-hexane isomerization selectivity is
very similar with both catalysts, important differences
can be observed in the case ofn-heptane. Indeed,
S-Z-Nb-Pt exhibits an-heptane isomerization selec-
tivity of ∼50% at ∼60% of conversion, while the



A
.

C
o

rm
a

e
t

a
l./C

a
ta

lysis
To

d
a

y
8

1
(2

0
0

3
)

4
9

5
–

5
0

6
501

Fig. 5. Isomerization performance (conversion, and yield to isomerization and cracking) ofn-C5, n-C6 and n-C7 over conventional sulfated zirconia (S-Z-Pt), the new
sulfated zirconia formulation (S-Z-Nb-Pt) and Pt-mordenite catalyst. Reaction conditions: 2.26 h−1 WHSV, H2/hydrocarbons molar ratio of 2.93, 3 MPa total pressure and feed
compositionn-C5/n-C6/n-C7 = 2/6/2 wt.
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Fig. 6. Experimental design for three-level study of three variables: content of tungsten (wt.% W), calcination temperature and precursor
salt (nitrate, sulfate and chloride).

selectivity obtained with S-Z-Pt at the same conversion
level is only∼30%. However, when high conversions
of n-pentane andn-hexane are reached on S-Z-Nb-Pt,
then-heptane selectivity becomes very low.

In Fig. 5, it is also plotted the catalytic results ob-
tained on an industrial practiced Pt-mordenite-based
catalyst. In comparison with the new S-Z-Nb-Pt for-
mulation, Pt-mordenite catalyst is much less active for
light n-paraffin isomerization but also much less se-
lective forn-heptane isomerization.

3.3. Study of the system Zr-W-Ce-Pt

A detailed study of the catalytic results achieved
by the GA methodology shows that catalysts based
on Zr-W-Pt exhibit a significant activity but still
lower than those reported in previous works[27].
WOx/ZrO2 system is a well-known high activity
material able to isomerize light alkanes at low tem-
peratures[28]. For this reasons, a systematic study of
this system (Zr-W-Ce-Pt) was performed to achieve a
better understanding of the variables which are deter-
mining the final isomerization activity. The variables
studied were: calcination temperature, tungsten con-
tent and nature of the promotor precursor salt, i.e.
sulfate, nitrate and chloride. Cerium promotor has
been selected since a Z-S-Ce-Pt formulation shows a
very high activity (second ranked lead) and different
Ce precursors salts are available compared with Nb
precursors.

If a three-level factorial design[29] is considered
for the study of the influence of these three variables,
the test of 33 samples would be required (seeFig. 6).
For practical reasons, we have selected for this study
two building blocks of the whole 33 design, corre-
sponding with two 32 factorial designs, reducing the
total number of samples to 15. These materials were
tested for isomerization activity in the multiple reac-
tor (calcinations ex situ) using as feedstream a mix-
ture ofn-pentane andn-hexane (60–40 wt.%), 240◦C,
3 MPa, 2.26 h−1 WHSV, H2/hydrocarbons molar ratio
of 2.93.

The levels for each variable were selected taking
into account previous works: (i) calcination temper-
atures[30–34]—500, 650 and 800◦C; (ii) tungsten
content[30–34]—8, 16 and 24 wt.%; and (iii) Ce pre-
cursor nature[35–37]: sulfate, nitrate and chloride.

3.3.1. Influence of precursor salt and calcination
temperature

The catalytic performance (n-alkane conversions
(%)) of these first 32 materials is displayed inFig. 7.
The most active materials are those calcined at 800◦C,
being, in this case, the Ce precursor salt of minor rel-
evance for the isomerization activity. However, when
comparing the samples calcined at 650◦C, the sam-
ple prepared with Ce sulfate as precursor presents a
much higher activity than the other two. A reason for
that, is that part of the sulfate interacts with the zirco-
nia, remains in the catalysts and improves its acidity.
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Fig. 7. Catalytic results for study of calcination temperature and
promotor precursor in the Zr-W-Ce-Pt system. Reaction condi-
tions: 2.26 h−1 WHSV, H2/hydrocarbon molar ratio of 2.93, 3 MPa,
240◦C and feed compositionn-C5/n-C6 = 6/4 wt.

Table 2
Sulfur analysis of the different WOx/ZrO2 materials

W (wt.%) Ce precursor S (wt.%)

Before
calcination

After calcination

650◦C 800◦C

24 Sulfate 0.46 0.28 0
16 Sulfate 0.46 0.39 0
8 Sulfate 0.46 0.36 0

However, when this material is calcined at 800◦C, all
the sulfate is lost (see sulfur content inTable 2) and
the acidity is only due to the tungsten effect. For low
calcination temperatures (500◦C), the samples ob-
tained are inactive indicating that these temperatures
are too low to produce active sites to isomerize light
alkanes.

3.3.2. Influence of tungsten content and calcination
temperature

This 32 subset implies the variation of the tungsten
content and calcination temperature maintaining fixed
cerium sulfate as precursor. Catalytic results are repre-
sented inFig. 8. The most active material is obtained
for 16 wt.% W and 650◦C. However, the activity ob-
tained for the same composition calcined at 800◦C
exhibits also a high activity, being then a hypotheti-
cal maximum located in the area between both cal-
cination temperatures (see white area ofFig. 8). The
presence of a maximum can be explained considering
that, when increasing the temperature the formation of
W-based acid sites is promoted whereas the S-based
acid sites disappear. In this sense,Table 2shows that
the samples calcined at 800◦C do not content S while
those samples calcined at 650◦C content an amount
of S close to the amount introduced during the im-
pregnation.

3.3.3. Promoting effect of cerium
Fig. 9compares the catalytic performance of one of

the best Zr-W-Ce-Pt formulations (sulfate precursor,
16 wt.% W, 1 wt.% Ce, 0.6 wt.% Pt and 800◦C) and
an optimized traditional tungsten zirconia formulation
[37] (16 wt.% W, 0.6 wt.% Pt and 800◦C). The new
Zr-W-Ce-Pt catalyst presents a higher isomerization
activity, showing again a clear promoting effect of Ce,
as was stated previously for Ce and Nb for the sulfated
zirconia.
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Fig. 8. Catalytic results for study of calcination temperature and W content in the Zr-W-Ce-Pt system. Reaction conditions: 2.26 h−1

WHSV, H2/hydrocarbon molar ratio of 2.93, 3 MPa, 240◦C and feed compositionn-C5/n-C6 = 6/4 wt.

Fig. 9. Comparison of catalytic performances for two different
tungsten zirconia formulations: (a) new formulation (sulfate pre-
cursor, 16 wt.% W, 1 wt.% Ce, 0.6 wt.% Pt and 800◦C); and (b)
traditional formulation (16 wt.% W, 0.6 wt.% Pt and 800◦C). Re-
action conditions: 2.26 h−1 WHSV, H2/hydrocarbon molar ratio of
2.93, 3 MPa, 240◦C and feed compositionn-C5/n-C6 = 6/4 wt.

4. Conclusions

A genetic algorithm and a factorial design have been
applied to the search of new catalysts for the light

paraffin hydroisomerization. The problem was initially
focused by means of a knowledge-based catalyst for-
mulation, in which each component (or series of com-
ponents) was selected and incorporated to the catalyst
formulation.

Though the number of evolving cycles is reduced,
an important improvement in the catalyst activity has
been found, being the catalytic performance even bet-
ter than that exhibited by industrial practiced catalysts.
Thus, a new catalyst formulation, based on sulfated
zirconia, with higher activity and selectivity has been
found. On the other hand, the parallel evaluation of
their physico-chemical properties as crystal phases,
surface area and acidity have helped to better under-
stand thecatalytic evolution.

The most active catalyst formulation (S-Z-Nb-Pt)
has been tested using a mixture ofn-paraffins as feed
(n-pentane 20 wt.%,n-hexane 60 wt.% andn-heptane
20 wt.%) and the activity and selectivity of S-Z-Nb-Pt
catalyst is higher than that of traditional S-Z-Pt and
Pt-mordenite catalysts, particularly forn-heptane iso-
merization. The resultant catalyst is not able to isomer-
ize n-heptane and high yields of cracking are found
with this hydrocarbon.

A factorial design has been used to explore the sec-
ond most active system found in the GA study, i.e.
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Zr-W-Ce-Pt. In this case, it has been found that the
nature of the salt for the promotor precursor plays
an important role when calcination is done at 650◦C.
Thus, sulfate is the preferred precursor and the sulfur
remains at 650◦C. However, an absolute maximum
in activity is found at 800◦C of calcination tempera-
ture regardless of the nature of the precursor salt. In
any case, as predicted by the GA methodology, the
SO4

2−/ZrO2-based system is more active than the op-
timum found for the WOx/ZrO2-based system.

References

[1] S. Senkan, Angew. Chem. Int. Ed. 40 (2001) 312.
[2] P.C. Cong, R.D. Doolen, Q. Fan, D.M. Gianquinta, S. Guan,

E.W. McFarland, D.M. Poojary, K. Self, H.W. Turner, W.H.
Weinberg, Angew. Chem. Int. Ed. 38 (1999) 483.

[3] A. Holzwarth, H.W. Schmidt, W.F. Maier, Angew. Chem. Int.
Ed. 37 (1998) 2644.

[4] S. Senkan, Nature 394 (1998) 350.
[5] A. Corma, J.M. Serra, A. Chica, Application of genetic

algorithms to the development and optimisation of light para-
ffin isomerisation catalysts, in: E.G. Derouane, V. Parmon, F.
Lemos, F. Ram̂oa Ribeiro (Eds.), Principles and Methods for
Accelerated Catalyst Design and Testing, Kluwer Academic
Publishers, Dordrecht, 2002, pp. 153–172.

[6] D. Wolf, O.V. Buyevskaya, M. Baerns, Appl. Catal. 200
(2000) 63–77.

[7] D. Wolf, O. Gerlach, M. Baerns, European Patent Application
1174186 (2002).

[8] E. Korting, M. Baerns, in: M. Doyama, J. Kihara, M. Tanaka,
R. Yamamoto (Eds.), Computer-Aided Innovation of New
Materials II, Elsevier, Amsterdam, 1993.

[9] A. Corma, J.M. Serra, E. Argente, V. Botti, S. Valero, Chem.
Phys. Chem. 3 (11) (2002) 939–945.

[10] J.H. Holland, Adaptation in Natural and Artificial Systems,
The University of Michigan Press, Ann Arbor, 1975.

[11] D.E. Goldberg, Genetic Algorithms, Addison-Wesley,
Reading, MA, 1989.

[12] K.F. Man, K.S. Tang, S. Kwong, W.A. Halang, Genetic
Algorithms: Concepts and Designs, Springer, London, 1999,
p. 1.

[13] A. Hagemeyer, R. Borade, P. Desrosiers, S. Guan, D.M. Lowe,
D.M. Poojary, H. Turner, H. Weinberg, X. Zhou, R. Ambrust,
G. Fengler, U. Notheis, Appl. Catal. A 227 (2002) 43.

[14] A. Chica, A. Corma, J. Catal. 187 (1999) 167–176.

[15] A. Chica, A. Corma, P.J. Miguel, Catal. Today 65 (2–4)
(2001) 101–110.

[16] M. Hino, K. Arata, Chem. Lett. 10 (1979) 1259–1260.
[17] M. Hino, K. Arata, J. Chem. Soc., Chem. Commun. (1979)

1148.
[18] M. Hino, K. Arata, J. Chem. Soc., Chem. Commun. (1980)

851.
[19] K Tanabe, M. Itoh, K. Morishige, H. Hattori, in: B. Delmon,

P.A. Jacobs, G. Poncelet (Eds.), Preparation of Catalysts,
Elsevier, Amsterdam, 1976, p. 65.

[20] T. Jin, M. Machida, T. Yamaguchi, K. Tanabe, Inorg. Chem.
23 (1984) 4396.

[21] T. Jin, T. Yamaguchi, K. Tanabe, J. Phys. Chem. 90 (1986)
4974.

[22] M.A. Perez, J. Ovejero, J.M. Mazon, A. Chica, A. Corma,
J.M. Lopez-Nieto, Spanish Patent ES 200100634 (2001), to
CEPSA.

[23] D.P. de Bruijn, H.P.C.E. Kuipers, Catal. Today 10 (1991) 131.
[24] T. Inui, K. Matsuba, Y. Tanaka, Catal. Today 23 (1995) 317.
[25] S. Kito, T. Hattori, Y. Murakami, Appl. Catal. 48 (1) (1989)

107–121.
[26] W.O. Haag, Abstracts of Papers of the American Chemical

Society, vol. 211, issue March, 1977, p. 6-PTR (UA48J).
[27] K. Arata, M. Hino, in: M.J. Phillips, M. Tenan (Eds.),

Proceeding of the Ninth International Congress on Catalysis,
Calgary, Chemical Institute of Canada, Otawa, 1988, p. 1727.

[28] S.J. Soled, N. Dispeziere, R. Saleh, Progress in Catalysis,
Elsevier, Amsterdam, 1992, p. 77.

[29] D.C. Montgomery, Design and Analysis of Experiments, 5th
ed., Wiley, New York, 2001.

[30] E. Iglesia, D.G. Barton, S.L. Soled., S. Miseo, J.E.
Baumgartner, W.E. Gates, in: Proceedings of the Fourth North
American Meeting of Catalysis Society, 1995.

[31] S.L. Soled, S. Miseo, J.E. Baumgartenem, W.W. Gates, D.G.
Barton, E. Iglesia, in: Proceedings of the 13th Conference on
Catalysis, 1994, p. 17.

[32] C.D. Chang, J.C. Santiesteban, D.L. Stern, US Patent
5,345,026 (1994), to Mobil Oil Corp.

[33] M. Hino, K. Arata, J. Chem. Soc., Chem. Commun. (1988)
1259.

[34] G. Larsen, E. Loreto, T.D. Parra, in: Proceeding of the 11th
International Congress on Catalysis, Stud. Surf. Sci. Catal.
101 (1996) 543.

[35] S. Kuba, B.C. Gates, R.K. Grasselli, H. Knözinger, Chem.
Comm. (2001) 321–322.

[36] S.L. Soled, W.E. Gates, E. Iglesia, US Patent 5,648,589
(1997), to Exxon Research and Engineering Company.

[37] D.G. Barton, S.L. Soled, G.D. Metzner, G.A. Fuentes, E.
Iglesia, J. Catal. 181 (1999) 57.


	Discovery of new paraffin isomerization catalysts based on SO42-/ZrO2 and WOx/ZrO2 applying combinatorial techniques
	Introduction
	Experimental
	Methodology
	Catalyst formulation
	Structure of the search algorithm

	Catalyst preparation
	Metal oxide supports synthesis
	Acidity enhancers precursors
	Promotor precursors

	Parallel impregnation procedure
	Catalytic testing
	Catalyst characterization

	Results and discussion
	Genetic algorithm search process
	Validation of the best catalytic system
	Study of the system Zr-W-Ce-Pt
	Influence of precursor salt and calcination temperature
	Influence of tungsten content and calcination temperature
	Promoting effect of cerium


	Conclusions
	References


