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Résumé — Adsorption et réaction dans des espaces confinés — 1.’adsorption de molécules dans des
matériaux microporeux cristallins implique des interactions énergétiques et entropiques spécifiques.
L’assemblage moléculaire dans ces espaces confinés résulte dans des effets de sélectivité completement
différents des ceux qu’on observe traditionnellement avec des solides amorphes ou mésoporeux.
Quelques exemples d’effets entropiques ou d’assemblage moléculaire dans I’adsorption d’hydrocarbures
dans des zéolites sont présentés.

Abstract — Adsorption and Reaction in Confined Spaces — Adsorption of molecules in ordered
microporous solids involves specific energetic and entropic effects. The molecular stacking in such
confined spaces leads to selectivities different from those observed on traditional mesoporous or
amorphous materials. Examples of packing and entropic effects in hydrocarbon adsorption on zeolites
are presented. Rotational entropy driven separation of n-/iso-alkane mixtures in zeolite MCM-22, inverse
shape selectivity in SAPO-5, chain length induced selectivity reversal in ZSM-5 and stacking effects in
the liquid phase separation of alkane/alkene mixtures on Faujasites are discussed. It is shown that
entropy induced selectivity effects in the adsorption of alkane mixtures affect selectivity and isomer yield
in hydro-isomerisation processes.
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INTRODUCTION

Microporous solids such as zeolites are widely used in cat-
alytic and separation processes. Such materials are very
strong and selective adsorbents, so that molecules of different
nature are adsorbed to a different extent [1, 2]. Chain length,
functional groups, molecular shape and so on are all factors
which contribute to a different adsorption behaviour.
According to the classical view on adsorption and zeolite
catalysis, mainly energetic interactions govern the adsorption
selectivity. For example, it is well accepted that in gas phase
conditions at low degree of pore occupancy, longer hydrocar-
bon chains are adsorbed more selectively than their shorter
homologues on most zeolites because of the larger interac-
tion energy [3-6]. This results in the selective catalytic con-
version of the longer chains from mixtures of short and long
chains, which already demonstrates the link between adsorp-
tion and catalysis on microporous solids [7].

More recently, one starts realizing that entropic effects are
often at least as important as energetic effects in the adsorp-
tion of molecules in confined environments [8, 9]. This is
certainly true for adsorption in liquid phase or at high pres-
sure, where the organization and packing of molecules in the
fully saturated zeolite pores becomes critical.

In this paper, several examples of unexpected (entropy
driven) adsorption effects are discussed. Rotational entropy
driven separation of n-/iso-alkane mixtures in cage forming
zeolites, chain length induced selectivity reversal in intersect-
ing pore systems and stacking effects in the liquid phase sep-
aration of alkane/alkene mixtures on Faujasites will be pre-
sented. Attention is devoted to the relation between entropy
induced selectivity reversal in the adsorption of alkane mix-
tures and the selectivity and isomer yield in hydro-isomerisa-
tion processes in vapour and liquid phase conditions.

1 INVERSE SHAPE SELECTIVITY IN TUBULAR PORES
AND ZEOLITE CAGES

According to conventional shape selectivity approaches,
smaller molecular isomers (small in cross-section) are pre-
ferred over larger species in terms of adsorption equilibrium
and kinetics. When saturated hydrocarbons are concerned,
the less bulky linear alkane is preferentially adsorbed over its
branched isomer inside a micropore [10-13]. This less
favourable adsorption for the branched isomer is generally
attributed to steric hindrance effects, preventing branched
alkanes to adopt an “ideal” adsorptive configuration.
However, preferential adsorption of branched hexane iso-
mers (2,2-dimethylbutane and 3-methylpentane) from their
mixture with n-hexane on SAPO-5 was observed experimen-
tally by Santilli et al. [14]. Also recent molecular simulations
showed inverse shape selectivity inside pores of microporous
solids [15-18].

Here, two cases of inverse shape selectivity in the low
coverage adsorption of n- and iso-alkanes are reported. When
considering hydrocarbon adsorption in zeolites, one could
differentiate between two types of pore geometry: zeolites
with tubular pore systems in which the translational motion of
the molecules is not severely restricted but rotation of the
molecules is as a result of the limited pore diameter, and zeo-
lites with cages in which molecular rotation is possible but
translation is restricted (Fig. /). An example of the first class
of zeolites is SAPO-5 with its pore system consisting of one-
dimensional, straight cylindrical channels of almost uniform
cross-section of ca. 0.72 nm. When a mixture of n-pentane
and 2-methylbutane is injected at the inlet of a column packed
with SAPO-5 (Fig. 2), it occurs that the branched chain elutes
later than its linear isomer, corresponding to inverse shape
selectivity. Also for the Cq isomers, it was observed that
2,2-dimethylbutane retains significantly longer than n-hexane
[19], which in turn retains longer than 2-methylpentane. This
means that 2,2-dimethylbutane adsorbs preferentially over the
latter two alkanes, whereas 2-methylpentane adsorbs less than
its linear counterpart. None of the heptane isomers showed an
inverse adsorption behaviour and out of 8 studied branched
octane isomers, only 2,2-dimethylhexane adsorbed preferen-
tially over its linear counterpart, although to a very small
extent. The pores of SAPO-5 are in some cases more suitable
for the linear molecules and in other cases favour the
adsorption of the bulkier branched species.
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Figure 1

Schematical representation of (top) a tubular pore system in
which translation of molecules occurs while rotation is
restricted and (bottom) a zeolite cage in which the molecule
is allowed to rotate around its centre of gravity whereas trans-
lation is limited.
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Chromatograms of n-pentane and 2-methylbutane on zeolite
SAPO-5 (150°C).
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Compensation chart for SAPO-5.

In Figure 3, the adsorption entropy of all studied molecules
is plotted as a function of the adsorption enthalpy. For a
given alkane family, the compensation chart yields a straight
line [20-22], meaning that the stronger a molecule interacts
with the zeolite, the more freedom (entropy) it looses. At low
occupancies, an adsorbed molecule experiences van der
Waals (VDW) interactions with the pore walls. The strength
of the VDW interactions depends on the distance between
the atoms of the molecule and the pore walls and the number
and type of atoms in the molecule. The closer the molecule
approaches the pore walls, the higher these interactions. The
freedom a molecule retains inside a zeolite micropore is gov-
erned by the strength of interaction and the ability to translate
and rotate in the adsorbed state, which depends on the size
and shape of the molecule and the pore topology. The indi-
vidual contributions of enthalpy and entropy to the overall
adsorption behaviour thus subtly depends on the steric fit
between the guest molecule and the micropore.

Nearly all branched species have higher adsorption
enthalpies when compared to their linear counterparts, thus
the VDW forces for the branched molecule are higher than
those for their linear counterparts. The critical diameter of a
linear alkane chain is 4.3 Angstrom, leaving a relatively large
distance between the molecule and the SAPO-5 pore walls
given its pore diameter of 7.3 A. Side methyl groups on the
alkane chain allow to obtain closer contact with the pore
walls, and result in higher VDW interactions. It might also be
expected that these side methyl groups with their 3 hydrogen
atoms have a larger energetic interaction compared to the
—CH, groups in the main chain. For example, the critical
diameter of 2,2-dimethylbutane is 6.3 A, giving much closer
contact.

Not all branched species exhibit inverse shape selectivity
in spite of their energetic advantage. The reason for this is
that branched molecules have a more negative adsorption
entropy compared to the n-alkanes (Fig. 3). In the pores of
SAPO-5, free rotation of both n- and iso-alkanes from Cj
on is not possible. Hence, no difference in rotational entropy
between the isomers is expected. However, the presence of
side groups on the chain reduces the translational freedom in
the unidimensional SAPO-5 pores. Only those branched
isomers having a more negative Gibbs energy than the
n-alkanes will have a higher Henry adsorption equilibrium
constant, and adsorb preferentially. This is the case for iso-
butane, 2-methylbutane, 3-methylpentane, 2,2-dimethylbu-
tane and 2,3-dimethylbutane. For the other branched isomers,
the gain in adsorption enthalpy compared to the linear chains
is not large enough to compensate for the loss in entropy.

An example of a material with cages is zeolite MCM-22.
This material contains large supercages with an inner free
diameter of 0.71 nm and a inner height is 1.82 nm [23].
Besides, MCM-22 has a second pore system of 2-dimen-
sional sinusoidal channels, which maintain an effective
10-ring diameter (0.40 x 0.55 nm) throughout the structure.
Also for this material, a preferential adsorption of certain iso-
alkanes over their linear isomers was observed [24]. For
example, 2-methylbutane is significantly longer retained on a
column packed with MCM-22 compared to n-pentane
(Fig. 4). The compensation plot indicates that on this zeolite,
monobranched alkanes loose less entropy upon adsorption
which causes their preferential adsorption (Fig. 5). Linear
and branched molecules adsorbed in the supercages will
loose most of their translational freedom. However, differ-
ences in rotational freedom in the supercages of MCM-22
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Chromatograms of a n-pentane and 2-methylbutane mixture
on zeolite MCM-22 (200°C).
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Compensation chart for linear and monobranched alkanes on
MCM-22 (-In K, ~ - AS,).

may have a substantial impact on the adsorption equilibrium.
Branched alkanes, with their shorter main carbon chain, need
less space to rotate freely compared to the longer linear alka-
nes. For example, 2-methylbutane is able to freely rotate in
the upper and lower part of the supercage, whereas rotation
of n-pentane is already severely restricted (Fig. 6). As a
result, 2-methylbutane has a more negative Gibbs energy of
adsorption and thus higher adsorption equilibrium constant,
in spite of its less negative adsorption enthalpy.

Summarising, iso-alkanes are preferentially adsorbed over
linear alkanes in the tubular pores of SAPO-5, because of the
more favourable energetic interaction of the branched alka-
nes with the pore walls of SAPO-5, while in the cages of
MCM-22, iso-alkanes are preferentially adsorbed because
they loose less (rotational) entropy.

Figure 6

MCM-22 supercage and 2-methylbutane molecule with its
gyration sphere in the bottom pocket of the supercage.

2 CHAIN LENGTH INDUCED SELECTIVITY REVERSAL
IN ZSM-5

The adsorption of the homologous alkane series in gas phase
on zeolites and other adsorbents has been extensively studied
by many researchers. The existence of linear relationships
between adsorption enthalpy and entropy, and the carbon
number has been demonstrated numerously [3, 25-27].
Among all zeolites, ZSM-5 is undoubtedly the most studied
one, both from the adsorption and catalysis point of view.
Several experimental studies reported the occurrence of a
kink in the pure component adsorption isotherms of alkanes
in gas phase on ZSM-5 [28-30], and an inflection point in the
adsorption enthalpy and entropy versus zeolite loading
curves [31, 32]. Generally, the two-step behaviour of these
linear and branched alkanes is interpreted in terms of the
ZSM-5 channel geometry. For example, it has been observed
that at low partial pressures, isobutane is adsorbed preferen-
tially in the channel intersections of ZSM-5, while at higher
pressures, these branched molecules are “pushed” into the
channel segments, resulting in a significant loss of entropy
and a kink in the adsorption isotherm [33]. The importance of
entropy effects in the adsorption of alkanes on ZSM-5 has
been demonstrated by computational techniques [34-36].
Also in liquid phase, remarkable chain length dependent
adsorption effects have been observed on ZSM-5 [37-39].
Figure 7 shows the adsorption saturation capacity of the Cs-
C,, n-alkanes, expressed in number of molecules and total
number of —CH, groups adsorbed per unit cell. A drop in
number of molecules adsorbed per unit cell is observed
between C,4 and Cg. From Cg on, the number of molecules
adsorbed per unit cell decreases gradually. For Cs, a unit cell
contains 36 —CH, groups, for C4 and C,; 44 —CH, groups are
adsorbed per unit cell, while for Cg, only 32 —CH, groups are
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adsorbed per unit cell. From Cg on, the number of —CH,
groups per unit cell increases steadily, to reach a maximum
of about 51-52 —CH, groups per unit cell from C,, on. For
molecules shorter than C,,, it appears that the available space
in the pores of ZSM-5 is thus not completely used, and gaps
must be present between the adsorbed molecules. A calcula-
tion of the total occupied length of the adsorbed n-alkane
molecules (taking into account the repulsion between —CH,
groups from neighbouring molecules) shows the same
tendency [38].

The packing mechanisms of the n-alkanes were studied by
configurational-bias GCMC calculations [39]. Pentane and
hexane have lengths less than the distance between intersec-
tions, and occupy the channel space between 2 intersections.
Longer chains cross the intersection and extend into adjacent
channel space, leading to a less efficient pore filling. With
increasing chain length, the n-alkanes become more flexible,
and can bend such that they start in e.g. a linear channel seg-
ment and end in a sinusoidal channel segment. From C,; on,
the molecules are flexible enough to completely fill up the
pore system.

These differences in packing mechanisms between alka-
nes of different chain length lead to irregular selectivity pat-
terns. Compositions in the adsorbed phase are plotted versus
the compositions of the external liquid phase for selected
binary alkane mixtures in Figure 8. In some cases, preferen-
tial adsorption of the longest alkane chain was observed (e.g.
Cy/C,3). With C¢/C,, and Cs/C, reversal of selectivity occurs
at a specific composition where adsorbate and liquid have
identical composition. Finally, for C;,/C,;5 and C,s/C,, the
lightest alkane was selectively adsorbed.

This remarkable adsorption selectivity is the result of a
special organization of the n-alkane molecules. The strong
interaction with the pore walls implies a high adsorption
enthalpy, but also a significant loss of entropy. At high load-
ing, the dense packing of the molecules limits the reorganiza-
tion capabilities of individual molecules in the adsorbate
phase. The complete filling of the two-dimensional pore sys-
tem of ZSM-5 by long alkanes requires a very high flexibility
and degree of organization. Pronounced adsorption selectivity
for the short chain is observed with C,,/C,5 and C,5/C4. The
chain length of C,, corresponds to the length of two sinu-
soidal channel segments and an intersection, but also fits into
two linear channel segments and two intersections. The length
of a C;5 molecule exceeds the dimensions of two sinusoidal
channel segments and an intersection but still fits into two lin-
ear channel segments and two intersections. A stretched C,g
molecule does not fit into neither of these combinations, and
thus always blocks an additional intersection compared to C 5
or Cy,. The favourable adsorption of C,, and C,5 is ascribed
to this matching with characteristic dimensions of the pore
system. The adsorption of mixtures containing Cs or C4 can
be explained in a similar way. These molecules fit neatly into
a sinusoidal channel segment, whereas longer alkanes block
intersections. Admixing Cs or C, with a longer alkane fitting
less well with characteristic pore length gives rise to azeotrope
behavior (e.g. Cs/C;, C¢/C,(). These mixtures fill the pores
only partially. At low concentration of the long chain, it is
preferentially adsorbed due to its higher adsorption enthalpy.
From a critical concentration of these long chains on, Cs or Cg
adsorption is preferred because of their better fitting with the
sinusoidal channels.
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Saturation capacity of the Cs-C,, n-alkanes, expressed in
number of molecules and total number of carbon atoms
adsorbed per unit cell.
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Liquid phase adsorption of an equimolar hexene/dodecene
mixture (2 mol%) from alkane solvents (96 mol%) on NaY
(room temperature).
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Adsorption isotherms of hexene and dodecene from their
mixture with decane on NaY (room temperature).

b)

Schematic presentation of the coadsorption of (left) hexene and decane and (right) dodecene and decane in a NaY supercage at an external

alkene concentration of 3 mol%.

3 PACKING EFFECTS IN THE ADSORPTION
OF ALKANES/ALKENES/AROMATICS

The gas phase adsorption of alkanes, alkenes and aromatics
on faujasites in has been studied frequently [40-53].
Generally, alkenes and aromatics are more strongly adsorbed
compared to the apolar alkanes because of their electrostatic
interactions with the zeolite cations. Further, it is accepted
that an increase in cation-content (decrease in Si:Al)
increases the selectivity of adsorption of aromatics, alkenes

and even alkanes in gas phase conditions [54-57]. In contrast,
the adsorption of mixtures of alkanes, alkenes and aromatics
in liquid phase and the effect of cation content thereon is
poorly documented [58, 59].

The adsorption of alkenes with different chain length
(C¢-C,,) from alkane solvents (Cs-C,4) on NaY (Si:Al 2.79)
was studied using a batch experimental technique [60-62].
Under these conditions the zeolite micropores are close to
saturation, since the solvent (alkane) will show tendency to
fill up the remaining free space. Already at low alkene
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concentrations, the alkenes are selectively adsorbed from
their mixture with an alkane as a result of the electrostatic
interaction of the double bond with the zeolite cations.

The amount of alkene adsorbed depends on the chain
length of both the alkene and the alkane solvent. Two
remarkable effects are observed:

— shorter alkenes are preferentially adsorbed compared to

longer alkenes (Fig. 10);

— with shorter alkanes, the alkene selectivity decreases

(Fig.9).

These observations are in conflict with the increase in
adsorption with carbon number as observed in gas-phase
conditions. Apparently, shorter linear hydrocarbons, having a
smaller number of C-atoms pack more efficiently at higher
loading and are in other words favourably adsorbed because
they can easily fill gaps within the zeolite matrix. Such an
effect was not expected to occur on cage-type zeolites capa-
ble of hosting multiple molecules per supercage. The adsorp-
tion of hexene and decene from their mixture with decane at
an external alkene concentration of 3 mol% is schematically
presented in Figure 11. The empty space next to one decane
molecule can be filled with either two hexene or one
dodecene molecule(s), leading to a more selective adsorption
of hexene compared to dodecene (Fig. 7).

4 SELECTIVITY ENHANCEMENT
IN HYDRO-ISOMERISATION PROCESSES
VIA ADSORPTION EFFECTS

At low zeolite loading, in gas or vapour phase conditions
(low pressure), long alkanes are selectively adsorbed over

shorter ones (vide supra). In catalytic processes with mixtures
of long and short alkanes using zeolites, this often leads to
high reactivities of the heaviest components of the mixtures,
whereas the lightest components are nearly not converted as
they are not adsorbed inside the catalyst pores [63, 64]. With
increasing zeolite loading, the differences in adsorption
between short and long alkanes decrease. At very high pres-
sure or in liquid phase conditions when the zeolite pores are
densely filled with molecules, adsorption of the shorter alka-
nes is even favoured over longer ones since the shorter mole-
cules can be packed more easily [65, 66]. This adsorption
effect can be used to modify reactivity and selectivity in cat-
alytic processes [67-69]. In Figure 12, the hydroconversion
of nonane and heptane on zeolite Pt/HY is shown as a func-
tion of the average mixture conversion for the liquid and
vapour phase conditions at 250°C. In vapour phase (low
pressure), nonane is converted much more rapidly than hep-
tane, which should be attributed to its preferential adsorption.
Initially, the pores of the catalyst mainly contain nonane,
which is converted into its products. With increasing degree
of conversion (increasing space time), the reaction mixture
becomes depleted in nonane, and heptane starts to adsorb in
the zeolite pores where it is converted into its isomers and
cracked products. In liquid phase at 100 bar, the conversion
rate of nonane is only slightly higher than that of heptane,
and the competition effects between both components are
significantly lower compared to the vapour phase. In these
conditions, adsorption of heptane is favoured compared to
gas phase conditions resulting in its higher conversion. The
operating conditions also have a large effect on the reaction
selectivity. Yield curves for the hydroconversion of an
equimolar heptane/nonane mixture in vapour and liquid
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Figure 12

Conversion of nonane and heptane on zeolite Pt/HY as a
function of the average mixture conversion in vapour (total
pressure: 4.5 bar) and liquid phase (total pressure: 100 bar) at
250°C.
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Monobranched and cracked alkane yield in the hydroconver-
sion of an equimolar heptane/nonane mixture on Pt/H-Y (Total
pressure in vapour phase: 4.5 bar, hydrocarbon pressure in
vapour phase: 0.32 bar; total pressure in liquid phase: 100 bar).
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phase conditions are given in Figure 13. At high pressure in
liquid phase, a significantly higher yield of isomers is
obtained. In vapour phase, nonane is selectively adsorbed
and converted almost completely into (weakly adsorbing)
cracked products before adsorption and conversion of hep-
tane starts. Light cracking products are already formed at low
average conversions. In liquid phase contrarily, heptane and
nonane are adsorbed simultaneously from the lowest level of
conversion on, thus isomers of both heptane and nonane are
formed at low contact times. Cracking of both components
starts at relatively high average conversion levels, when they
are already transformed into iso-alkanes. Operating at high
pressure in liquid phase thus allows to obtain higher isomer-
ate yields at lower reactor severities.

CONCLUSIONS

The adsorption of hydrocarbons in microporous solids is
governed by a combination of enthalpic and entropic effects.
Large energetic interactions between molecular structures
(e.g. double bond of alkene of aromatic ring) and adsorption
sites, lead to a preferential adsorption of specific species.
Entropic packing effects at high degree of pore filling on the
other hand clearly outweigh normal tendencies based on
adsorbate properties (# C-atoms) and structural properties
(aluminium contents) observed at low coverage. Even in
adsorbents or catalysts with relatively large micropores, mol-
ecular selectivity is achieved at high degree of pore occu-
pancy as a result of the organisation of molecular assemblies
in such confined spaces. These selectivity effects depend in a
subtle way on molecular size and shape, functional groups,
pore size end geometry, presence of solvents and so on. This
concept of packing induced selectivity offers perspectives for
new or optimised catalytic and/or separation processes.
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