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Single long n-alkanes in the range n-C1o—n-Cy4 were hydroiso-
merized at 233° C in a fixed-bed down-flow vapor phase reactor
loaded with Pt/H-ZSM-22 catalyst. The conversion was varied by
varying the contact time. Up to ca. 60% conversion, the n-alkane
molecules undergo almost exclusively a single methyl branching.
In this conversion range, the distribution of positional methyl-
branched isomers remains constant. The distributions of the posi-
tional methyl-branched isomerization products obtained with n-Cs;
and longer n-alkanes are typically bimodal. The first maximum
in the methylalkane product distribution occurs at the 2-methyl-
branched isomer. There is a minimum in the distribution at the
4-methylbranched isomer. The second maximum is broad and oc-
curs at methyl positions at Cs—C13, depending on the carbon num-
ber. These peculiar product distributions can be explained by the
different pore mouth and key lock modes of physisorption of these
long n-alkanes in pore openings of the zeolite. The physisorption en-
thalpies and entropies were estimated from molecular models of the
positional methyluncosane isomers and a giant cluster of ZSM-22
framework having 1300 oxygen atoms. The physisorption energies
are very large and dominate the reaction coordinate. The branching
is always formed in that part of the chain that is residing in a pore
mouth. In one favorable adsorption mode, designated as the pore
mouth, the n-alkane penetrates partially into one pore opening only.
The pore mouth mode favors branching at C, and is less favorable
at more central positions along the carbon chain. In the second fa-
vorable adsorption mode, designated as the key lock type, the two
ends of the hydrocarbon chain penetrate each into a different pore
opening. This mode favors more central branching of the chain. The
contribution of the key lock mode increases with increasing carbon
number. (© 2000 Academic Press

Key Words: ZSM-22 zeolite; long n-alkanes; hydroisomerization;
pore mouth catalysis; key lock catalysis.

INTRODUCTION
Skeletal branching of long n-alkanes contained in pet-

roleum fractions is of interest to the production of high-
quality lubricants and middle distillate fuels. In the so-
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called isodewaxing process using Pt/YSAPO-11 (1), the pour
point is lowered by the introduction of a limited number
of methyl branches in the long n-alkanes, while preserv-
ing the high quality associated with the paraffinic nature
of the molecules. The SAPO-11 material belongs to the
family of tubular pore zeolites with 10-membered rings
or puckered 12-membered rings, which in their hydrogen
form and loaded with a trace amount of noble metal have
unique properties as hydroisomerization catalysts. In the
hydroisomerization of n-alkanes with 8, 10, 12, 16, or 17
C-atoms, zeolites with such tubular pore systems and with
MFI (2,3), MEL (2,3), FER (2,3), TON (3-7), MTT (3,7),
AEL (1,8-13), ATO (10), or AFO (10,13,14) framework
topology show a high selectivity for monomethyl branch-
ing of the carbon chains up to quite high n-alkane conver-
sion levels. The branching is preferentially formed near the
end of the carbon chain, viz., at the C, and Cj positions.
This behavior is different from that of zeolites with wider
pores, such as ultrastable Y, on which multibranching and,
especially, cracking are much more important (15).

The peculiar methyl branching selectivity is very pro-
nounced in the Pt/H-ZSM-22 zeolite with TON topology
(3-7) and has been attributed to the occurrence of pore
mouth catalysis (5,6) or to product shape selectivity (16).
Molecular models suggest that the formation of the branch-
ing in the carbon chain is catalyzed by an acid site located
in a half-lobe at the entrance of the pore, where there is
slightly more space than deeper inside the pore. The methyl
side chain is formed on the part of the molecule located
in the pore mouth, while the largest possible number of
carbon atoms of the main chain is positioned deeper in
the pore, where the interaction of this linear alkyl chain
with the zeolite is very favorable. This pore mouth catalysis
model for ZSM-22 is supported by adsorption data of linear
and branched alkanes at catalytic temperatures (17) and by
modeling (18) and simulation (19) of the methyl branching
reaction kinetics, confirming the usage of a small fraction
of the total available acid sites.

The second methyl branching in the carbon chain of alka-
nes was proposed to occur via another adsorption mode
of the molecule on the surface of the ZSM-22 zeolite,
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designated as key lock (6). In the key lock mode, the alkane
molecule located on the outer surface penetrates with parts
of its carbon chain simultaneously into two or more pore
openings.

In the present work, we investigated the skeletal branch-
ing of model n-alkane molecules in the range from decane
(n-Cyp) to tetracosane (n-C,4) on Pt/H-ZSM-22 catalyst to
probe the features of pore mouth and key lock catalysis
with model molecules that are substantially longer than the
ones studied so far.

EXPERIMENTAL

Catalyst Sample

The ZSM-22 sample was synthesized according to (4).
The as-synthesized sample was calcined first under nitro-
gen atmosphere for 5 h at 400° C and subsequently under
oxygen for 16 h at 550° C. The zeolite powder was ammo-
nium exchanged under reflux conditions in the presence of
100 ml of 0.5 M NH,CI solution per gram of zeolite. The
zeolite sample was recovered by filtration, washed several
times with deionized water until no chloride was detected
in the wash water, and dried in air at 60° C. The dry zeo-
lite powder was impregnated with tetraamine platinum(Il)
chloride, dissolved in a minimum amount of water to ob-
tain a Pt loading of 0.3 wt%, and dried again in air at 60° C.
The zeolite powder was shaped into tablets by compres-
sion between two blocks of stainless steel. The tablets were
crushed and the fragments sieved to obtain catalyst pellets
with diameters of 0.3-0.50 mm. Amounts of 0.5-3.0 g of
catalyst pellets were placed inside a stainless steel reactor

tube with an internal diameter of 1 cm and fixed between
two plugs of quartz wool. The catalyst was activated in situ
in the reactor by calcination under a flow of O, at 400° C
for 1 h, followed by reduction in H; at the same tempera-
ture without intermittent cooling. The platinum dispersion
determined by O, chemisorption was 46%.

Catalytic Experiments

Hydrocarbon feedstock, stored in a tank pressurized with
helium at 220 kPa, was pumped with a Waters 590 HPLC
pump into a vaporization chamber at 280° C, where it was
mixed with a stream of hydrogen. The feedstock consisted
of an n-alkane in the range from decane to octadecane,
eicosane, docosane, or tetracosane (Janssen, purity >99%)
diluted with heptane (Janssen, technical grade, 99%). The
concentration of the long n-alkane in the mixture in the
storage tank was 40, 20, 10, 2, or 1 mol%. An overview
of the reaction conditions is given in Table 1. The partial
pressure of hydrogen (Pn2) was 418 kPa, and that of hy-
drocarbon (Pyc) was 32 kPa, giving an overall Py, : Pyc
ratio of 13.1. The reaction temperature was 233° C. The con-
tact time, W/F,, was varied by altering either the catalyst
weight, W (g), or the molar flow rate, F, (mol/s), of the long
n-alkane at the entrance of the catalyst bed. Downstream
of the reactor, the product was diluted with make-up hy-
drogen in order to reduce the hydrocarbon concentration
in the gas mixture for the online analysis with GC. All tubes
and valves in the circuit from the feed delivery to the reac-
tor and to the GC sampling valve were heated at 280° C
to avoid condensation of hydrocarbons. Downstream of
the GC sampling valve, the hydrocarbon products were

TABLE 1

Reaction Conditions for the Conversion of n-Alkanes on Pt/H-ZSM-22

mol% Ph.cn Ph.c? PH2 T of reaction W/F, range
Run no. n-Cy in feed? (kPa) (kPa) (kPa) Pr2/Prc (9} (kg s mol~1)
1 n-Cio 40 12.8 19.2 418 131 233 60-3000
2 n-Cu1 40 12.8 19.2 418 131 233 100-2000
3 n-Ci 40 12.8 19.2 418 131 233 200-2000
4 n-Cis 40 12.8 19.2 418 131 233 400-3500
5 n-Ciq 40 12.8 19.2 418 131 233 500-4000
6 n-Cis 20 6.4 25.6 418 131 233 600-3500
7 n-Cis 10 3.2 28.8 418 131 233 500-4000
8 n-Cy7 10 3.2 28.8 418 131 233 6007000
9 n-Cig 2 0.6 314 418 13.1 233 450-8000
10 n-Cxo 1 0.3 317 418 131 233 500-7000
11 n-Cy 1 0.3 31.7 418 13.1 233 600-6500
12 n-Cao4 1 0.3 317 418 131 233 6007000
13 n-Cis 10 3.2 28.8 418 131 200 500
14 n-Cie 10 3.2 28.8 418 131 220 900
15 n-Cis 10 3.2 28.8 418 131 233 500
16 n-Cie 10 3.2 28.8 418 131 265 750
17 n-Cis 10 3.2 28.8 418 131 275 700

@ The complement is heptane.
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FIG. 1. Chromatogram of methyltricosanes, (A) n-C,s, (B) 3Me-Cys,
(C) 2Me-Cy;3, (D) 4Me-Cys, (E) 5Me-Cys, (F) 6Me-Cys, (G) TMe-Cy;s,
(H)8+9+ 10+ 11 + 12Me-C,3. GC temperature program: 5 min at 10° C,
heating 5° C min~! to 120° C, 2° C min~! to 200° C, and 0.1° C min~! to
205° C.

condensed in a reservoir at room temperature for eventual
offline analysis.

The heptane diluent allowed us to work under realistic
reaction with a relatively low Py, : Py ratio without using
too large a heavy n-alkane pressure. It was also helpful to
avoid the solidification of the long n-alkane when the unit
was not in operation.

The products were analyzed online by a GC-FID
(HP5880A). This instrument was equipped with a capil-
lary column with an internal diameter of 0.32 mm and a
length of 60 m (Chrompack). The stationary phase was
CP-Sil-5CB and the film thickness 1.31 um. The samples
were splitless injected at a column temperature of 10° C.
The column temperature programming was adapted to the
molecular weight of the long n-alkane converted. Prod-
uct identification was based on available retention indices
and boiling points and identification with GC-MS (Inter-
science MDB800 with ionization with electron impact and
quadrupole m/e separator) of the condensed reaction prod-
uct. The monobranched isoalkanes elute from the column
as a separate group, after the multibranched isomers and
before the n-alkane with the same carbon number. The con-
version of heptane was always negligible. The chromato-
graphic separation of the methylalkanes is illustrated for
the methyltricosanes in Fig. 1.

Estimation of Lennard-Jones Adsorption Potentials
with Computer Models

The 6-12 Lennard-Jones adsorption potential of alka-
nes on ZSM-22 was estimated using an in-house-developed

software package running on a personal computer with a
Pentium 166 processor. Dispersive and repulsive constants
for oxygen-hydrogen and oxygen-carbon interactions in
a microporous silicate were adapted from (20). These pa-
rameters give an excellent agreement between measured
and calculated adsorption energies of short n-alkanes in
ZSM-22 (21). Fragments of ZSM-22 framework repre-
sented with oxygen atoms only were generated using the
crystallographic data from (22). Geometry optimization of
the hydrocarbon molecule was performed using HYPER-
Chem V 3.0 for Windows. A molecule was built using stan-
dard bond lengths and bond angles and optimizedina MM+
force field until a rms gradient (total energy gradient cal-
culated as a root mean square gradient) of 4 x 10~ kJ/mol
was reached. Successively, a steepest descent, a Fletcher—
Reeves, and a Newton—-Raphson optimization algorithm
were applied. The interaction minimum was searched via a
three-dimensional rotation-translation procedure using a
steepest descent algorithm. Rotation and translation steps
were selected in the range of 1°-180° and 0.01-0.3 nm,
respectively.

RESULTS

The selectivity of monobranching isomerization, multi-
branching isomerization, isomerization in total, and crack-
ing at increasing conversion of a long n-alkane on Pt/H-
ZSM-22 is illustrated with tetracosane in Fig. 2. Based on
the selectivity curves, monobranching and cracking appear
as primary reactions and multibranching as a secondary re-
action. The selectivity for cracking is around 10% and does
not change much with conversion. The cracked products
are composed of methane and ethane and the whole range
of n-alkanes up to n-C,3, together with small amounts of
isoalkanes in the C4—C,3 range. The formation of methane
and ethane suggests that at least part of the cracking is due
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FIG. 2. Selectivity (%) for total isomers (CI), monobranched isomers
(@), multibranched isomers (A), and cracked products (<>) against conver-
sion of tetracosane (N-Cys). T =233° C; Pn2/Prc = 13.1. Conversion was
changed by changing contact time, W/F,, from 600 to 7000 kg s mol~2.
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to hydrogenolysis of the n-alkane on the platinum metal
(23). With the other model n-alkanes used, the selectivity
pattern is similar to the one of n-C,4 shown in Fig. 2.

Up to conversion levels of 60%, the n-alkane undergoes
almost exclusively a monobranching. Consequently, yields
of monobranched isomers of the feed of 60% and more can
be reached with Pt/H-ZSM-22 catalyst.

The branches in the monobranched skeletal isomers are
mainly methyl groups. The chromatographic peaks of only
a few ethyl-branched isomers were resolved from the large
peaks of methyl-branched isomers. Their content in the
monobranched isomer product fraction increases slightly
with the n-alkane conversion level. They represent typically
less than 4 mol% of the monobranched isomer fraction at
high conversion. Isomers with propyl or longer side chains
were not formed at all.

The initial reaction rate of methyl branching of the
n-alkanes calculated from the initial slope of curves
relating methyl branching conversion to contact time of the
n-alkane is reported in Fig. 3. There is a decrease in reactiv-
ity from dodecane to pentadecane. The reactivity of shorter
and longer n-alkanes does not vary substantially with the
carbon number.

The evolution with conversion of the distribution of the
positional methyluncosane (Me-C,;) isomers obtained by
skeletal branching of docosane is shown in Fig. 4. Unfortu-
nately, it was not possible to separate chromatographically
the 8-, 9-, 10-, and 11-methyluncosanes. In the distributions
shown in Fig. 4, the concentration of 8Me-C,;, 9Me-C,;, and
10Me-C,; was estimated as two-sevenths of the peak area
and that of 11Me-Cj; as one-seventh. This assumption was
based on the consideration that the C; carbon atom occurs
only one time in the C,; chain, while the Cg, Cy, and Cyg
positions occur twice.

The distribution of the different methyluncosanes does
not change up to 75% conversion (Fig. 4). The methyl
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FIG. 3. Influence of n-alkane chain length on initial reaction rate
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FIG. 4. Distribution of docosane (n-C;) monomethyl-branched iso-
mers against docosane conversion (%). T=233° C; Pyy/Prnc =13.1. Con-
version was changed by changing contact time, W/F,, from 600 to 6500 kg
smol™%.

branching of docosane occurs preferentially at C,, followed
by C3 and positions farther down the chain. At conversions
exceeding 75%, the distribution of methyluncosanes was
changed significantly.

The distribution of methylalkanes at 25-30% skeletal iso-
merization of the different n-alkanes is represented in Fig. 5.
The C, position of the main chain is always preferred for car-
rying the methyl branching. With decane and undecane, the
methyl branching preference decreases toward the center
of the chain. For heavier methylalkanes, a second plateau
is encountered in the distribution. The Me-Cy; and Me-Cy»
isomers display a second maximum at Cs; the Me-C,3 and
Me-Cy4 isomers display a second maximum at Cg. For the
longer chains, the second maximum in the methyl-branched
isomer distribution is shifted to C; and farther positions.
Unfortunately, the exact position of the second maximum
in the Me-Cy9, Me-C,;, and Me-Cy3 distributions could not
be determined due to the coincidence of the relevant chro-
matographic peaks. Consequently, the second maximum in
the distribution looks like a plateau. A minimum in the dis-
tributions occurs invariably at the C,4 position, except for
the lightest alkanes investigated (Me-Cg and Me-Cy), for
which there is no minimum in the distribution.

Hexadecane was isomerized at temperatures of 200, 220,
233, 265, and 275° C. At each temperature, the conversion
was varied by varying the contact time. At every tempera-
ture, the distribution of monomethyl-branched isomers was
found to be insensitive to the conversion level below 70%
conversion. The Me-Cy5 product distribution obtained at
the different reaction temperatures and at ca. 50% con-
version is shown in Fig. 6. The preference for branching at
the C, position decreases with temperature at the profit of
methyl branching at the C4,~Cg positions. The content of
3Me-Cys5 in the Me-Cy5 products does not vary much with
temperature.

The methyluncosanes were selected for the molecular
modeling of the physisorption of heavy methylalkanes on
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the catalyst surface. The van der Waals interaction was esti-
mated using a 6-12 Lennard-Jones potential function. The
2-Me-C,; molecule was built assuming standard bond
lengths and bond angles and its structure optimized in
vacuo. Subsequently, it was docked inside the oxygen clus-
ter representing the ZSM-22 framework according to the
pore mouth mode, with the methyl branch in the pore
mouth. After position optimization, the molecule itself was
optimized again inside the pore by keeping the framework
oxygen atoms at fixed positions. In the next step, the posi-
tion optimization routine was run another time to achieve
the final optimal position of the molecule. This final situa-
tion for 2Me-C,; was used as a starting point for generating
pore mouth models for the other positional isomers. The
3Me-C,; model was achieved by shortening the chain in-
side the pore by one carbon atom and lengthening the chain
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Configuration A
(pore mouth)
9-methyluncosane
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11-methyluncosane

Configuration C
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FIG. 7.

Molecular models of methyluncosanes (with carbon and hydrogen atoms represented by black and dark gray spheres, respectively) in

optimum interaction with a pore mouth (A) and with the smallest lock (B-F) of a ZSM-22 cluster, represented by oxygen atoms (light gray spheres).

outside the pore by one carbon. The thus obtained 3-Me-C»;
molecule obtained was optimized first internally and subse-
guently with respect to its position in the zeolite. The proce-
dure was repeated to generate all other positional isomers.
The shortest part of the main chain was always located out-
side of the zeolite pore. The pore mouth adsorption mode
will be designated as mode A in the discussions (Fig. 7).

The Me-C,; molecules were docked at several alternative
positions on the cluster in order to find other energetically
favorable positions. Five additional modes of interaction
indicated with the letters B-F were found to give low po-
tential energies. They all correspond to key lock type of ad-
sorptions and are illustrated with specific Me-C,; isomers
in Fig. 7.
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FIG. 7—Continued

The interaction potentials of the positional Me-Cj; iso-
mers at these six positions A-F are given in Fig. 8. In con-
figuration A, corresponding to pore mouth adsorption, the
interaction potential is —295 kJ/mol for 2Me-C,; and grad-
ually becomes less negative the closer the methyl group is
positioned to the center of the chain. In configuration B,
the main chain of the methyluncosane molecule is located
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FIG. 8. Estimated Lennard-Jones 12-6 interaction potential (kJ/mol)

of the methyluncosane isomers according to the pore mouth and key lock
physisorption modes on a ZSM-22 zeolite cluster.

on the external surface exposing pore mouths. The methyl
group is positioned in a pore mouth. Depending on the po-
sition of the methyl group along the main chain, one end
or both ends of the main chain can also penetrate into a
pore adjacent to the one in which the methyl side chain is
positioned. The main carbon chain is significantly curved to
allow penetration of the different parts into the pores. The
potential is ca. —170 kJ/mol for 2Me-C,; and becomes less
negative to ca. —110 kJ/mol for 11Me-C,; (Fig. 8). In config-
uration C, the main chain of the methyluncosane molecule
is bent at the tertiary carbon atom. The longest n-alkyl
chain in the molecule is stretched over the external surface,
while the shortest n-alkyl chain penetrates into the pore.
The methyl side chain is positioned in the pore mouth. The
potentials in these configurations are lowest for the cen-
trally branched isomer (ca. —180 kJ/mol). In configuration
D, the largest n-alkyl chain is positioned inside the pore, and
the shortest chain is positioned on the external surface. For
the 2Me-C,; and 11Me-C,; isomers, this situation is very
similar to situations A and C, respectively (Fig. 8). In con-
figurations E and F, the main chain is bent twice to allow
penetration of the hydrocarbon molecule into two pores.
The distinction between configurations E and F is based on
the position of the methyl group in the mouth of the pore
holding the shortest or the longest alkyl chain, respectively.
Especially the configuration F leads to improved interac-
tions for chains with a methyl branching on the seventh or
higher carbon atoms (Fig. 8).
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In the ZSM-22 zeolite with its narrow pores, the high
adsorption enthalpy of n-alkyl chains is accompanied with
alarge loss of rotational and translational freedom (21). The
adsorption entropy of the methyluncosanes was estimated
by counting the number of carbon atoms positioned inside
the channel and adopting the adsorption entropy values
per carbon atom of short n-alkanes (21). At low coverage,
the adsorption entropy of an n-alkane inside the ZSM-22
micropore, AS, is given by the equation (21)

AS =15.1CN + 36.7(J mol'K™1) [1]

in which CN stands for the carbon number.

The free energy change of adsorption of the positional
methyluncosane isomers, AG} at 506 K, was calculated
from

AGf = AH{ —560(15.1 CNmp +36.7)d mol ™) [2]

in which CNpmp is the number of carbon atoms inside the mi-
cropore according to the specific configuration, and AH{ is
the adsorption enthalpy, taken as the calculated interaction
potential (Fig. 8.).

The most favorable free energy of adsorption of each of
the methyluncosane positional isomers is reported in Fig. 9.
This estimation of free energies of adsorption shows that the
Me-C,; isomers with methyl positions at C,—Cg are prefer-
entially adsorbed according to the pore mouth mode A,
while the key lock mode is preferred for the isomers with
the methyl group at C;—Cy;. There are two minima in the
adsorption free energy curve of Fig. 9 situated at the C, and
the Cy; positions, respectively.
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FIG.9. Minimum free energy of adsorption, AG} (kJ/mol), estimated

from molecular models for the different methyluncosane isomers position
optimized on a ZSM-22 zeolite cluster.

DISCUSSION

The classic reaction mechanism of hydroisomerization
of an n-alkane proceeds via several steps: (i) dehydrogena-
tion on the noble metal; (ii) protonation of the n-alkene on
the Bronsted acid site with formation of a secondary alkyl-
carbenium ion; (iii) rearrangement of the alkylcarbenium
ion via the formation of cyclic alkylcarbonium type transi-
tion states; (iv) deprotonation; and (v) hydrogenation (24).
Hydroisomerization of n-alkanes on a bifunctional zeolite
is performed at relatively low temperatures, at which the re-
activities of the molecules are influenced by the physisorp-
tion process (25, 26). Even for short alkanes such as hexane
to nonane, reactivity differences can be pinned down to
differences in physisorption energies (27). Increasing the
adsorption enthalpy leads to a lower apparent activation
energy and a higher reactivity. In the present work dealing
with much heavier molecules, molecular modeling of the
physisorption process was therefore used to find an expla-
nation for the observed bimodal distributions of methyl-
alkane reaction products and its dependence on the carbon
number.

With the heavy alkanes and the ZSM-22 zeolite dealt
with, the adsorption enthalpies are very high and reach,
e.g., up to 295 kJ/mol for the 2Me-C;; isomer (Fig. 8). This
energy represents several times the activation enthalpy for
an individual reaction step such as protonation or methyl
branching (28). It can be expected that the interaction po-
tential of a molecule with as many atoms as, e.g., Co2Hyg is
not much altered upon the introduction of a double bond,
or upon protonation of this bond.

The variations of adsorption enthalpies with the position
of the methyl branch in the molecule are significant (Fig. 8).
These variations reflect essentially the number of carbon
atoms inside and outside the pore. Similar variations must
also be encountered with the reaction intermediates and
transition states leading to the formation of these specific
methyl positions.

The estimated free energies of adsorption of the dif-
ferent methyluncosanes show two optima (Fig. 9). The
2Me-C5; isomer is most strongly adsorbed (pore mouth
mode A, AGY =—137kJ/mol, Fig. 9) and is the preferen-
tially formed isomer from n-C,; at conversion levels below
80% (Figs. 4 and 5). The second adsorption optimum oc-
curs at 11Me-C,; (key lock mode F, AGY = —109 kJ/mol,
Fig. 9). Unfortunately, owing to insufficient gas chromato-
graphic separation, it was not possible to determine the
content of 11Me-Cy; in the Me-C,; reaction products. The
Me-C,; distribution obtained by equally dividing the sum
of the 8Me-C,q, 9Me-C,q, 10Me-C,;q, and 11Me-C,q isomers
(Fig. 5) reveals that the second maximum in the distri-
bution curve must be located among these isomers. Thus,
the experimental distribution of Me-C,; isomers obtained
by hydroisomerisation of n-C,, can be explained by the
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adsorption equilibrium according to pore mouth and key
lock modes. Pore mouth adsorption leads to methyl branch-
ing at the end of the carbon chain, while key lock adsorption
favors methyl branching at more central positions.

The minimum at C,4 observed in the product distribution
curves reflects a transition from the pore mouth (A) to the
key lock (F) adsorption mode. In the free energy of adsorp-
tion curve (Fig. 9), the transition occurs between Cg and C;
(Fig. 9) rather than at C4. This discrepancy can be due in
part to the low calculation level used in the molecular mod-
eling. It is also possible that the intrinsic reaction rates of
branching are higher for molecules adsorbed according to
pore mouth compared to key lock mode.

Up to high conversion levels such as 75% for do-
cosane, the distribution of methyl-branched isomers does
not change (Fig. 4), suggesting that methyl shifts do not
occur. A similar constancy was also observed in the exper-
iments with the other n-alkanes investigated in this study
and with shorter n-alkanes in the literature (31). This is sur-
prising as methyl shifts are known to be faster than branch-
ing rearrangements (32). The constancy of the Me-Cp_;
product fraction is explained by the physisorption equilib-
rium dominating this type of catalysis. Only at long contact
times (high conversions of the n-alkane fed to the reac-
tor) is there internal equilibration of this fraction by methyl
shift.

The contribution of pore mouth and key lock cataly-
sis is dependent on the carbon number of the n-alkane.
Short alkanes such as decane and undecane are converted
via pore mouth mechanisms mainly, while from dodecane
on, key lock catalysis starts to contribute significantly as
a second maximum appears in the distribution of methyl-
branched isomerization products. The contribution of key
lock catalysis increases with carbon number. With the
longest n-alkane investigated (tetracosane), the formation
of 8- to 11-methylbranched isomers has become almost as
important as that of the 2-methyl-branched isomer (Fig. 5).

The evolution of the reactivity of n-alkanes with carbon
number on Pt/H-ZSM-22 catalyst is totally different from
that in large-pore bifunctional zeolites. On Pt/Ca-Y, the re-
activity of n-alkanes from n-Cg to n-Cyy increases signifi-
cantly with carbon number (15). On P/US-Y, the reactivity
of n-alkanes increases systematically from n-Cgy to n-Cyy
(29). The increase of the reactivity of the n-alkane with
carbon number is explained by the increasing number of
possible parallel reactions (30). On Pt/H-ZSM-22, a num-
ber of these parallel reactions are suppressed, depending on
pore mouth versus key lock adsorption. It is striking that
the step in the reactivity curve in the range from n-Cj; to
n-Cys coincides with the transition from almost pure pore
mouth to mixed pore mouth and key lock catalysis.

The number of atoms positioned inside the pores is sub-
stantially larger in the pore mouth than in the key lock
configurations, and, therefore, the adsorption entropies are

smaller. Consequently, it is expected that the contribution
of the key lock catalysis will increase with increasing tem-
perature (Eq. (2)) and that the preferential formation of
2-methyl-branched isomers will decrease in favor of more
centrally branched isomers. Such a tendency was observed
indeed in the Me-Cjy5 isomers obtained by hydroisomeriza-
tion of hexadecane in the temperature range from 200 to
275° C (Fig. 6). The content of 2Me-Cg5 in the Me-Cys prod-
uct fraction drops from 42% at 200° C to 18% at 275° C.
The content of the 3Me-C;5 isomer, which is also formed
mainly through pore mouth catalysis, is less sensitive to tem-
perature. The formation of other isomers with a more cen-
tral methyl group occurs mainly through key lock catalysis
and is favored at increased temperatures. The free energy
gap between the pore mouth and key lock adsorptions es-
timated for the Me-C,; isomers (Fig. 9) is quite large and
would not lead to such a large change in product distribu-
tion with temperature. There are probably additional fac-
tors involved, such as changes with temperature of intrinsic
reaction rates of branching for molecules adsorbed accord-
ing to pore mouth compared to key lock mode. The cold
flow properties and the viscosity index of isoalkanes are de-
pendent on the position of the methyl branching along the
main carbon chain (33-35). Methylalkanes with the methyl
group at a central position along the chain have a lower
pour point compared to isomers that are methyl branched
near the end of the chain. In this respect, the use of the
Pt/H-ZSM-22 catalyst can be advantageous since it favors
the branching of long n-alkanes in the center of the chain
more than at the ends.

CONCLUSIONS

Pt/H-ZSM-22 is an efficient catalyst for the monomethyl
branching of long n-alkanes in the range from decane
to tetracosane. Typically up to 60% of conversion of the
n-alkane, the composition of the methylalkane isomeriza-
tion products is constant. The product distributions from
dodecane and larger n-alkanes are bimodal with methyl
branching at C, and at Cs—Cj, being preferred. Molecular
models suggest that these skeletal isomerizations of heavy
n-alkanes are governed by the physisorption process. Skele-
tal branching near the end of the chain, and especially at C,,
occurs when the molecule is adsorbed according to the pore
mouth mode. Branching at Cs—Cj, positions occurs when
the molecule is adsorbed in the key lock mode involving
a penetration of the two tails in adjacent pore openings.
The key lock mode is expected to be favored at high reac-
tion temperatures, as the adsorption entropy is considerably
lower than that in the pore mouth mode. These specific phy-
sisorption processes in “locks” on the external surface of
the zeolite crystal are probably at the origin of additional
observations, such as the decreasing reactivity with carbon
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number in the range C;o-C;s, and the absence of methyl
shift up to high n-alkane conversion levels. The use of these
very long model molecules revealed that key lock catalysis
also contributes to monobranching of n-alkanes, whereas it
was previously believed to be relevant for multibranching

only (6).
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