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The hydroisomerization of n-heptane to dibranched and tri-
branched products for producing high octane gasoline has been
studied using unidirectional 12 Membered Ring (MR) zeolites with
different pore diameters, and zeolites with other pore topologies in-
cluding one with connected 12× 10 MR pores and two tridirectional
12 MR zeolites. Besides the pore topology, the crystallite size of the
zeolite was seen to be of paramount importance for improving ac-
tivity and selectivity. In a second part of the work, a Light Straight
Run naphtha including n-pentane and n-hexane and another feed
containing n-pentane, n-hexane, and n-heptane have been success-
fully isomerized using a nanocrystalline Beta (BEA) zeolite. This
can be a favourable alternative to the commercial zeolite catalyst
based on mordenite (MOR), especially when n-heptane is present
in the feed. c© 1999 Academic Press

Key Words: paraffin isomerization; Light Straight Run isomer-
ization; octane improvement of naphtha by paraffin isomerization;
zeolite topology; crystal size for paraffin isomerization.
1. INTRODUCTION

To increase the octane number of the gasoline pool, the
Light Straight Run (LSR) gasoline fraction of oil is isomer-
ized and in this way its Research Octane Number (RON)
increases from ∼64 to ∼80. This increase is achieved by
isomerizing n-pentane and n-hexane, which are the main
components of LSR, to the corresponding isopentane and
mono and dibranched hexanes which have higher octane
number.

The commercial catalysts used for carrying out this
isomerization are Pt on chlorinated alumina and Pt H-
mordenite (1–4). The former is more active and allows one
to perform the isomerization at lower temperatures (180◦C)
with the corresponding thermodynamic benefit on the equi-
librium yield of branched products (Fig. 1). However, the
major drawback of this catalyst is the sensitivity to water
and sulfur even in concentrations as low as 10 ppm. On the
other hand, Pt-mordenite requires higher reaction temper-
1 To whom correspondence should be addressed. Fax: 34 96 3877809.
E-mail: acorma@itq.upv.es.
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ature (250◦C) with the corresponding 2-point RON penalty,
but with the advantage of being much more resistant to wa-
ter and sulfur.

Recently, some units are processing LSR feeds in
which the main component is n-hexane, followed by
n-pentane, but they also contain nonnegligible amounts of
n-heptane. It can be expected that a catalyst based on Pt/H-
mordenite will be able to successfully perform the iso-
merization of n-hexane and n-pentane but will crack the
n-heptane introduced to the reactor. Two main catalyst
factors will contribute to the loss of n-heptane by cracking,
the high acid strength of mordenite and the dimensions of
the 12 MR pore with 0.65 nm diameter, which will strongly
diminish the diffusion of di- and especially tribranched
products out of the pores, giving these hydrocarbons the
opportunity to crack.

In this work we have studied another zeolitic catalytic
system and showed how the acidity, pore shape, and crys-
tallite size of zeolites may influence the ratio of cracking
to isomerization, as well as the distribution of the isomers
obtained during the hydroisomerization of n-heptane. This
has been investigated, on the one hand, to explore the pos-
sibilities of zeolites for the isomerization of n-heptane as
a possible alternative to the reforming of this alkane to
toluene and, on the other hand, with the objective of gen-
erating the basic information which will allow us to select
new catalysts and to test them for the isomerization of LSR
feed containing n-pentane, n-hexane, and n-heptane.

2. EXPERIMENTAL

Zeolites were studied with a system of 12 Membered
Ring (MR) unidirectional channels with different dimen-
sions (mordenite (MOR) and SSZ-24 (AFI)) and molecular
sieves with similar pore dimensions and different composi-
tions (SSZ-24 (AFI) and SAPO-5 (AFI)), together with ze-
olites containing interconnected 10 and 12 MR pores (SSZ-
33(CON)), and 12 MR tridirectional zeolites (Y (FAU)
and Beta (BEA)). The mordenite (MOR) catalyst was pre-
pared starting with a commercial sample from PQ Corpora-
tion which was dealuminated by a combination of acid and
7
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FIG. 1. Thermodynamic d

steam treatment following Refs. (5, 6). The SSZ-24 (AFI)
sample was prepared following the procedure given in (7).
SAPO-5 (AFI) was prepared following a modified proce-
dure described in (8), and SSZ-33 (CON) was prepared
following (9). Beta (BEA) samples with similar chemical
compositions but different crystallite sizes were obtained
from PQ Corporation (sample BetaPQ) and by synthe-
sis (SCB (BEA) and LSC (BEA)) following the synthesis
procedure reported before (10, 11). USY (FAU) samples
(USY 720 and USY 760) with different framework com-
positions were obtained from PQ Corporation. Pt, 0.5wt%,
was incorporated on all molecular sieve samples by pore
volume impregnation with an aqueous solution of H2PtCl6
(6).

N2 adsorption (BET), SEM (JOEL JSM 6300 Link Isis),
pyridine adsorption–desorption (12), and 27Al MAS NMR
and 29Si MAS NMR have been carried out in order to char-
acterize the zeolite samples. Infrared spectroscopic mea-
surements were carried out with a Nicolet 710 FTIR spec-
trometer. Wafers of 10 mg cm−2 were introduced into a con-
ventional greaseless IR cell and pretreated in vacuum (10−2

Pa) at 400◦C overnight. For adsorption/desorption pyridine
studies 6.66.102 Pa pyridine was introduced into the cell at
room temperature. After reaching equilibrium, the sam-
ples were outgassed at 250, 350, and 400◦C under vacuum
and the spectra were recorded at room temperature. Solid
state 27Al MAS NMR and 29Si MAS NMR spectra were
recorded at ambient temperature on a Varian VXR-400
Wb spectrometer at 104.2 and 79.5 MHz, respectively.

The catalytic experiments were conducted in a fully au-
tomated stainless steel fixed bed continuous reactor with
an on-line analytical system (G.C. Varian 3400) equipped
with a 50-m Petrocol DH50 column. The reaction condi-
tions used in this work are 5.13 WHSV, H2/hydrocarbon

ratio of 15 mol mol−1, 20 bar total pressure, and reaction
temperatures ranging from 240 to 380◦C.
tribution of C5, C6, and C7.

3. RESULTS AND DISCUSSION

3.1. Isomerization of n-Heptane

The micropore volumes of the studied samples (Table 1)
indicate that good crystalline samples have been produced.
Concerning the chemical composition of the mordenite, it
is known that the best LSR isomerization catalysts have a
Si/Al ratio between 10 and 20 (13, 14). Due to the impossi-
bility of preparing SSZ-24 with an Si/Al ratio in that range,
we have studied two mordenite samples, one with the opti-
mal (Si/Al= 17) and another with a Si/Al ratio close to that
of SSZ-24. In an analogous way, two USY and two Beta
samples with two levels of Si/Al ratio have been studied as
well (see Table 1).

The crystallite size is another parameter which may have
an important impact on product distribution. Thus, while
we were not successful in producing all zeolite samples with
the same crystallite size, we attempted to keep the average
crystal size similar for all zeolites in each of the homoge-
neous series of catalysts (mordenite, SSZ-24 , SAPO-5 and
Beta USY, SSZ-33) and at the same time to study the role
of crystallite size in the isomerization activity and selectiv-
ity by changing the crystallite size of zeolite Beta in a wide
range while keeping the chemical composition constant. It
has to be noted that the Si/Al ratios in Table 1 correspond
to the values determined by chemical analysis, except those
for for USY zeolites in which the framework Si/Al ratio
was calculated from the unit cell size parameter using the
Fichtner–Sehmittler equation (15).

The Al27 MAS NMR results (spectra not shown) indi-
cate that in all samples some dealumination has occurred
during the activation process; together with framework Al
(57 ppm), some extra-framework Al was present (0 ppm).

Since owing to the presence of internal silanols Si(3Si,
1OH), it becomes difficult to calculate reliable framework
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TABLE 1

Characteristics of Different Catalysts Used in Reaction

Brønsted Lewis

Pore vol. Crystal size
(micromole py/gr cat.) (micromole py/gr cat.)

Catalyst Si/Al (cc/gr) (µm) 150◦C 250◦C 350◦C 400◦C 150◦C 250◦C 350◦C

MOR(17)(MOR) 17 0.109 1 43 24 7 24 24
SSZ-24(AFI) 50 0.12 1 25 19 6 46 34
SSZ-33(CON) 16 0.213 0.1 49 29 22 37 31
B-PQ(BEA) 16 0.189 0.15 46 26 15 48 36
USY-760(FAU) 55 0.203 0.4 14 3 1 10 7
USY-720(FAU) 30 0.203 0.4 54 27 11 13 12
SCB(BEA) 16 0.151 >0.030 39 16 10 60 46
LCB(BEA) 13 0.217 0.05× 10 52 24 20 14 26
MOR(40)(MOR) 40 0.169 1 74 39 — 16 19

BETA(50)(BEA) 50 0.176 0.15 22 12 3 18 21

SAPO-5(AFI) — 0.18 1

Si/Al ratios by Si29 MAS NMR on these zeolites, we have
worked with the values given by the chemical analysis. Nev-
since in the case of the isomerization of paraf- acidity of the different zeolites by carrying out the adsorp-

fins on well-balanced bifunctional and stable catalysts, as is tion of pyridine at room temperature and the desorption
king product distribution in the isomerization of n-heptan
ons: 5.13 WHSV, 20 bar total pressure, and H2/hydrocarbo
17 17 5 10 13 19

our case (see Fig. 2), the controlling step is the Brønsted
acid catalyzed reaction (16, 17), we have determined the
e over different catalysts: C1+C2 (r), C3+C4 (j), C5 (m), and C6 (× ).
n ratio of 15 mol mol−1.
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FIG. 3. Variation of the catalytic activity with the number of acid sites
present on the catalyst, as measured by pyridine desorption at 400◦C.

at 250, 350, and 400◦C. The catalytic activity of the differ-
ent catalysts was correlated with the number of acid sites
measured by pyridine after 400◦C desorption temperature,
and a very good linear correlation is observed, regardless
of the pore dimensions and chemical composition of the ze-
olite (Fig. 3). Among the different unidirectional structures
studied, the one with a larger pore diameter (SSZ-24) gives
better selectivities. This conclusion is valid regardless of
the framework Si/Al ratio of the mordenite used. Indeed,
even when a mordenite sample containing a higher Si/Al
ratio was used as isomerization catalyst (Fig. 4b), the SSZ-
24 structure with larger pore diameter still gave a better
selectivity to branched products.

Since the pore size or, even better, the fast diffusion of
the bulkier branched products out of the pores is an im-
portant parameter controlling the final catalyst selectivity,
one should also consider large pore tridirectional zeolites as
potential isomerization catalysts. Up to now the only large
pore tridirectional structures known are Y and Beta zeo-
lites. However, taking into account the catalytic behaviour
of the tridirectional 10× 12 MR SSZ-33 structure (18), this
zeolite can also be a candidate for the isomerization of
n-heptane. Figure 4a shows that its activity, as well as its
isomerization selectivity, is better than that of SSZ-24, but
worse than that of Beta and USY zeolites.

From the point of view of the octane number of the prod-
ucts produced, it is unfortunate that none of these zeo-
lites is adequate for producing a high octane C7 isomerate,
since the isomers produced in larger amounts are the
monomethyl isomers with little dimethylpentane and al-
most no trimethylbutane, which are the most interesting
products (Figs. 5a and 5b).
When comparing the distribution of isomers obtained
with that predicted by the thermodynamic equilibrium, it
CORMA

can be seen that both di- an trimethyl isomers are formed in
amounts below the equilibrium distribution due to the very
fast cracking of the dimethylpentane carbocation isomers
which are depleted, enabling at the same time the formation
of trimethylbutane. (19). Of course, in this case, the lower
the pore diameter of the zeolite, the higher its tortuosity
and acid strength, and the higher the number of acid sites
with the same acid strength, the lower the selectivity to
di- and trimethyl C7 isomers will be. This can be observed
when comparing the two USY zeolites with Si/Al ratios of
30 and 55. In both cases all Al atoms should be isolated,
and therefore all the bridging hydroxyl groups should have
the same acid strength. Thus the sample with a lower Si/Al
ratio, and therefore with a larger number of acid sites, is
more active but less selective for isomerization (Table 1
and Fig. 4b).

Another factor which is expected to have an influence on
the branching isomerization selectivity is the zeolite crys-
tallite size. This is so due to the fact that the smaller the
crystallite sizes, the shorter the length of the pores will be
and consequently the faster the diffusion of reactants and
products will be. In order to study this, a nanocrystalline
Beta sample (0.03 µm) was prepared following the pro-
cedure reported elsewhere (10). The nanocrystalline Beta
zeolite has a lower thermal stability than Beta samples with
a larger crystallite size, and this implies that more dealumi-
nation occurs during the activation process. This is reflected
in a decrease of the acidity measured, which is lower for the
nanocrystalline Beta than for the commercial Beta despite
the higher Al content of the nanocrystalline sample. Nev-
ertheless and despite the fact that the nanocrystalline Beta
has a lower acidity, its activity is higher, and so is the selec-
tivity for isomerization. On top of that, at the same level of
conversion, the selectivity for dibranched and tribranched
C7 paraffins, even if it is still low, is higher on the nanocrys-
talline Beta zeolite (Fig. 5a). Moreover, on nanocrystalline
Beta the dimethylpentanes with higher RON are favoured
(see Fig. 6). When the results obtained on the nanocrys-
talline Beta are compared with those on the other zeo-
lites studied here, it is clear that the former gives by far
the best results. Based on this the nanocrystalline Beta
zeolite can be considered as a potential LSR isomeriza-
tion catalyst. In order to explore this possibility we have
studied its catalytic properties for the isomerization of two
LSR feeds, one feed rich in n-pentane that also contains
n-hexane, and another enriched with n-hexane (60 wt%)
and also containing n-pentane (20 wt%) and n-heptane
(20 wt%).

3.2. LRS Isomerization on Nanocristalline Beta

The results presented in Fig. 7 clearly shows that
when a simulated LSR feed containing n-pentane and n-

hexane in an n-pentane/n-hexane molar ratio of 1.8 is re-
acted, nanocrystalline Beta zeolite is a highly selective
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FIG. 4. Total conversion (j), isomerization (d), and cracking (m) yields of n-heptane versus reaction temperature. Reaction conditions:

5.13 WHSV, 20 bar total pressure, and H2/hydrocarbon ratio of 15 mol mol−1. (a) SSZ-33, B-PQ, BETA (50), LCB, and SCB. (b) MOR (40), MOR,
SAPO-5, SSZ-24, USY-720, and USY-760.
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FIG. 5. Isomer distribution (monobranched (j), dibranched (d), and tribranched (m)) versus conversion during n-heptane isomerization. Reaction

conditions: 5.13 WHSV, 20 bar total pressure, and H2/hydrocarbon ratio of 15 mol mol−1. (a) SSZ-33, B-PQ, BETA(50), LBC, and SBC. (b) MOR,
MOR (40), SAPO-5, SSZ-24, USY-720, and USY-760.
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FIG. 6. Isomer distribution in the isomerization of n-heptane versus reaction temperature on different catalysts. The numbers in brackets are the
Research Octane Numbers (RON) of each isomer: (r) 2,2-DMP(98.2), (j) 2,4-DMP (83.1), (m) 2,2,3-TMB (112), (× ) 3,3-DMP (80.8), (∗) 2-MH

(42.3), (d) 2,3-DMP (91.1), (+ ) 3-MH (52), and (−) 3-EP (65). Reaction conditions: 5.13 WHSV, 20 bar total pressure, and H2/hydrocarbon ratio of

15 mol mol−1.

isomerization catalyst. Indeed, when approaching the equi-
librium conversion the selectivity to isomerization is above
98%. From the point of view of activity, the nanocrys-
talline Beta zeolite is at least as active as the optimized H-
mordenite. These results, and those obtained for the hydroi-
somerization of n-heptane on the nanocrystalline Beta ze-
olite, were encouraging for the possibilities of this material
for carrying out the hydroisomerization of LSR feeds con-
taining larger concentrations of n-hexane and n-heptane
(n-hexane : n-pentane : n-heptane equal to 3 : 1 : 1 molar ra-
tio). This possibility has been studied further by reacting
the second LSR feed on the optimized H-mordenite and
on the nanocrystalline Beta zeolite.

The results given in Fig. 8 clearly show that regard-
less of the zeolite used the reactivity follows the order
n-heptane> n-hexane> n-pentane, as could be expected
taking into account the heats of adsorption of the differ-
ent hydrocarbons (20). Moreover, it is also clear that the
nanocrystalline Beta zeolite is more active and selective

than H-mordenite for the isomerization of n-hexane and n-
heptane. Indeed, while n-pentane is hardly cracked on any
of the two zeolites, in the case of n-hexane it is possible to
reach∼80% conversion with∼96% selectivity on the Beta
sample, while at the same level of conversion the selectivity
to isomerization on H-mordenite is lower than 88%. The se-
lectivity differences are much more notorious in the case of
n-heptane, which readily cracks on H-mordenite, while for
the Beta sample the isomerization selectivity is high until
reaching ∼75% conversion.

When the isomerization of the different components is
considered globally, one can see that, even on the nanocrys-
talline Beta (Fig. 8), under the conditions necessary to ob-
tain high levels of conversions of n-pentane and n-hexane,
n-heptane is already extensively cracked (see, for instance,
the results obtained at∼280◦C). Nevertheless, it is possible
to conclude that for LSR containing significant amounts of
n-heptane, a nanocrystalline zeolite will be a better cata-
lyst option than mordenite. Indeed, when using mordenite
as a catalyst, practically all heptane will be cracked, with
the corresponding consumption of hydrogen and possible

coke formation, while on the nanocrystalline Beta zeolite
50% of the total heptane converted will remain as branched
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FIG. 7. Total conversion (j), isomerization (d), and cracking (m) yields of n-pentane and n-hexane versus reaction temperature. Reaction

conditions: 5.13 WHSV, 20 bar total pressure, and H2/hydrocarbon ratio of

isomers in a ratio of mono- : di- : tri- products of 4 : 1 : 0.1
(see Fig. 9). However, taking into account that the level of
conversion was varied by varying the reaction temperature,
differences may exist between the activation energies for
isomerization and cracking, especially in the case of highly
branched isomers. Therefore, we have also performed addi-
tional work in which the level of conversion was changed by
modifying the contact time while the reaction temperature
was kept constant at 270◦C. The results presented in Fig. 10
show that the observed selectivities are only a function of
the level of conversion, and therefore the above discussion
is still valid regardless of the reaction conditions used.

4. CONCLUSIONS

The hydroisomerization of n-heptane to high octane di-
branched and tribranched products has been studied using
a commercial type of LSR isomerization catalyst, i.e., mor-
denite, as well as on other uni- and tridirectional 12 MR and
10× 12 MR zeolites. Mordenite cracks n-heptane products

very quickly, giving low selectivities to branched products.
While a larger unidirectional pore zeolite (SSZ-24) gives
15 mol mol−1.

better results than H-mordenite, the 12 MR tridirectional
zeolites are the best catalysts for the branching isomeriza-
tion of n-heptane, owing to the faster diffusion rates of re-
actants and products through the micropores. The zeolite
crystal size has been found to be of paramount importance,
because the catalytic activity and selectivity of a nanocrys-
talline Beta zeolite was better than that of Beta zeolites
with larger crystallites.

When nanocrystalline Beta samples were used for con-
verting a LSR formed by n-pentane and n-hexane its
behaviour was even better than that of an optimized
commercial-type mordenite zeolite catalyst. The advantage
of the nanocrystalline Beta zeolite is even greater when it
is used for the isomerization of an LSR feed also contain-
ing n-heptane (20 wt%). While mordenite gives a complete
cracking of the n-heptane present in the feed, the nanocrys-
talline Beta cracks only 50% and the other 50% of the con-
verted n-heptane is present as branched C7 products with a
ratio of mono : di : tri isomers of 4 : 1 : 0.1. This higher selec-
tivity of the nanocrystalline Beta zeolite is important not

only with respect to the volume yield but also with respect
to H2 consumption and coke formation.
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FIG. 8. Total conversion, isomerization, and cracking yields of n-pentane, n-hexane, and n-heptane versus reaction temperature. Reaction condi-
tions: 5.13 WHSV, 20 bar total pressure, and H2/hydrocarbon ratio of 15 mol mol−1.
FIG. 9. Isomer distribution during n-heptane isomerization over SCB and MOR: (j) monobranched, (d) dibranched and (4) tribranched. Reaction
conditions: 5.13 WHSV, 20 bar total pressure, and H2/hydrocarbon ratio of 15 mol mol−1.
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FIG. 10. Selectivities to isomerization. (s) Data obtained at constant contact time (0.197 h−1) and different temperatures. (×) Data obtained at

constant temperature (270◦C) and different contact times.
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