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Two series of sublibraries consisting of data for an overall 10
mixtures (five supported metal catalysts each) were constructed
and tested for the selection of catalysts in terms of activity and/or
selectivity in the cracking/isomerization of n-heptane. c© 2002 Elsevier

Science (USA)
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INTRODUCTION

In the last few years, combinatorial methods have been
extensively used to identify and optimize heterogeneous
catalysts (1–5). However, most reported approaches rely
on the use of parallel synthesis and high-throughput screen-
ing techniques. Notwithstanding the impressive advances in
this field, the efficiency of available methods for preparing
and testing heterogeneous catalysts is rather low relative
to homogeneous catalysts (6–8) and, especially, to active
organic compounds, for which the libraries often contain
thousands of compounds (9). Both the synthesis of hetero-
geneous catalysts and their testing are subject to a number
of shortcomings; also, most available methods for the syn-
thesis and deconvolution of organic compounds are inap-
plicable to them. An alternative methodology based on a
genetic algorithm and an evolutionary approach has been
successfully used to optimize the performance of heteroge-
neous catalysts, however (10).

Indexed (orthogonal) libraries are effective tools for de-
riving information from mixtures of organic compounds
(11, 12). Such libraries are constructed from two series
of sublibraries. Thus, for the synthesis of dimeric com-
pounds, each building block An in the first sublibrary is
reacted with a stoichiometric amount of an equimolar mix-
ture of all other building blocks (B1–Bm). In the second set,
each reactant Bm is treated with a stoichiometric amount
of an equimolar mixture of all other components (A1–An).
1 To whom correspondence may be addressed. Fax: +34 957 212 066.
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Using this methodology, researchers at Glaxo constructed
a library from 40 acid chlorides and 40 amines or alco-
hols. The process provided 80 mixtures of 40 components
each, the screening of which exposed two novel leads
against the neurokinin-3 receptor and the matrix metallo-
proteinase collagenase (11). Other example consists of the
preparation of a library composed from nine alcohols and
six isocyanates to formally generate 54 carbamates, which
were screened against acetylcholinesterase (12). These au-
thors consider that the goal of this method is not so much
synthetic as analytic and that its purpose is to gain informa-
tion on as wide a universe of structures as possible in the
shortest time and with the smallest cost.

In this paper, we examine the potential of an indexed
combinatorial library for selecting supported metal cata-
lysts for the cracking/isomerization of n-heptane. The iso-
merization of low-molecular-weight paraffins is of a high
current interest on account of the fact that branched iso-
mers exhibit high octane numbers and can be used as gaso-
line additives to replace aromatic compounds, the usage of
which should be reduced to avoid the environmental prob-
lems they pose (13). In our case, the dimeric compound was
replaced with a catalytic solid consisting of two materials,
viz. a metal (M) and a support (S). Five different metals
(viz. Fe, Co, Ni, Pd, and Pt) were supported on as many
zeolites (designated FER, ZSM-5, MOR, BEA, and USY)
to obtain 10 mixtures with five components each where the
identity of the metal or the support was fixed. This approach
simplifies both the synthesis and the testing of catalysts;
as a result, it enables catalytic activity measurements in
conventional reactors and hence the identification of every
reaction product.

EXPERIMENTAL

All zeolites (FER, ZSM-5, MOR, BEA, and USY)
were purchased from Zeolyst Int. (refs. CP914, CBV8014,
CBV90A, CP811E, and CBV760) in the following SiO2/
Al2O3 molar ratios: 55, 80, 90, 75, and 60, respectively.
The metal precursors used were Fe(NO3)3 · 9H2O, Co
(CH3COO)2 · 4H2O, Ni(NO3)2 · 6H2O, Pd(NH3)4(NO3)2,
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and Pt(NH3)4(NO3)2. The concentration of the metal solu-
tions was 0.005 M. No reaction has been observed among
them in solution.

The first sublibrary was constructed as follows. The pre-
cursor salt of each metal (Mx ) was impregnated at incipient
wetness in a mixture of the five zeolites (S1–5) to obtain a
final metal content of 0.5 wt%. The second sublibrary was
constructed by using a solution containing the five metal
precursors (M1–5) to impregnate each support (Sy) to a
final content of 0.5 wt% in each metal. Prior to use, the
catalysts were calcined at 400◦C and reduced at the same
temperature in an H2 atmosphere. The metal loading of
supported catalysts is usually expressed as a weight per-
centage, even though the atomic composition varies from
metal to metal. One other shortcoming arises from differ-
ences in pore network and specific surface area, which may
lead to a differential distribution of the metal on different
supports. However, zeolite supports have some advantages,
such as a high specific surface area (300–600 m2 g−1) and
a pore channel network that ensures efficient dispersion of
the final metal loading (2.5 wt%).

By using the above-described procedure, each catalyst
was formed twice. The presence of two active mixtures from
both sublibraries assured the existence of one catalyst which
is common to them. The 10 mixtures of five catalysts each
were screened in the transformation of n-heptane, which
involves two competing processes: cracking and isomeriza-
tion. Catalytic activity measurements were conducted in a
flow-through fixed-bed reactor (internal diameter, 7 mm)
under standard conditions in the absence of diffusion (see
Table 1 for reaction conditions). The reactor was fed at the
top with n-heptane by means of a SAGE 351 propulsion
pump. n-Heptane was transferred to an evaporator, where it
was mixed with the carrier gas (N2), which allowed the reac-
tor’s feed rate to be adjusted. The reaction products were di-
rectly inserted into a gas chromatograph and analyzed using
a methyl silicone 100 m × 0.25 mm ID fused silica capillary
column. Products were identified by comparison with stan-
dards and their structures confirmed by mass spectrometry.

TABLE 1

Total Conversion (XT) and Selectivity Toward Hydrocarbons (S)
Obtained with the Catalysts 0.5% Pt/USY and 0.5% Pt/BEAa

Catalyst T (◦C) XT (wt%) SC5+ SC4−

Pt/USYb 350 26.8 90.3 7.3
Pt/USYc 400 16.9 76.4 15.7
Pt/BEA 300 39.1 84.4 15.6
Pt/BEA 350 80.3 50.6 47.7

a Reaction conditions: WHSV, 37 h−1; catalyst weight, 0.100 g; H2 flow
rate, 40 ml min−1; H2/HC = 2.6.

b SC5+ = 83.6 at XT = 38.1%.

c SC5+ = 63.0 at XT = 38.4%. This catalyst was strongly deactivated

under the reaction conditions used.
ÍA ET AL.

FIG. 1. Total conversion in the cracking/isomerization of n-heptane
at 300◦C as determined using the two sublibrary series. For reaction con-
ditions, see Table 1.

RESULTS AND DISCUSSION

The results provided by the Mx/S1–5 sublibrary (Fig. 1)
revealed the most active metals to be Pt and Pd—the
other three were scarcely active. Also, based on the re-
sults obtained with the second sublibrary, the follow-
ing activity sequence can be established: ZSM-5 > BEA >

MOR > USY > FER. A comparison of these results with
those provided by the first sublibrary reveals that the most
active catalyst is Pt/ZSM-5, followed by Pt/BEA and so on;
this is consistent with previous findings of other authors
as regards both the metal and the support (14–16). Taking
into account the fact that the two processes compete with
each other and the significance of the liquid yield of these
reactions, Fig. 2 shows the selectivity toward C5+ and C4−
hydrocarbons, defined as the weight ratio between the con-
version to C5+ (or C4−) hydrocarbons and the total conver-
sion to n-heptane. In any case, the major compounds in the
C4− fraction are propane and isobutane whereas the most

FIG. 2. Selectivity toward C5+ and C4− hydrocarbons in the cracking/
isomerization of n-heptane at 300◦C as determined using the two subli-
brary series. A total conversion of ca. 14% was selected in all cases except
with the M1–5/FER sublibrary (XT = 3%). For reaction conditions, see

Table 1. The selectivity values provided by the Mx/S1–5 sublibraries are
not shown owing to the very low conversions obtained with them.
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FIG. 3. Total conversion and selectivity toward C5+ hydrocarbons in
the cracking/isomerization of n-heptane at 350◦C as determined using one
of the sublibrary series. For reaction conditions, see Table 1.

abundant products in the C5+ fraction are C7 isomers. As
can be seen, the catalyst mixtures containing Pt were more
selective toward C5+ hydrocarbons (i.e., they result in less
cracking) than those containing Pd. Based on the data for
the second sublibrary, the following C5+ hydrocarbon selec-
tivity sequence can be established: USY > FER > BEA >

ZSM-5 ≈ MOR. The catalytic activity measurements pro-
vided by the M1–5/Sy sublibrary were also tested at a higher
temperature (350◦C) and found to lead to the same conclu-
sions as regards both total conversion and selectivity toward
C5+ hydrocarbons (Fig. 3).

In view of the previous results, the ideal catalyst for the
cracking process would be Pt/ZSM-5, and those for the
isomerization reaction Pt/USY and Pt/BEA—the former
being more selective toward liquid products and the sec-
ond more active overall. Catalyst Pt/FER is a poor choice
of isomerization catalyst on account of its low activity.

These conclusions were checked by preparing catalysts
Pt/USY and Pt/BEA separately (both containing 0.5 wt%
metal), which yielded the results shown in Table 1. As can
be seen, the BEA zeolite exhibited higher activity than the
USY zeolite, consistent with previous results. Also, the se-
lectivity toward C5+ hydrocarbons was as good with BEA
as it was with USY (on similar conversions); this seems to
contradict the results provided by the sublibraries, which
suggested that support USY was more selective. The dis-
crepancy, however, can be ascribed to the increased activ-
ity of the Pt/BEA catalyst relative to Pt/USY, which allows
the former to operate at a lower temperature and hence
minimizes cracking (13).

A comparison of the results provided by the Pt/BEA and
Pt/USY catalysts with those derived from the M1–5/BEA
and M1–5/USY libraries reveals that the former yields bet-
ter conversions and selectivities toward C5+ hydrocarbons.
This suggests that the presence of other metals has an ad-
verse effect on the activity of Pt metal sites. In addition, the
presence of Pd results in increased cracking, which accounts
for the selectivity differences observed. The differences in
conversion and selectivity obtained by comparing the two

approaches was to be expected, as the process is influenced
by many variables that can introduce slight changes in the
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operation conditions and give rise to phenomena with a di-
rect impact on the final results. However, in order to avoid
drawing spurious conclusions in applying this combinato-
rial approach to heterogeneous catalysis, one should take
into account the following recommendations: (a) all cata-
lysts should exhibit a similar kinetics during the process
(i.e., all should possess a low catalytic activity in order to
enable proper activity and selectivity comparisons); (b) side
reactions should be minimized or suppressed in order to
avoid interferences; (c) deactivation and poisoning reac-
tions should be inhibited, as they are bound to affect each
catalyst to a different extent; and (d) synergetic and cata-
lytic inhibition effects resulting from the mutual presence
of some catalysts (or metals) should be avoided unless they
are to be used for some specific purpose. In this way, the
catalytic activity results obtained will be accurate and con-
sistent. Probably most of these assumptions hold for our
system. However, it is important to recognize that the test-
ing of mixtures makes possible interactions between com-
pounds that could lead to either an increase (synergism) or
decrease (antagonism) in the measured activity/selectivity
compared to that of the pure compounds. The latter is a
“false negative,” possible in any screening effort. This is
also the case for libraries of drugs (12) and homogeneous
catalysts (7). Provided that the library is diverse enough
to find a sufficient number of interesting leads or catalysts,
such antagonism can be tolerated. These effects could be
useful to detect interactions between components by em-
ploying experimental-design techniques (8).

In summary, the straightforward approach proposed in
this paper, based on the use of indexed libraries, allows the
efficient selection of heterogeneous catalysts for the crack-
ing/isomerization of n-heptane. Further experiments will
be needed in order to investigate the scope of this method-
ology for its application to other reactions and catalytic
systems. Their use could be extended not only to other
two-component systems, but also to catalysts with a vari-
able component subjected to different physical or chem-
ical treatments. Also, catalytic systems of three or more
components could be considered provided all had a mu-
tually independent, additive effect. Likewise, the combi-
natorial approaches traditionally applied to drug synthesis
and testing could be used for the selection of hetero-
geneous catalysts by choosing appropriate variables. Fi-
nally, their joint use with automated, high-throughput
screening techniques could increase their usefulness even
further.
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