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We carry out experimental hydroconversion tests of n-heptane
paraffin on five different zeolites: Y, 8, ZSM-22, ZSM-23, and EU-1.
The experimental selectivities clearly depend on the catalyst pore
structures. Through force field simulations, we investigate adsorp-
tion and diffusion properties as well as model cyclopropane inter-
mediate stabilities inside each zeolite framework. In open structures
such as Y and B, no shape transition state selectivity or diffusion
limitation are taking place. In the more restricted 10-membered ring
(MR) channels of ZSM-22, ZSM-23, and 10-MR windows of EU-1,
we show that the selectivities in branched isomers and cracked
products are explained by the combined effects of transition state
restriction and product diffusion limitations. In particular, the se-
lectivities in monomethyl-branched products are correlated to their
relative diffusion barriers, in agreement with earlier results of E. B.
Webb 111 et al. (1999, J. Phys. Chem. B 103 4949). The explana-
tion for this result has its foundation in the degree of symmetry of
the monomethyl-branched paraffin. In ZSM-22 and ZSM-23, the
2,2- and 3,3-dMCs are not formed on account of transition-state
shape restrictions, whereas a slight amount of 2,3- and 2,4-dMCs
is formed and can diffuse out of the pores. In the EU-1 sieve, the
large side pockets behave as the open Y or 8 structures, where all
isomerization reactions can take place without restriction, but only
the faster diffusing 2,3-dMCs and 2,4-dMCs products are released.
The slower diffusing multibranched 2,2-dMCs and 3,3-dMCs paraf-
fins are transformed via methyl shift or cracked inside the pockets
producing a higher amount of cracked products in EU-1 than in
ZSM-22 or ZSM-23. (© 2001 Academic Press
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INTRODUCTION

According to new environmental specifications, the re-
fining industry has to produce high-octane index fuels
with lower aromatic contents. Indeed, the existing refin-
ing units such as reforming or catalytic cracking produce
fuels with high aromatic contents. Processes avoiding aro-
matic products are already industrially used to boost the
octane level: aliphatic alkylation, branched-ether synthesis,
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and hydroconversion of linear Cs and Cg hydrocarbons (1).
In the latter, the light gas octane number is improved by in-
creasing the degree of isoparaffin branching. For instance
the 2,2-dimethyl-butane exhibits a Research Octane Num-
ber (RON) 91.8, whereas the n-hexane RON is only 24.8.
Among Cr-paraffins, the trimethyl-butane RON is 112.1,
while the n-heptane RON is zero. The dimethyl-pentane
paraffins exhibit RONs between 80.8 and 92.8. Neverthe-
less, no industrial hydroisomerization process exists for the
C; or Cg paraffins because of their higher tendency to be
cracked. The challenge for the research in that area is to
find a catalyst favoring the isomerization of n-heptane and
n-octane into high octane number multibranched isomers
without too much cracking. One of the goals of the present
work is to better understand how the experimental selec-
tivity of C;-hydroconversion is controlled in five different
molecular sieve-supported platinum catalysts.

It is generally accepted that for a Pt-promoted zeolite
catalyst, hydroisomerization occurs via the so-called bifunc-
tional mechanisminvolving (de)hydrogenation steps on the
metallic site and carbenium formations with rearrangement
on the acidic site (2-5). On the metallic sites, the paraffin is
dehydrogenated and the olefinic intermediates are formed
(3,6, 7). Further, the intermediates are either isomerized or
cracked on the acidic sites. Two kinds of isomerization are
distinguished. The type-A isomerization occurs via methyl
or ethyl shift and simultaneous hydride shift (8, 9): the de-
gree of branching is not modified. For the type-B isomeriza-
tion, the chain length is modified and the intermediates are
protonated cyclopropanes (PCP) (10, 11). Atthe same time,
the hydrocarbon chain cracking considered as a competitive
and unwished secondary reaction of C;-hydroisomerization
can take place through carbocation g-scission.

If the experimental conditions ensure that the hydro-
genation function and the acid function are well bal-
anced (12), the (de)hydrogenation reaction is not the rate-
determining step, and the selectivity depends on the acidic
properties or on the solid porosity. Three main proposals
have been put forward to explain the selectivity in zeolite

framework (13, 14).
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First the selectivity might be governed by the reactants
themselves which are too bulky to enter the zeolite porosity
and hence are not transformed.

Then, the selectivity can be governed by the products. On
account of sterical hindrance, some products cannot diffuse
out of the zeolite framework. It occurs in the toluene alkyl-
ation on ZSM-5, yielding a mixture of xylenes. The faster
diffusing para-xylene is the major product recovered. For
the isomerization reactions, it has been recently proposed
by Webb 111 et al. (15, 16) on account of a molecular sim-
ulation study, that the selectivity of monomethyl-branched
paraffins in molecular sieves follows their diffusion coeffi-
cients in various restricted molecular sieves.

Finally the selectivity may be governed by the shape or
the bulkiness of the transition state intermediates such as
protonated cyclopropanes (PCP) formed during the iso-
merization. This proposal has been put forward by Ernst
et al. (17) to explain the selective n-decane isomerization
in ZSM-22. More recently Mériaudeau et al. (18) also re-
tain this concept for the selective hydroisomerization of Cg
in SAPO molecular sieves. Maesen et al. (19) proposed to
combine diffusion selectivity with PCP selectivity to un-
derstand the isomerization of paraffins in TON, MTT, and
AEL zeolites. Nevertheless, no clear evidence coming from
experimentation or simulation on dimethyl-branched iso-
mers has been proposed for the time being to support the
latter proposal.

At this stage, the following preliminary remarks on the
transition state selectivity concept should be made. The
(de)stabilization of the PCP intermediate depends on two
different kinds of interactions within the zeolite pores. On
the one hand, the local chemical interactions of the pro-
tonated cyclopropanic ring with the acidic sites influence
the energy barriers of the hydroisomerization steps. On the
other hand, the zeolite framework via long-range interac-
tions contributes to the relative stability of PCPs according
to their bulkinesses: this is generally referenced (and will be
so in this paper) to the “shape transition state selectivity.”
The latter contribution plays a role all the more crucial as
the zeolite structure exhibits channel diameters close to the
PCP sizes as it will be shown in this paper.

Another concept called “pore mouth” and “key-lock”
has been proposed by Martens et al. (20-23) to explain the
paraffin hydroisomerization selectivity observed in ZSM-
22. Due to sterical hindrance the monomethyl-branched
Cy-isomers adsorption inside the pores would be prevented
(20). The isomerization reaction would take place on the
pore mouth of the ZSM-22 channels. The stronger the ad-
sorption constant on the pore mouth of one given isomer,
the higher the amount of this isomer would be formed. This
scheme requires to take into account entropic effects as the
main factors able to differentiate the adsorption constants
through the preexponential factors. Nevertheless, the pore
mouth formalism first proposed in (20) and claiming that

the adsorption of monobranched isomers cannot occur in-
side the ZSM-22 pores using molecular graphic considera-
tion does not find a general agreement within the scientific
community (19). From the analysis of the elementary steps
of the reaction mechanism, it is legitimate to wonder why
the 2-monomethyl-branched products observed in major-
ity should exhibit the highest adsorption energy at the pore
mouth. Once the monobranched isomer is formed, it can
undergo two competitive reaction pathways: either it des-
orbs as a final product or it further reacts by isomerization
or cracking. It sounds contradictory to claim that the most
strongly adsorbed isomer will be the one that desorbs pref-
erentially. Actually “moderate” adsorption energies would
offer the best compromise: a not too weak energy stabilizes
the formation of the isomer while a not too strong one pre-
vents it from remaining stuck at the pore mouth. Therefore
the pore mouth concept cannot be considered as fully es-
tablished, and further investigation is needed to nurture the
debate.

In order to investigate some of the proposals put for-
ward above, we have carried out n-heptane hydroconver-
sion tests with five different molecular sieves: Y, 8, ZSM-22,
ZSM-23, and EU-1. As has been recently shown in a pre-
vious study (24), these catalytic systems exhibit rather dif-
ferent porosities that lead to different selectivities among
mono-branched, dimethyl-branched, and cracked products.
Simultaneously we have simulated adsorption and diffusion
properties through force field molecular modeling for all
the Cs-isomers. A first attempt to simulate the long-range
interaction of the zeolite framework with model transition
states involving a three-membered ring cyclopropane (CP)
molecule is also made.

The first part of the paper presents the experimental con-
ditions for the preparation of the catalytic systems and for
the C;-hydroconversion tests. In this part, we also present
the methodology used for the adsorption and diffusion sim-
ulations. In the second part, the experimental and simula-
tion results are described in detail. Finally we discuss these
results and furnish an explanation of the selectivities ob-
served on the five molecular sieves.

METHODS

A. Experiments

The hydroconversion of n-heptane is studied on Y, 8,
EU-1, ZSM-22, and ZSM-23 zeolites. The structure type
code, the dimensionality, the size of oxygen member rings
and the cross-sectional dimensions of channels are given
in Table 1. The ZSM-22 and ZSM-23 zeolites have one-
dimensional uninterrupted channel structures. They dif-
fer only by the dimensions of the channels. The zeolite
EU-1 also has a one-dimensional 10-MR channel system,
but periodically interrupted by alternating “side pockets.”
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TABLE 1

Main Characteristics of the Catalytic Systems

Structure Channel dimensions SgeT
(Ref.) Code D? Windows® (A) (SilAl)g (m?/g)
Y (25) FAU 3 12 MR 74 16 824
B (26) BEA 3 12 MR 7.6x6.4+55x55 13 678
ZSM-22 (27) TON 1 10 MR 44x55 36 157
ZSM-23 (28) MTT 1 10 MR 45x52 20 252
EU-1 (29) EUO 1 10 MR 4.1 x 5.7 + large side pockets 16 402

2 Dimensionality of the porous structure.
® MR, member ring of oxygen atoms.

That is why this can be regarded more precisely as 10-MR
“windows.” In this structure, the mouths of the pockets are
formed by 12-MRs with a cross section of 6.8 x 5.8 A and
each side pocket is 8 A deep (30). The Y and g zeolites
have three-dimensional 12-MR channel structures. In the
Y zeolite, large supercages (12.3 A of diameter) are formed
by the channel intersections.

1. Preparation and Characterisation of Catalysts

The Y-and S-zeolites are commercial zeolites from Tosoh
and Zeolyst, respectively. The EU-1 zeolite was synthesized
according to procedure described in (31). The ZSM-22 and
ZSM-23 zeolites were synthesized according to (32) and
(33), respectively, and were calcined at 550°C under oxy-
gen flow to remove any residual organic compound. The
NH, form of the zeolites was obtained by slurrying them
three times in a 10 M ammonium nitrate solution (10 mL
per gram of solid) at 100°C. The NH, zeolite sample were
loaded with 1 wt% Pt by incipient wetness impregnation us-
ing Pt(NH3)4Cl; as precursor. The solids were then calcined
under air flow at 420°C for 4 h to decompose the platinic
salt and obtain the H zeolite form. The main characteristics
of the solids are presented in Table 1. The global silicon to
aluminum atomic ratios (Si/Al) were determined by X-ray
fluorescence and the specific surface areas (SgeT) by nitro-
gen adsorption isotherm recorded at 77 K according to the
BET method. The high crystallinity of the molecular sieves
was verified by X-ray diffraction.

2. Catalytic Tests

The n-heptane conversion was carried out at atmospheric
pressure under a hydrogen flow in a fixed-bed microreac-
tor. The reduction stage was performed at 450°C in a hy-
drogen flow of 5 L/h/g of catalyst. Then the temperature
was then decreased and fixed to a value depending on the
catalyst activity (Table 2). The n-heptane conversion was
changed by varying the contact time (defined as the inverse
weight liquid hourly space velocity, WLHSV). The molar
ratio H,/n-C; was chosen equal to 2. The reaction products
were analyzed on-line using a GC with a FID detector and
a HP-PONA (50 m x 0.2 mm) capillary column.

As the solids studied have different concentrations of
acidic sites, we have tested the influence of the (Si/Al)g
ratio. Three 8-zeolites with (Si/Al)g equal to 13, 30, and 94
have beentested, the two latter being obtained by nitric acid
treatment of the first one. As these solids exhibited different
activities, they were tested at different temperatures (210,
230, and 260 respectively) and at a same pressure (1 bar),
but revealed identical selectivities in n-heptane conversion.

B. Molecular Simulation

For the simulation, we have used two main approaches:
on the one hand, we have calculated adsorption enthalpies
at low coverages for the different C;-isomers and for the
cyclopropanic model intermediates. On the other hand, we
have established detailed energy profiles of relevant iso-
mers along the diffusion path inside the ZSM-22, ZSM-23
channels and across the EU-1 windows. The simulation en-
gines are Sorption and Diffusion-Path accessible through
the Cerius? (release 4.0) and Insightl| (release 4.0.0P+) in-
terfaces licensed by Molecular Simulation Inc. (34). The
Sorption module is used for calculating the adsorption
enthalpies thanks to a Monte Carlo technique and the
Diffusion-Path module for determining the energy profiles
along the diffusion path (35).

1. Force Field

We treat the molecule-zeolite interaction at an atomic
level assuming that we can neglect the precise electron dis-
tribution for focusing on the main environmental effect

TABLE 2

Hydroconversion Test Conditions for the Solids Studied

Structure T (°C) P (bar) t (h) Hy/n-C;
Y 250 1 0.1-2 2
B 210 1 0.2-2 2
ZSM-22 240 1 0.1-6 2
ZSM-23 230 1 0.2-2 2
EU-1 220 1 0.3-2 2
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due to the different porous properties. So we ignore the
electron—ion and electron—electron interaction. This would
be required for the investigation of real transition states.
For that purpose, we have used the Condensed-Phase Opti-
mized Molecular Potentials for Atomistic Simulation Stud-
ies (Compass) force field (36). The potential energy, Eotal,
ofamolecule in the pores depends onitsatomic coordinates
and can be expressed as the sum of valence-bond terms and
nonbond interaction terms. The parameters for the valence
terms are fitted on ab-initio calculated data using least-
square-fitting techniques (37) and corrected by empirical
adjustments on molecular structures, molecular dipole mo-
ments, vibrational frequencies, and conformational ener-
gies.

The nonbond interaction term stands for the long interac-
tions between the paraffin atoms themselves and between
the paraffin atoms and the zeolite framework. The non-
bond interactions are the sum of two contributions: the
van der Waals interaction and the electrostatic (or coulom-
bic interaction). The van der Waals forces are described
by a Lennard-Jones 9-6 interaction. The nonbond param-
eters are determined empirically by fitting simulated ther-
mophysical properties with experimental data. The Com-
pass force field contains LJ parameters for like atom pairs.
The nondiagonal terms are evaluated through a sixth-order
combination law. The electrostatic interactions are repre-
sented using atomic partial charges.

For the simulation of alkane adsorptions the zeolite
framework is represented by a repeated unit cell with three-
dimensional periodic boundary conditions. The van der
Waals interactions are considered only in a sphere within
a finite radius, called the cutoff radius using the with long-
range tail correction (38). In order not to generate a peri-
odicity for the adsorbate, the cutoff radius has to be inferior
to half of the smallest cell parameter. Nevertheless, the cut-
off value should be converged with respect to the energy.
We have found that a cutoff radius of 20 A allows the best
compromise between the accuracy and the calculation time
required for all the systems described by a supercell for
which all cell parameters are greater than 40 A.

Adsorption enthalpy calculation. We have used the
Monte Carlo technique to investigate the adsorption con-
figuration of the paraffins inside the pores, and estimate the
adsorption enthalpies for a given temperature (T =503 K)
at low coverages (close to the Henry regime). At low
temperature the location and binding energy of a sorbate
molecule may be readily determined by energy minimiza-
tion. However, at ambient temperatures, paraffins within
the zeolite framework are distributed over several sites;
the “location” becomes a probability distribution and en-
ergy an integral over all accessible sites. We have chosen
to keep fixed the paraffin loading equal to 1 molecule per
cell so that the corresponding coverage for the size of the
cell remains close to the Henry regime. For the canonical
ensemble (NVT), the Metropolis algorithm proceeds by se-
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lecting, and displacing randomly, a molecule. The energy of
the new trial state is calculated and the state is accepted
if:
Etrial < Einitial [1]
orif
exp{—(Etrial — Einitiar)/KT} < rand(0, 1), [2]

where Einitia and Exriq are the total energies of the system
before and after the molecule displacement, respectively, T
is the temperature and k the Boltzmann’s constant.

The Metropolis scheme generates Markov chain of states
which sample the equilibrium states of the system accord-
ing to the Boltzmann probability distribution. Depending
on the system and on the paraffins, the number of search
iterations varies between 10° and 5 x 10® before reaching
the convergence criterion on the energy (0.1 kJ/mol).

The atoms of the zeolite framework are kept fixed and
the paraffins are supposed not to be flexible.

Adsorption enthalpies for intermediate compounds. The
complete and exact determination of the stability of the
well-known hypothetical protonated cyclopropane (PCP)
transition states on the acidic sites is far beyond the scope
of this study. A precise investigation of the nature of the
active site would be a prerequisite, on the one hand. The
study of the PCPs stabilities on the active sites would re-
quire ab initio techniques like the density functional theory
(DFT), on the other hand. In the present work, we propose
to investigate the stability of the cyclopropane (CP) com-
pound corresponding to the PCP intermediates as depicted
on Fig. 6a. In such a way, we study whether the long-range
interactions with the zeolite framework play a role on the
selectivity through sterical hindrances in restricted zeolite
structure such as ZSM-22, ZSM-23, and EU-1.

We calculate adsorption enthalpies at low coverages for
the CP derived from each PCP intermediate. This will be
described in more details in the next Part. We use the Monte
Carlo procedure inthe (NVT) ensemble (already described
in the previous paragraph) for finding the most favorable
CP adsorption configurations. In order to take into account
the geometry relaxation of the CP that is more critical than
for reactants, the CP configurations are chosen among a
sample obtained by a 100-ps molecular dynamic simulation
(T =503 K) for the isolated CP.

2. Diffusion Path Simulations

We determine the energy profiles along the diffusion path
of relevant Cs-isomers and compare the energy barriers for
paraffins with the same degree of branching inside ZSM-
22, ZSM-23, and EU-1 zeolites. The energy profiles are also
calculated for monomethyl-branched isomers with longer
chains such as Cjp and Cyg inside the ZSM-22.

The diffusion path calculation is carried out on zeolite
clusters as shown schematically on Fig. 1. The channel
length used for the simulation varies between 30 and 50 A
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FIG. 1. Schematic representation of the zeolite clusters used for the
diffusion path simulation. dx stands for the motion step equal to 0.1 A.

according to the systems, this size is sufficient enough to
study relevant diffusion paths. For the sake of clarity, the
energy profiles will be plotted for a channel length of 15 A
only. The initial pathway is assumed to be a straight line
following the channel symmetry axis and connecting two
positions located at the center of the pore at a distance of a
cluster length. Then the paraffin is forced to move along this
pathway by steps of dx = 0.1 A. At each step, the geometry
of the paraffin is optimized, allowing atomic displacements
in a plane perpendicular to the initial pathway, while the
zeolite cluster is kept rigid. This calculation provides an en-
ergy profile along the diffusion pathway. This profile can be
used to estimate diffusion barriers, under the approxima-
tion that entropic contributions to the free energy profile
are negligeable.

RESULTS

A. Experiments

Under the experimental conditions, the Y- and g-zeolites
lead to very similar yields as reported on Fig. 2a and
Table 3. At low conversion, the monobranched isomers
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FIG. 2. Yield in monobranched isomers (@), yield in multibranched
isomers (J); and yield in cracked products (A) obtained on (a) Pt/H-Y
at 250°C or Pt/H-B zeolites at 210°C, (b) Pt/ZSM-22 and Pt/ZSM-23 at
240°C, and (c) Pt/EU-1 at 220°C.

are predominant: they are clearly primary products of the
reaction. When the nC; conversion increases, the yield in
monobranched products reaches a maximum (54 wt%) and
then decreases. The yield in multibranched, which is very
low at low conversion, also increases with the conversion,
goes through a maximum (25 wt%o) and then decreases. The
maximum yield in multibranched products is shifted toward
the higher conversions compared to the maximum yield in
monobranched products, which shows that the formation
of multibranched products is consecutive to the formation
of monobranched isomers. The cracked products appear at
medium conversion (60 wt%) and increase strongly at high
conversion. They are clearly secondary products of the reac-
tion. According to these results, the overall reaction scheme
can be written

nC; Z2MBZMuB — iC4 + C3, [3]

TABLE 3

Molar Fractions of the Different Produced Paraffins for a C7-Conversion of about 30 and 80%

Catalyst: Y ZSM-22 ZSM-23 EU-1

Conversion (%owt): 26.0 83.1 24.8 78.7 31.9 78.1 29.2 79.7
Contact time (h): 0.111 0.833 0.143 1.000 0.250 1.000 0.333 1.000
n-C; 0.740 0.169 0.749 0.207 0.675 0.211 0.708 0.203
2-MCs 0.103 0.226 0.157 0.381 0.185 0.370 0.111 0.209
3-MC;s 0.105 0.227 0.079 0.316 0.112 0.305 0.091 0.203
3-EtCs 0.007 0.017 0.001 0.006 0.001 0.006 0.003 0.010
2,2-dMCs 0.005 0.049 0.000 0.001 0.000 0.001 0.001 0.009
2,4-dMCs 0.011 0.059 0.003 0.024 0.005 0.022 0.011 0.039
3,3-dMCs 0.002 0.026 0.000 0.000 0.000 0.000 0.000 0.003
2,3-dMCs 0.015 0.067 0.001 0.004 0.002 0.010 0.008 0.031
2,2,3-tMCy 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000
Cs 0.004 0.068 0.004 0.026 0.008 0.032 0.030 0.133
i-Cy4 0.004 0.069 0.002 0.012 0.006 0.022 0.029 0.133
n-Cy 0.000 0.004 0.002 0.013 0.002 0.009 0.002 0.007
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FIG. 3. Catalytic results on Pt/H-Y or Pt/H-B. (a) Yields in mono-
branched isomers (@) 2-MCs, (O) 3-MCs, () 3-ECs; (b) yields in
multibranched isomers (®) 2,4-dMCs, (O) 2,3-dMCs, (H) 3,3-dMCs,
(0) 2,2-dMCs; (c) yields in cracked products (O) propane, (H) iso-butane,
(A) n-butane.

where MB stands for the monobranched products and MuB
for the multibranched products.

The 2-MCg and the 3-MCg are formed in same quanti-
ties whatever the nC; conversion (see Fig. 3a and Table 3)
as predicted by the thermodynamic equilibrium. Among
the multibranched isomers, four dM-Cs are formed and the
2,4-dMCs and 2,3-dMCs are predominant until 80 wt% of
conversion as shown on Fig. 3b. As for the cracked prod-
ucts, iso-butane and propane are approximately formed in
same quantities, attesting that 2,2-dMCs and 2,4-dMCs are
the isomers which crack predominantly (9).

The selectivities from n-heptane conversion obtained
on Pt/ZSM-22 and Pt/ZSM-23 are strongly different from
those of Pt/H-Y or Pt/H-B. In ZSM-22 almost all the iso-
mers formed are monobranched even at high conversions.
A monobranched yield of 73 wt% is observed at 84 wt%
n-heptane conversion (Fig. 2b). Cracking is very low: 6 wt%
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FIG. 4. Catalytic results on Pt/ZSM-22. (a) Yields in monobranched
isomers (@) 2-MCs, (O) 3-MCq, () 3-ECs; (b) yields in multibranched
isomers (@) 2,4-dMCs, (O) 2,3-dMCs, (M) 3,3-dMCs, () 2,2-dMCs;
(c) yields in cracked products (O) propane, (H) iso-butane, (A) n-butane.
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at 84 wt% conversion. Until 85 wt% of conversion, 2-MCg
is obtained in higher amount than the 3-MCg (Fig. 4a and
Table 3). Until very high conversions, no dimethylpentane
with geminal methyl groups are formed and 2,4-dMCs is
obtained preferentially compared to 2,3-dMCs (Fig. 4b).
Among the cracked products, a significant amount of
n-butane is formed (Fig. 4c) in contrast with Y- or g-zeolite,
which proves that the cracking mechanism is different on
Pt/ZSM-22.

On Pt/ZSM-23, slight differences with ZSM-22 are de-
tected in selectivities as reported in Table 3. Among the
monobranched isomers, 2-MCg is less favored than 3-MCg
on ZSM-22. For multibranched isomers, the yield in 2,3-
dMC:s is slightly higher than on ZSM-22. The amount of
cracked products is also slightly higher in ZSM-23 for con-
versions reported in Table 3, the smaller amount of nCy is
balanced by higher quantities of Cz and iC,.

On Pt/EU-1, the cracking selectivity is higher than on
Pt/H-Y or Pt/H-8 (see Fig. 2¢). The monobranched isomers
are predominant at low and medium conversions. How-
ever, in contrast to H-Y or H-g8, beyond 50 wt% conver-
sion, the cracking yield is higher than the multibranched
yield. At low conversion, 2-MCs is slightly predominant
compared to the 3-MCg (Fig. 5a). Among the dibranched
isomers which are all formed, dimethylpentanes with gem-
inal methyl groups are disfavored (Fig. 5b). As for the
cracked products, iso-butane and propane are approxi-
mately formed in same quantities like on H-Y and H-8
(Fig. 5¢). As may be predicted on the basis of its inter-
mediate pore size, the selectivities obtained on Pt/EU-1
are somewhere in between those obtained for the Y- or
B-zeolites and for ZSM-22.

As a first conclusion on the catalytic results, it appears
that the solid porosity has a strong influence on the products
of the n-heptane conversion. Selectivities of isomerization
and cracking as well as selectivities among monobranched
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FIG. 5. Catalytic results on PYEU-1. (a) Yields in monobranched iso-

mers (@) 2-MCg, (O) 3-MCs, (O) 3-ECs; (b) yields in multibranched iso-
mers (@) 2,4-dMCs, (O) 2,3-dMCs, (l) 3,3-dMCs, () 2,2-dMCs; (c) yields
in cracked products (O) propane, (H) iso-butane, (A) n-butane.
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isomers or among multibranched isomers are quite dif-
ferent depending on the zeolite structure as it has already
been mentioned in other experimental studies (19, 24).

B. Simulation

1. Product Adsorption Enthalpies at Low Coverage

Table 4 reports the adsorption enthalpies at low coverage
we have calculated for the five zeolite systems using the
Compass force field. The comparison with the experiments
of Denayer et al. (39) is made for four zeolites, Y, 8, ZSM-
23, and ZSM-22. We also add the recent results by Maesen
etal. (19) using similar simulation procedures (GCMC) but
a different force field (40).

We observe first that the agreement between the calcu-
lated and experimental adsorption enthalpies is quite good
for the four porous systems for which we have experimental
data. We have added the reference case of silicalite although
no hydroisomerization test have been carried out on it. The
results are consistent with those for the other structures and
provide reference data for comparison of the Compass FF
to other approach. The Compass force field is rather robust,
which is not surprising since it contains ab initio fitted pa-
rameters for the bonding interactions on the one hand and
since some of the nonbonding interaction parameters are
fitted to zeolite systems on the other hand. It also includes
nondiagonal terms. The force field developed by Vlugt et al.
(40) seems to improve even more the energetic values on re-
stricted structures such as ZSM-22. The explanation might
come from the fact that this force field is fitted on silicalite,
the silica analog of ZSM-5, which exhibits similar porous
properties to ZSM-22.

If we consider the relative enthalpy values obtained for
the five different systems, we can notice they are also in
nice agreement with the experimental data (see Table 4).
For the open structures with 12-MR channels, such as Y-

RAYBAUD, PATRIGEON, AND TOULHOAT

and B-zeolites, there is only small variations of the adsorp-
tion enthalpy values versus the different isomers (between
—45.8 kJ/mol and —50.0 kJ/mol). This is also observed ex-
perimentally. Even for multibranched paraffins the repul-
sive interactions are rather weak so that the molecules can
always find rooms in the 12-MR pore to optimize their ad-
sorption configuration.

For the restricted ZSM-23 and ZSM-22 structures, the
calculated (or experimental) adsorption enthalpies vary
significantly versus the kind of Cs-isomer: between —31.6
and —104 kJ/mol for ZSM-22 and between —39.8 and
—97.8 kd/mol for ZSM-23, respectively. For both systems,
the Monte-Carlo sampling did not find any 2,2,3-tMC, ad-
sorbed in ZSM-22 or ZSM-23 and 2,2dMC5s in ZSM-22 even
after 5 million tries. The higher the degree of branching, the
lower the adsorption enthalpy. This might be a strong argu-
ment in favor of product adsorption selectivity in restricted
structures. This result reveals also that 2,2-dMCs, 3,3-dMCs,
and 2,2,3-tMC, do not fit in ZSM-22. We also notice that
the adsorption enthalpies of 2-MCg are higher than that
of the 3-MC;s inside the pores of these structures. Never-
theless, the adsorption enthalpies calculated for different
dimethyl-branched Cs isomers in ZSM-22 or ZSM-23 can-
not be correlated to the experimental selectivies reported
on Table 3. In ZSM-23, the 2,2- and 3,3-dMCs are adsorbed
more strongly than 2,4- and 2,3-dMCs, whereas they are not
detected experimentally.

It is impossible to explain the results obtained on more
complex porous media such as EU-1 where two different
kinds of voids are present (10-MR windows and 12-MR side
pockets). EU-1 exhibits adsorption enthalpies with no real
distinctions among the different isomers as it was also the
case for the Y- and g-zeolite. Nevertheless, this catalyst has
experimental selectivities in multibranched products close
to ZSM-23 or ZSM-22. Actually the large side pockets with
12-MR structures adsorb multibranched paraffins where

TABLE 4

Experimental (from Ref. 39), Calculated Adsorption Enthalpies (kJ/mol) of the Different C;-1somers at Low Coverage
Inside Y, B, ZSM-22, ZSM-23, and EU-1 Zeolites

FAU BEA MFI ZSM-22 ZSM-23 EU-1
Exp. Ourwork Exp. Ourwork Exp. Ourwork Exp. Ourwork Ref.19 Ourwork Ref 19 Ourwork

n-C; -51.9 —50.0 —72.6 —74.9 —79.6 —95.2 —87.9 —104.0 —85.9 -97.8 —76.3 —-92.4
2-MCg —51.6 —48.8 —70.4 —72.9 —78.4 —88.6 —75.4 —-934 —84.6 —-90.4 —69.7 -92.0
3-MCs —51.4 —48.9 —69.7 -73.1 —78.0 nc —69.8 —84.7 —81.4 —74.7 —66.2 -91.1
3-ECs nr —49.1 nr —715 nr nc nr —78.0 nr —39.8 nr —83.6
2,2-dMCs nr —47.1 nr —70.2 nr nc nr — nr —68.1 nr —88.9
2,4-dMC5 nr —47.4 nr —715 nr nc nr —70.3 nr —62.8 nr —92.7
3,3-dMCs nr —47.3 nr —71.4 nr nc nr —-31.6 +6.3 —715 —55.5 —84.4
2,3-dMCs -50.6 —48.4 —67.7 -70.7 -74.1 —-81.9 —60.2 —78.3 —73.8 -50.6 —46.0 -90.0
2,2,3-tMC, nr —45.8 nr —67.7 nr nc nr — nr — nr —84.2

Note. T=503 K for our simulations (except for MFI at T=573 K). The experimental data are at T=573 K. Ref. 19 corresponds to the
adsorption enthalpies calculated by Maesen et al. nr means no results found in the literature; nc means no values calculated within our work.
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the latter can find enough room with small repulsive in-
teractions. In this case the product adsorption selectivity
is rather weak, whereas the experimental selectivities are
strong. From this point of view, the EU-1 behavior cannot
be correlated to the adsorption enthalpies.

2. Adsorption of CycloPropane (CP) Intermediates

As it seems to be well established by several experi-
mental studies reported in the literature (5, 9, 10), the iso-
merization reactions involve PCP intermediates. On Fig. 6,
we represent the 1-methyl, 2-propyl PCP(1) and 2,2-ethyl
PCP(2) intermediates involved in the isomerization of lin-
ear n-heptane into 2-MCg and 3-MCg. For MCg isomeriza-
tions, three PCP intermediates are concerned: 1,1-dimethyl,
2-ethyl PCP(3) and 1-isopropyl, 2-methyl PCP(4) and 1,2-
methyl, 2-ethyl PCP(5). As we have explained it in the pre-
vious part, we study only the relative stabilities of the cor-
responding CP(i) compounds inside the different porous
media.

)*\ + /\ propane, isobutane (8)

"
)&-\)\ /)\\\ + /\ propane, isobutane (9)

(a) Isomerization mechanisms via protonated cyclopropane for n-heptane and isomers and (b) g-scission mechanisms of the n-heptane

Table 5 reports the adsorption enthalpies for the five pos-
sible CP(i) intermediates. In ZSM-22, a strong environmen-
tal effect determines the relative CP stabilities. The adsorp-
tion enthalpies vary between —45 and —85 kJ/mol. The less
stable CPs (3), (4), and (5) are those involved in the isomer-
ization of methyl-branched isomers into dimethyl-branched

TABLE 5

Adsorption Enthalpies (kJ/mol) Calculated at Low Coverage
and T =503 K for the Five CycloPropanes (CP) Intermediates in
ZSM-22, EU-1, and B-zeolites

Intermediates ZSM-22 EU-1 B
1-Methyl, 2-propyl CP (1) —85.6 —84.6 —68.2
2,2-Ethyl CP (2) —82.4 —83.8 —67.6
1,1-Dimethyl, 2-ethyl CP (3) —50.6 —83.6 —65.9
1-1sopropyl, 2-methyl CP (4) —77.3 —-83.1 —65.9
1,2-Methyl, 1-ethyl CP (5) —458 —80.4 —63.7

Note. See also Fig. 6a for numbering.
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products. Among those CPs, CP(4) is the most stable one.
Within the approximations of our calculation, this appears
as a relevant argument in favor of shape TS selectivity oc-
curring in restricted structures.

In EU-1, as well as in the open g-zeolite, the stabilities
of the different CP are the same no matter how the envi-
ronmental effect may be. In EU-1, we observe again that
the large side pockets offer enough rooms for all CPs to
be formed without any selectivity influenced by the zeolite
framework.

As a first conclusion we can already show that on re-
stricted structures such as ZSM-22 or ZSM-23, the long-
range interactions of the framework play a significant role
on the (de)stabilization of intermediates. On open struc-
tures, this contribution is far less pronounced and the rela-
tive stabilities of the transition states would depend mainly
on the local chemical interactions of the PCP rings with the
acidic sites (see remarks in the Introduction).

B. Product Diffusion

1. Monomethyl-Branched Products

ZSM-22. First we present results obtained with the dif-
fusion path method and compare them with molecular dy-
namic simulations on linear and monomethyl-branched ze-
olite recently proposed in the literature (15, 16). Figure 7a
shows the energy profiles for n-heptane and monomethyl-
branched Cg isomers. The profiles exhibit clearly variations
with a periodicity of 5 A corresponding to the periodic-
ity of the interactions with the sinusoidal zeolite channel.
For the linear n-heptane, the energy profile is symmetric.
The energy barrier is small and unambiguously identified
as the difference between the global maximum and global
minimum of the energy values. This yields +3.3 kJ/mol as
reported in Table 6. For 2-MCg and 3-MCg, the profiles
are always periodical but not symmetric anymore so that
we can identify three different energy barriers represented
by the three arrows on Fig. 7. The difference between the
global maximum and the global minimum yield +24.4 kJ/
mol for 2-MCg (arrow 1). This barrier can be decomposed
into two smaller barriers. The first one is the difference be-
tween the global maximum and the local minimum of the
profile: +14.3 kJ/mol (arrow 2). The difference between
the local maximum and the global minimum stands for
the second barrier +10.8 kJ/mol (arrow 3). The actual bar-
rier corresponds to the maximum of the two barriers, i.e.,
+14.3 kJ/mol. For 3-MCg, we obtain a slightly higher value:
+15.9 kJ/mol. This first result is in agreement with molec-
ular dynamic simulation (15, 16), showing that 3-MC; dif-
fuses slower than 2-MCs.

We notice that the absolute values for this diffusion bar-
rier remain quite reasonable, either for the linear or for
the monomethyl-branched product. It could be easily over-
come at T=503 K (3 to 4 KT). The diffusion barrier
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FIG.7. Energy profiles along the diffusion path inside the ZSM-22

(001) channel of (a) nC; (—), 2-MCg (--+), and 3-MCs (---); (b) 2-MCq
(—), 3-MCq (+++), 4-MCq (---), and 5-MCqy (-**); (c) 2-MCys5 (—),
3-MCys (+++), 6-MCys5 (’"), and 8-MCys (- --).

of monomethyl-branched C;-isomers are about 4.5 times
higher than n-heptane.

For longer paraffin chains, the energy profiles plotted on
Figs. 7b and 7c can be interpreted in a rather similar way
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TABLE 6

Energy Optima (in kJ/mol) along the Diffusion Path of the Lin-
ear, Monomethyl-Branched, and 3-ECs Isomers in ZSM-22 and
ZSM-23 Zeolites

Energy minimum Energy maximum Energy barrier

ZSM-22
n-C; —106.0 —102.7 +3.3
2-MCg —100.1 —75.7 +14.3
3-MCs —96.9 —75.2 +15.9
3-ECs —88.4 —43.6 +33.3
2-MCq —141.0 —119.3 +13.1
3-MGCy —139.2 —1145 +17.7
4-MCy —139.6 —105.8 +26.2
5-MCq —139.4 —112.3 +27.2
2-MCy5 —224.2 —200.4 +17.1
3-MCys —220.8 —193.8 +185
4-MCys —218.9 —188.2 +24.1
5-MCys —220.5 —186.5 +25.6
6-MCys —220.1 —186.4 +33.7
7-MCys —219.2 —186.3 +30.6
8-MCys —218.0 —188.9 +29.1
ZSM-23
n-C; —99.2 —94.3 +4.9
2-MCg —93.6 —49.3 +44.3
3-MCs —86.6 —34.2 +52.5

Note. The geometry of the paraffins is optimized. We report the calcu-
lated energy barrier for the diffusion. The energy values correspond to the
energy profiles represented on Figs. 7a, 7b, and 7c.

as proposed for Cs-isomers. 5-MCg and 8-MCj5 exhibit a
perfectly symmetric profile so that the energy barrier is un-
ambiguously evaluated at 4+-27.2 and +29.1 kJ/mol, respec-
tively (see Table 6). In these two cases, the molecule is sym-
metric so that the lengths of the two chains on each side of
the methyl group are the same, which implies the symmet-
ric energy profiles. Figure 8a shows the four configurations
corresponding to the global minimum (position 1), to the
global maxima (positions 2 and 4) and to the local minimum
(position 3) of 5-MCg. Positions 2 and 4 are symmetric con-
figurations. These correspond to two energy maxima with
the same energy values because of the sterical hindrance
of the two symmetric chains on each side of the methyl
group.

For 2-MCg (as well as for 2-MCg, 3-MCg, 2-MCys, 3-MCys,
4-MC3s, and 5-MC;y5), the energy profile is not symmetric.
On Fig. 10b positions 2’ and 4’ representing the 2-MCg at
the local energy maximum and at the global minimum, re-
spectively, are not symmetric. In this case, the energy bar-
rier can be decomposed into two smaller energy barriers.
The nonsymmetric character of the molecule enhances its
diffusion in the channel since the methyl group located
close to the end of the chain makes the molecule relax-
ation easier during the diffusion. For those reasons, we con-
firm the result observed by Webb 111 (15, 16) using molecu-
lar dynamic calculations, that the diffusion depends on the
methyl-branching position and that the more the branch-
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ing is moved toward the center of the chain, the lower the
diffusion barrier. However, our simulations provide a new
insight on the origin of this phenomenon. It should be no-
ticed that the effect of molecular symmetry on diffusion
in restricted zeolite channels shown here, has never been
reported previously. For MCjs paraffins the energy barrier
increases till the methyl-branching position is 6. When the
chain lengths on both sides of the methyl group are greater
than five C—-C bonds, the sterical hindrance has reached its
maximum.

On Fig. 9, we report the relative values of the estimated
diffusion coefficients for the monomethyl-branched paraf-
fin versus the branching position. For calculating the rel-
ative diffusion coefficient, we ignore entropic effects and
hence assume that all prefactors are equal at the given tem-
perature. The trend shows clearly that the diffusion coeffi-
cient decreases strongly when the branching position moves
from carbon number 2 to carbon number 4; then a plateau
is reached for branching positions located between carbon
number 5 to carbon number 8.

It is also shown in Table 6 that the energy barrier calcu-
lated for the 3-ECs of about +33.3 kJ/mol is higher than
that of methyl-branched paraffins (even with longer chain
except 6-MCjs). This high energy value is explained by the
sterical hindrance of the ethyl group.

ZSM-23. For the monomethyl-branched C; isomers,
the behavior is rather similar to the case of ZSM-22. The
energy barrier for 2-MCg is lower than for 3-MCg, which
also confirms the result obtained by Webb (15, 16). How-
ever, as reported in Table 6, the energy barriers are higher
in ZSM-23 than in ZSM-22 for linear and monomethyl-
branched C;-isomers.

EU-1. Ifwereferto (15, 16),thediffusionisalsoinfavor
of 2-MCg even if the diffusion selectivity is less pronounced
in EU-1 than in ZSM-22. Actually this diffusion selectivity
among monobranched products is essentially governed by
the 10-MR channels present in ZSM-22, ZSM-23, or the
10-MR windows in EU-1.

2. Dimethyl-Branched Products

The molecular dynamic approach (15, 16) for studying
monomethyl-branched isomers, has not been applied to
dimethyl-branched isomers. Because of the lower diffusion
coefficient of dimethyl-branched paraffins, it would require
very high computer times to determine reliable values of
diffusion coefficients. The diffusion-path approach is far less
computer time consuming to investigate rapidly diffusion
properties for dimethyl-branched paraffins. Although we
are aware of its limitation (less accuracy in the evaluation
of absolute energy barriers), the relative energy barriers for
dimethyl-branched products can be calculated in a rather
confident way as for monomethyl-branched isomers, pro-
vided that significant energy differences are found.
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FIG. 8. Adsorption configurations of (a) 5-MCy and (b) 2-MCg along the diffusion path in the ZSM-22 (001) channel. The numbering stands for
the configurations reported on the energy profiles of Fig. 7b.
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ZSM-22. Figure 10a shows the energy profiles calcu-
lated for the dimethyl-branched Cs-isomers in ZSM-22. We
observe first that the profile is far more perturbed than in
the case of linear or monomethyl-branched products. This
is explained by the strong roughness of the potential energy
surface (PES) of dimethyl-branched paraffins in the chan-
nels of restricted zeolites. The energy barriers, reported in
Table 7, reveal that the 2,2-dMCs and 3,3-dMs isomers are
the slowest diffusing isomers. The branching of the two
methyl groups on the same carbon atom is highly unfa-
vorable for the compounds to diffuse through the channel.
The molecule is blocked periodically by the repulsive in-

TABLE 7

Energy Optima and Energy Barriers (kJ/mol) along the Diffu-
sion Path of Dimethyl-Branched Isomers in ZSM-22, ZSM-23, and
EU-1 Zeolites

Energy minimum  Energy maximum  Energy barrier

ZSM-22
2,2-dMCs —67.0 +25.2 +92.2
2,4-dMCs —83.0 —535 +29.4
3,3-dMCs —52.3 +31.1 +83.3
2,3-dMCs —84.3 —45.6 +38.7
ZSM-23
2,2-dMCs —74.9 +9.8 +84.7
2,4-dMCs —71.3 —-17.0 +54.4
3,3-dMCs —75.6 +30.7 +106.3
2,3-dMCs —75.1 —24.2 +50.9
EU-1
2,2-dMCs —82.6 —16.2 +66.4
2,4-dMCs —83.8 —55.1 +28.7
3,3-dMCs —78.9 —8.2 +70.6
2,3-dMCs —87.9 —48.7 +39.2

Note. The energy values correspond to the energy profiles represented
on Figs. 10a and 10b.
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teractions of the two methyl groups when crossing the bar-
rier of the 10-MR channel. The energy barriers are about
+92.2 and +83.3 kJ/mol for 2,2- and 3,3-dMC:s. For the 2,3-
and 2,4-dMCs, the diffusion is enhanced by the fact that
the two methyl-groups behave as independent groups on
the chain. So, it is easier for such molecules to find favor-
able configurations along the diffusion path than for 2,2- or
3,3-dMC:s. 2,4-dMCs5 exhibits the smallest diffusion barrier:
+29.4 kJ/mol. 2,3-dMC;s is an intermediate compound and
its energy barrier is about +38.7 kJ/mol. It should be no-
ticed also that these energy barriers are about 2 to 2.5 times
higher than those of monomethyl-branched Cs.

It is also interesting to compare these results with the
case of 3-ECs (Table 6). The diffusion barrier for this latter
product is smaller than for 2,2- and 3,3-dMCs. The ethyl
group is flexible enough to allow atomic relaxations leading
tosmaller energy barrier in the 10-MR channel, whereas the



110

2,2-, 3,3-, and 2,3-dMCs are not. On the contrary, 2,4-dMCs
diffuses faster than the 3-ECs.

ZSM-23. The energy profiles obtained in ZSM-23 are
shown on Fig. 10b. Although the main trends are governed
by 10-MR pores, and are close to the ZSM-22 case, slight
differences are observed. As in ZSM-22, the 2,3- and 2,4-
dMCscompounds exhibitsignificantly smaller energy barri-
ers (+50.9 and +54.4 kJ/mol, respectively) than 2,2-and 3,3-
dMCsisomers (see Table 7). Nevertheless, we have to notice
on the one hand that these barriers are higher in ZSM-23
than in ZSM-22 (as it has been observed for monomethyl-
branched products). On the other hand, the diffusion bar-
rier of the 2,4-dMC:;s is slightly higher than that of the 2,3-
dMCs.

EU-1. In this case, the determination of the diffusion
path is more complicated, since the diffusion is anisotropic
due to the large side pockets. The diffusion path approach
makes it possible to investigate the diffusion barriers along
the (100) direction only. We are aware of the important roles
of the side pockets in trapping the linear or monomethyl-
branched C; paraffins (15, 16) and diminishing significantly
the diffusion coefficient of the products in this catalyst. The
time of residence in the large side pockets is not investigated
by our calculations and we assume that this contribution is
rather similar for all the dimethyl products in 12-MR large
side pockets. So even if we find smaller energy barriers in
EU-1 than in ZSM-22 and ZSM-23, it would be false in
this case to conclude that the products are diffusing faster
in EU-1 than in ZSM-22 or ZSM-23. Recently Vlugt et al.
(41) proposed a way of computing a free energy distribu-
tion path that could overcome this limitation. This approach
will be considered in future works. Within the scope of this
work, our goal is to evaluate the relative energy barriers
of dimethyl-branched products along the (100) direction of
the framework, the key parameter to understanding dif-
fusion selectivity. Table 7 reports again a similar trend for
the diffusion barriers of dimethyl-branched products. Since
they have to diffuse through 10-MR windows bridging two
large side pockets, it is not surprising that 2,2- and 3,3-dMCs
diffuse slower than 2,4- and 2,3-dMCs products across the
10-MR bridges as observed in 10-MR channels of ZSM-22
or ZSM-23. The energy barriers are about +28.7 and +39.2
kJ/mol for 2,4- and 2,3-dMCs, respectively.

3. 2,2,3-tMC4 and Case of Y- and g-Zeolites

The energy barrier of 2,2,3-tMC, calculated in ZSM-22 is
high: about +70.3 kJ/mol (see Fig. 11), but it is lower than
for 2,2- or 3,3-dMCs. Actually the adsorption energy, corre-
sponding to the potential well on the energy profile, is weak
(about —35.0 kJ/mol) so the 2,2,3-tMC,4 cannot be trapped,
whereas 2,2- and 3,3-dMCs can be strongly adsorbed in
some specific configurations. The absence of this strong po-
tential well yields a lower energy barrier for the 2,2,3-tMC,
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product but this barrier is high enough to avoid diffusion
of 2,2,3-tMC, out of the pores whenever it is formed. Fur-
thermore, when we compare this result with the diffusion of
2,2,3-tMC, in B-zeolite along the (100) direction, it is shown
clearly that no relevant diffusion restriction is observed in
the openstructure. As2,2,3-tMC,is not limited by diffusion,
there is no reason for monomethyl- and dimethyl-branched
paraffins to be restricted by diffusion in open Y and 8
structures.

DISCUSSION AND CONCLUSIONS

We consider first the formation of monomethyl-branched
isomers. In 10-MR zeolites (ZSM-22, ZSM-23, or EU-1),
the experimental selectivity ratio (2-MC¢/3-MCg) is in favor
of the 2-MC; as shown on Fig. 12a, whereas in 12-MR zeo-
lites no selectivity is observed. Isomerization reactions (1)
and (2) on Fig. 6a show that the shape transition state selec-
tivity cannot by itself explain the experimental results. Even
if reaction (2) is unfavored, reaction (1) leads to the forma-
tion of both 2- and 3-MCg. So the diffusion limitation of
the 3-MCg governs mainly the selectivity observed in ZSM-
22, ZSM-23, or EU-1. In Y- and B-zeolites, there is neither
shape transition state selectivity nor diffusion limitation, so
the (2MC¢/3MCy) ratio is significantly smaller (close to 1).
On Fig. 12a, we notice that the experimental selectivity in
2-MCg is less pronounced in EU-1 than in other restricted
structures. In the large side pockets, CP(1) and CP(2) sta-
bilities are similar (see Table 5), so reaction (1) may occur
easier than in ZSM-22. Therefore a greater quantity of 3-
MCs is detected and can diffuse out of the pore decreasing
the selectivity in 2-MCg isomer. Furthermore, according to
(15, 16) the diffusion selectivity of 2-MCs is less pronounced
in EU-1 than in ZSM-22 and ZSM-23.

For dimethyl-branched isomers, the experimental selec-
tivities in restricted zeolites such as ZSM-22 and ZSM-23
reveal that 2,3- and 2,4-dMCs are formed preferentially
as shown on Fig. 12b. The calculated diffusion barriers
have shown than 2,3- and 2,4-dMCs are the faster dif-
fusing dimethyl-branched isomers in 10-MR zeolites with
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reasonable energy barriers. 2,2- and 3,3-dMCs are defini-
tively excluded by diffusion limitation (the barriers are
greater than 80 kJ/mol in ZSM-22 and ZSM-23). It should
be emphasized that this result is in agreement with a recent
in situ IR spectroscopy study of Pieterse et al. (42) showing
that 2,2-dMCs5 are unable to fully enter the pores of ZSM-
22. Furthermore, in the present study, we show that 2,2-
and 3,3-dMCs are first excluded by TS selectivity. We ob-
serve slight differences between ZSM-22 and ZSM-23. In
ZSM-22, thereis hardly any 2,3-dMCs produced, as is shown
on Fig. 12c, except at very high conversion. The simulation
shows that the diffusion barrier is greater for 2,3-dMCs than
for 2,4-dMCs in ZSM-22. The diffusion barrier of the 2-ECs
is even lower than that of 2,3-dMCs. So 2,3-dMCs can dif-
fuse out of the ZSM-22 pores only with great difficulty, like
2-ECs does. 2,3-dMCs is therefore mainly transformed by
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methyl shift in 2,4-dMCs or cracked through reaction (7),
yielding n-C,4. Indeed we notice on Table 3 that the amount
of nC,isslightly higher in ZSM-22 than in ZSM-23 or EU-1.
In ZSM-23, the 2,3-dMC;s diffuses faster than 2,4-dMCs. So
a nonnegligible amount of 2,3-dMCs is observed experi-
mentally and a smaller amount of nC, is detected.

Finally we have to focus on the EU-1 case exhibiting the
highest amount of cracked products among the restricted
structures. Although we are aware that this could also de-
pend on the acidic properties of the different catalysts, the
CP stability and diffusion limitation give interesting in-
sights. We have plotted on Figs. 13a and 13b energy profiles
for the reaction paths (3), (4), and (5) involving 2-MCg and
3-MC; as reactants and CP(3), CP(4), and CP(5) as inter-
mediates for ZSM-22 and EU-1, respectively. The energy
diagrams show that the environment is favorable to CP(4)
in ZSM-22, whereas in EU-1 no shape transition state se-
lectivity because environment effects take place inside the
large side pockets, as if they were small Y- or S-catalyst
units. In ZSM-22, the 2,3- and 2,4-dMCs products are the
main products through the stable CP(4), and they account
for only a small amount of cracking since they are also
the faster diffusing compounds. Whereas in ZSM-22, the
2,2- and 3,3-dMCs are excluded by shape TS selectivity, in
EU-1, all dimethyl-branched isomers are formed inside the
12-MR pockets without shape TS selectivity. This explains
first the higher amount of 2,3-isomers than in ZSM-22 or
ZSM-23. Then as 2,2- and 3,3-dMCs cannot diffuse out of
the 10-MR window, 2,2-dMCs will crack inside the large
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FIG. 13. Energy diagrams for the reaction path of the MCg isomeriza-
tions into dMCs through cyclopropane (CP) intermediates (see also Fig. 6
and explanation in text). (a) in ZSM-22 and (b) in EU-1.



112

side pockets and form an additional amount of C; and iC,
while 3,3-dMC:;s is transformed via methyl shift.

Finally, on open structures, no diffusion restriction or
shape transition state selectivity (in the sense of long range
interactions) takes place. None of the dimethyl-isomers is
excluded by shape selectivity, and the hydroconversion se-
lectivity is mainly controlled by the relative stabilities of
the different transition states involved in isomerization,
methyl-shift, and cracking reactions.

Considering the results from molecular diffusion path
simulations and CP stabilities, we have proposed an inter-
pretation of the experimental selectivities. We have estab-
lished for the first time the diffusion properties of dimethyl-
branched paraffins inside such restricted structures. In par-
ticular for understanding C;-hydroconversion selectivities
in ZSM-22, ZSM-23, and EU-1, it has not been required to
invoke the “pore mouth” concept. The coupled effect be-
tween shape transition state selectivity and diffusion lim-
itations on restricted structures seems to be the best way
of explaining the experimental selectivities observed in the
various di-branched isomers and in the cracked products.

As we have emphasized that the interaction of the PCP
ring with the acidic site is crucial for understanding C--
hydroconversion selectivities, particularly on open struc-
tures, it would be required to calculate true transition states
structure and energetics at the density functional theory
(DFT) level. Recent studies in this area are very promising
(43, 44) and should bring a lot of new insights in the future.
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