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1-Cyclohexyloctane is isomerized in the vapor phase on Pt/H-
ZSM-22 zeolite catalyst in the presence of hydrogen. Most of the
reaction products are identified and analyzed using high-resolution
GC and GC/MS. The reaction pathways of 1-cyclohexyloctane are
interpreted in terms of alkylcarbenium/alkylcarbonium ion chem-
istry. The main isomerization pathways are branching of the ring,
elongation and shortening of alkyl substituents on the ring, and ring
contractions and expansions. A less important pathway is chain
branching, occurring selectively at C-atom positions distant from
the ring. In the reaction product fraction of heptyl, methylcyclohex-
anes, preferential formation of the 1-heptyl-t-4-methylcyclohexane
is observed. The formation of 1-heptyl, 1-methylcyclohexane is
completely suppressed. The peculiar selectivity patterns are ex-
plained by a mechanism in which the molecules react in micro-
pore mouths at the external surface of the ZSM-22 zeolite crystals.
(© 1998 Academic Press

INTRODUCTION

Alicyclic hydrocarbons with one long n-alkyl substituent
on a cyclopentane or cyclohexane ring constitute an impor-
tant fraction of virgin naphtha. Little is known about the
fate of such molecules in isomerization, hydrocracking, and
catalytic dewaxing processes. Studies reported in literature
most of the time deal with relatively small alicyclic hydro-
carbon molecules containing 10 C atoms or less (1-4).

The reaction mechanisms of isomerization and hydro-
cracking of small alicyclic hydrocarbons on bifunctional
zeolite-based hydrocracking catalysts such as acid Y ze-
olites loaded with platinum metal are well understood
(3, 5-8). The conversion pathways can be rationalized as-
suming that the skeletal changes in the molecules occur
while the molecules are activated and transformed into
alkylcarbenium ions. According to the conventional bi-
functional reaction mechanism, this activation is achieved
through dehydrogenation followed by protonation of the
double bond (9, 10). Skeletal isomerization of alkylcarbe-
nium ions proceeds through cyclization of the molecule into
a substituted corner protonated cycloalkane followed by

ring opening (11, 12). In these cyclizations, three rings (cor-
ner protonated cyclopropanes, CPCP) are more important
than larger rings (13). Two isomerization mechanisms are
possible, denoted with A and B (11). In type A isomeriza-
tions, there is no change in the degree of branching. The
degree of branching of the carbon skeleton is obtained by
considering that a tertiary and a quaternary C atom intro-
duce one and two branchings, respectively. In type B, the
branching degree is either lowered or increased. Mecha-
nistically, type B isomerizations involve a corner-to-corner
proton jump on the ring of the cyclic intermediate, whereas
such a jump is not required for type A (14).

Examples of reaction mechanisms of skeletal isomer-
ization of alicyclic alkylcarbenium ions are provided in
Fig. 1: (i) Positional shifts of alkyl substituents on a ring
(exocyclic alkyl shifts) are of type A and will be denoted
as A" (Fig. 1a). (ii) Elongation or shortening of existing
side chains are another kind of type A reaction on the
rings (endocyclic alkyl shifts) and are indicated with A™"
(Fig. 1b). In A™ rearrangements, the ring size is not al-
tered, while in A™" conversions, the ring is contracted or
expanded with one C atom. (iii) The generation of vanish-
ing of amethylbranching on aring is a type B isomerization
(ring branching, B"). It results in contraction or expansion
of the ring by one C atom (Fig. 1c). (iv) Similarly, new side
chains on an alkyl substituent of the ring can be generated
or eliminated by type B isomerization (chain branching, B®)
(Fig. 1d), or branching positions on a chain can be altered
via type A isomerizations (mechanism A°) (Fig. 1e.)

In the bifunctional conversion of poly-alkylsubstituted
cyclohexanes, the ring is preserved and the different methyl
(ethyl, propyl) substituents on the ring are combined into
one branched alkyl group via a combination of A™ and A°
steps (1, 2). Upon cracking of the molecule, the bulky alkyl
substituent is eliminated from the ring, explaining why this
reaction is referred to as the Paring reaction (2).

In a previous publication (5), the isomerization of
1-cyclohexyloctane on a faujasite type hydrocracking cata-
lyst was studied. A detailed reaction scheme of skeletal
isomerization of this model molecule was established
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Reaction mechanisms involved in the bifunctional conversion of alkylcycloalkanes: (a) exocyclic alkyl shift (A™); (b) endocyclic alkyl shift

(A™); (c) ring branching (B"); (d) chain branching (B®); and (e) alkyl shift in side chain (A°).

(Fig. 2). Typically, the degree of branching of this alicyclic
hydrocarbon molecule is increased by a generation of
branchings in the ring, rather than in the n-alkyl substituent
(5). Subsequently, methyl branchings are transferred from
ring to chain positions through A™ and A® mechanisms
(Fig. 2) (5).

In the present study, a platinum-loaded ZSM-22 zeo-
lite in its portonic form is used as a catalyst for convert-
ing 1-cyclohexyloctane. The ZSM-22 zeolite has the TON
framework topology (15) and contains parallel, uniform
tubular pores with the smallest pore cross-section diam-
eters (0.55 x 0.45 nm) among the currently known tubu-
lar pore zeolites (15, 16). Isomerizations of long-chain n-
alkanes on the Pt/H-ZSM-22 zeolite occur according to a
very peculiar selectivity (17). A high selectivity for methyl
branching at C, positions is encountered and explained via
a branching mechanism, where part of the hydrocarbon
molecule is sucked into a micropore of the zeolite crystal,
while the branching is generated at the other end of the car-

bon chain positioned at the pore opening (17-20). Further
multibranching involves a stretching of the hydrocarbon
chain over the exterior crystal surface, allowing branchings
to be generated at specific carbon atom positions where the
hydrocarbon chain covers an opening to a pore (17). The
favored isomers match their structures with the spacing of
pore openings on the external surface of the ZSM-22 crys-
tals according to a key—lock concept (17, 21). In this study,
we were particularly interested in the conversion pathways
of a probe molecule representing a combination of a long
n-alkyl chain and a ring on the Pt/H-ZSM-22 catalyst.

EXPERIMENTAL

Catalytic Experiments

A sample of ZSM-22 zeolite was synthesized according
to a recipe described in Ref. (22), method A. The Si/Al ra-
tio in the framework, as determined by quantitative 2’Al
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FIG.2. Reaction pattern observed in the conversion of 1-cyclo-
hexyloctane on a large pore Pt/H-Y zeolite catalyst (based on Ref. (5)).
The square brackets and * indicate the occurrence of all positional and
cis-trans isomers.

MAS NMR, amounts to 30. ZSM-22, calcined at 823 K,
was cation-exchanged with ammonium and impregnated
with an aqueous solution of Pt(NH3)4Cl, (incipient wetness
technique) to obtain a Pt loading of 0.5 wt%. The zeolite
powder was shaped into pellets with a diameter between
0.25 and 0.5 mm by compressing, crushing, and sieving. A
0.2-g sample of these pellets was charged into the stain-
less steel microreactor tube with internal diameter of 1 cm.
Catalyst pretreatment comprised heating from 300to 673 K
under a stream of oxygen. After 1 h at 673 K, the bed was
purged with nitrogen and contacted with hydrogen for an-
other 1 h.

1-Phenyloctane (Janssen, 99%) was hydrogenated in a
batch reactor on Pd/carbon black catalyst. The 1-cyclo-
hexyloctane thus obtained was used as feed in the catalytic
experiments.
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The catalytic experiments were performed in a fixed-bed,
continuous-flow microreactor with on-line GC analysis. The
H, to 1-cyclohexyloctane molar ratio in the feed was 450 at
a constant pressure at the reactor outlet of 0.45 MPa. The
space time at the entrance of the reactor on hydrocarbon
basis, W/Fo, amounted to 0.5 kg - h - mol~2.

The GC-FID (HP5880A) and GC-MS (HP5998A\) instru-
ments were equipped with capillary columns (Chrompack)
with CP-Sil-5CB stationary phase (film thickness of
1.31 pum), an internal diameter of 0.32 mm, a length of
120 m, and counting 300,000 theoretical plates. A substan-
tial number of individual reaction products could be re-
solved and identified. Based on MS, the products could be
classified according to their ring size and the number and
type of alkyl substituents. Positional and cis-trans isomers
of heptyl,methylcyclohexanes could be identified based on
elution sequences of lighter methyl,alkyl-substituted cy-
cloalkanes. The fraction of unidentified products was rel-
atively small at low conversion (Fig. 3) and represents com-
pounds with strongly overlapping or small chromatographic
signals.

Molecular Modeling

Software running on a personal computer with a Pentium
133 processor was developed to calculate the adsorption po-
tential of adsorbed molecules. A micropore fragment of a
rigid SiO, polymorph with ZSM-22 structure was generated
using the crystallographic data from Ref. (23). The frame-
work fragment was made large enough to avoid bound-
ary effects (362 oxygen atoms, three atomic layers around
the pore). Geometry optimization of the hydrocarbon
molecules was performed via HYPERChem V 3.0 for
Windows. The molecules were optimized in an MM™
force field in a vacuum until a RMS gradient (total en-
ergy gradient calculated as a root mean square gradi-
ent) of 4x 10> kJ-mol~! was reached. Successively, a
steepest descent, Fletcher—Reeves and Newton-Raphson
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FIG. 3. Distribution of the isomer of the feed according to the type
of ring system against 1-cyclohexyloctane conversion.
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optimization algorithm was applied to reach the final opti-
mized molecule.

The interaction potential U__;(rj;) is calculated using a
12/6 Lennard-Jones potential function,

Aij _ Bij
Z <(rij)12 (rij)6>7 g

all (ij) pairs

with rj; denoting the distance between two interacting
atomic (or molecular) centers and A;j and B;j, the repulsive
and dispersive interaction parameters, respectively. Values
for Aj; and B;; for oxygen-hydrogen and oxygen—carbon in-
teractions valid for silicate frameworks were retrieved from
Ref. (24). For the position optimization of hydrocarbons in
the ZSM-22 micropore the following procedure has been
applied. First, the hydrocarbon was docked manually in the
center of the micropore. Then, the position with lowest
potential was searched via a three-dimensional rotation—
translation procedure using a steepest descent algorithm.
In order to avoid local minima, the translation and rotation
step sizes were increased again whenever the hydrocarbon
had reached an optimum.

UL_a(rj) =

RESULTS AND DISCUSSION

In the chromatograms of the reaction products from
1-cyclohexyloctane conversion on Pt/H-ZSM-22, the Cy4
fraction, including the feed, was clearly separated from the
products containing fewer carbon atoms. The conversion of
the feed and the isomerization and cracking yields obtained
at increasing reaction temperatures are shown in Fig. 4.
Isomerization and cracking are consecutive reactions. The
fraction of unidentified C14 products is relatively small, but
increases with conversion (Fig. 3). Substituted cyclohexanes
are more abundant than cyclopentanes (Fig. 3).

The identified Cy4 isomers contain a 5- or a 6-ring and
have either two n-alkyl-substituents or one isoalkyl sub-
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FIG. 4. Conversion, isomerization, and cracking yield in the reaction
of 1-cyclohexyloctane on Pt/H-ZSM-22 zeolite.
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FIG. 5. Distribution of the isomers of the feed according to the num-
ber of ring substituents against 1-cyclohexyloctane conversion.

stituent (Fig. 5). The evolution with increasing conversion
of the distribution of these two groups of isomers shown
in Fig. 5 must be interpreted with some caution in view
of the increasing fraction of unidentified products (Fig. 3).
Di-n-alkylsubstituted cyclopentanes and cyclohexanes are
the main skeletal isomerization products obtained (Fig. 5).

Specific cyclopentanes and hexanes with two n-alkyl sub-
stituents are formed, namely cyclopentanes with ethyl +
heptyl, propyl+ hexyl, and butyl+ pentyl substituents
and cyclohexanes with methyl + heptyl and ethyl + hexyl
substituents, respectively (Fig. 6). The possibility that
molecules with other substituent combinations are formed
in smaller quantities cannot be precluded, but in that in-
stance they could not be analyzed and are contained in the
unknown product fraction.
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FIG. 6. Distribution of identified di-n-alkyl-substituted cycloalkane
feed isomers against conversion (a limited nhumber of positional and cis—
trans isomers).
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FIG. 7. Distribution of positional and cis-trans heptyl,methyl-

substituted cyclohexane feed isomers against conversion. Values at the
right-hand side of the graph indicate the equilibrium distribution as ob-
served on a FAU-type Pt/H-Y zeolite (5).

Heptyl,methylcyclohexanes are the most important
skeletal isomers (Fig. 6). The evolution with conversion of
their distribution is shown in Fig. 7. On Pt/H-ZSM-22, the
1,1’-disubstituted isomer is not formed. The formation of
1,3c, 1,2t, and 1,2c is kinetically suppressed in favor of the
1,4t 1,3t, and 1,4c substitution (Fig. 7).

Via the molecular modeling, the origin of this peculiar se-
lectivity could be elucidated. Owing to the presence of the
cyclohexane ring, none of the heptyl,methylcyclohexanes
was able to attain a favorable potential inside the microp-
ores. The lowest potential is reached after plugging of the
heptyl group into the micropore until the cyclohexane moi-
ety hits the window of the pore (Table 1). Such an inter-
action resembles a cork on a bottle. For the 1,1- and 1-t-4-
heptyl,methylcyclohexane isomers, the optimized positions
are shown in Fig. 8. The results from the potential calcula-

TABLE 1
Interaction Potential of 1-Cyclohexyloctane, 1-Cyclopentyl-
nonane, and Positional and cis-trans Heptyl,methylcyclohexane
Isomers Position Optimized in a Pore Mouth of ZSM-22

Isomer Interaction potential (kJ - mol 1)
1-Cyclohexyloctane —129
1-Cyclopentylnonane —134
1-t-4-Heptyl,methylcyclohexane —146
1-t-3-Heptyl,methylcyclohexane —141
1-c-3-Heptyl,methylcyclohexane —133
1-c-4-Heptyl,methylcyclohexane —129
1-t-2-Heptyl,methylcyclohexane —110
1-c-2-Heptyl,methylcyclohexane —106
1,1-Heptyl,methylcyclohexane —105
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tions for the different isomers are listed in Table 1. The
potential is largely dependent on the position of the methyl
substituent on the ring. The closer the two alkyl groups, the
higher the potential value.

The order of formation of the individual heptyl, methyl-
cyclohexane isomers at low feed conversion levels (Fig. 7)
follows the order of the potentials of these molecules
(Table 1). Apparently, the selectivity evolves from the
stereochemistry of the pore mouths of the ZSM-22 zeolite
crystals.

In contrast to on a Pt/H-Y catalyst (5), on Pt/H-ZSM-22
one specific isomer is selectively formed in the product
fractions of di-n-alkyl-substituted cyclopentanes and hex-
anes with both substituents larger than a methyl group.
The GC-MS analytical technique did not allow us to de-
termine the relative positions of the alkyl groups on the
ring, nor whether they were cis or trans isomers. For
the di-n-alkylsubstituted cyclohexanes, it can be specu-
lated that the preferred isomers are 1-(Cg_xHi7_2x)-t-4-
(CxHax_1)-cyclohexanes (1 < x <4), by analogy with the
heptyl,methylcyclohexanes.

On Pt/H-Y (5), branchings are generated on the ring
(B and transferred subsequently to the alkyl substituents
through a combination of A™ and A® (Fig. 2). The 1,1-
alkyl,methylcycloalkanes are key intermediates in this
mechanism (Fig. 2) (5). As a result, initially the methyl
group on the alkyl side chain is positioned close to the ring.
Via subsequent type A isomerizations, the methyl branch-
ing is shifted to C-atom positions more distant from the
ring (5). In the reaction products obtained in the present
work using Pt/H-ZSM-22 catalyst, a substantial number of
1-cyclopentylmethyloctanes could be identified and quan-
tified. The evolution of the distribution of this fraction
with feed conversion is presented in Fig. 9. In this case,
the methyl side chain occurs preferentially at C-atom posi-
tions remote from the ring (Fig. 9). These isomers seem to
originate from a direct branching-type rearrangement of
the n-alkyl substituent (B¢ mechanism). On Pt/H-ZSM-22,
the formation of 1,1-di-n-alkyl-substituted rings is sup-
pressed (cf. 1,1-isomers in the heptyl,methylcyclohexane
fraction, Fig. 7). Furthermore, a ring-to-chain transfer
mechanism of methyl branchings would imply that branch-
ing positions close to the ring are favored initially, which
is not observed experimentally (Fig. 9). Probably, the
1-cyclopentylmethyloctanes arise from the following se-
guence of transformations. First, there is an elongation of
the alkyl side chain with concomitant ring contraction yield-
ing 1-cyclopentylnonane. This transformation is facilitated
as it leads to a lower potential (Table 1). Subsequently,
a methyl branching is generated in the nonyl group. The
methyl branching cannot occur while the molecule is ad-
sorbed according to the plugging mode. The alternative ad-
sorption mode is with the cyclohexane ring adsorbed on
the window of one pore, while the n-alkyl chain is entering
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FIG. 8. Favorable adsorption loci for 1,1- (a—c) and 1-t-4-heptyl,methylcyclohexane (d—f) isomers in the pore mouth of ZSM-22. (a) and (d) view

along the (001) direction, (b) and (f) view along the (110) direction, and (c) and (e) view along the (100) direction.
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FIG. 9. Distribution of identified dibranched monoalkyl-substituted
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pentyl-4-methyloctane, (A) 1-cyclopentyl-5-methyloctane, and (A) 1-
cyclopentyl-7-methyloctane.

a second neighboring pore mouth. The preferred methyl
branching positions correspond to the ones facing a pore
mouth when the molecule is stretched over the external
zeolite surface, with the ring positioned in front of a hole
(Fig. 10). In this way, the direct chain branching can be con-
sidered a special case of key—lock catalysis.

[100]

[001]

._E
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The key-lock adsorption mode explains also how
side-chain elongations/shortenings and ring contrac-
tions/expansions are likely to occur without penetration of
the ring into the micropores. Part of the long n-alkyl chain
is stretched over the bridge of zeolite framework spanning
two pore mouths (Scheme 1). In such a position, the gen-
eration of a side chain and its subsequent elongation corre-
spond to a transfer of methylene carbons from one pore to
another. This can be considered a shifting of a cycloalkane
ring along a molecular carbon wire.

Finally, the proposed model for the conversion of long-
chain alkylcycloalkanes on Pt/H-ZSM-22 also allows us
to rationalize the high maximum vyield of isomerization
observed with this catalyst (76%) (Fig. 4). This is much
higher than that with Pt/H-Y zeolite (40%) (5). The lower
tendency to cracking on Pt/H-ZSM-22 can be readily ex-
plained by the suppression of the “paring” reaction in which
the formation of 1,1’-dialkylcycloalkane intermediates is
required.

CONCLUSIONS

A detailed analysis of particular reaction product frac-
tions reveals that Pt/H-ZSM-22 exhibits distinctly differ-
ent reaction selectivities in the conversion of 1-cyclo-
hexyloctane compared to a large pore Pt/H-Y zeolite
catalyst. The formation of 1,1’-di-n-alkyl substituents is sup-
pressed. These are key intermediates in ring-to-chain trans-
fers of branchings and in the paring reaction. It explains
why the skeletal isomers have little tendency to cracking on
Pt/H-ZSM-22. Potential calculations suggest that the cyclic
moiety of the molecule does not cross the pore window. In

C,cC,

FIG. 10. Schematic representation of the key—lock adsorption mode invoked to rationalize the 1-cyclopentylmethyloctane isomer distributions

observed on Pt/H-ZSM-22 in the conversion of 1-cyclohexyloctane.
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favored adsorption sites, the n-alkyl substituents on the ring
penetrate into a micropore. The observed product patterns
can be explained via pore mouth and molecular plugging
mechanisms.
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