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Abstract

The adsorption and interactions of light alkanes and alkenes on acidic zeolites (H-MOR and H-FAU) were theoretically studied using the ONIOM
approach. With the basis set superposition error (BSSE) corrections, the ONIOM(MP2/6-31G(d,p):UFF//B3LYP/6-31G(d,p):UFF) adsorption
energies of alkanes (ethane, propane, and n-butane) in H-FAU and H-MOR were in good agreement with the experimental measurements. For
adsorption of alkenes in acidic zeolite which is not possible to experimentally measure, the adsorption energies were predicted to be —9.4, —11.3,
and —12.5 kcal/mol for ethene, propene, and 1-butene in H-FAU, respectively and —10.1, —13.8, and —17.4 kcal/mol for ethene, propene, and
1-butene in H-MOR, respectively. It was found that the extended zeolitic framework covering the nanocavity was essential for describing the
confinement effect of the zeolites and led to the differentiation of different types of zeolites. These results suggest that this ONIOM scheme is a
practical method for investigating the adsorption of unsaturated and saturated hydrocarbons on these zeolites.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Alkanes; Alkenes; Confinement effect; QM/MM; Zeolites

1. Introduction

Zeolite is one of the most important heterogeneous cata-
lysts especially for the petrochemical industry. This microporous
crystalline aluminosilicate contains strong Brgnsted acidity and
can facilitate many acid catalyzed reactions. Moreover, it con-
tains a regular microporous structure with pore dimensions
close to the sizes of the hydrocarbon molecules. Therefore,
many petrochemical processes take advantage of the molecular
shape selectivity of this type of catalyst, for instance in catalytic
cracking, isomerization, and alkylation of hydrocarbons and aro-
matics. The zeolite pore size has been found to have significant
effects on the adsorption and reaction of adsorbed molecules
inside its nanostructured pores [1-4].

The term “confinement effect” [5,6] was proposed to explain
the interactions between the zeolite framework and the adsorbed
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molecule which is confined within the pore of the zeolite.
These interactions are mainly composed of dispersive van der
Waals interactions. The confinement effects contribute to the
remarkable sorption and catalytic properties of zeolites by stabi-
lizing adsorbed molecules, intermediates, and reaction transition
states. Derouane [7] has reconsidered the confinement effect
to extend over all non-covalent interactions between the zeo-
lite framework and the adsorbed molecule and, therefore, the
zeolites may be considered as solid solvents when the size of
adsorbate molecules and the zeolite pore dimensions are com-
parable.

The understanding and rational utilization of confinement
effects will undoubtedly contribute to increasing the produc-
tivity, and selectivity of such chemical transformations [8—11].
Recently, experimental investigations in molecular details of
structures and adsorption dynamics and interaction energies of
hydrocarbons in zeolites have been reported [12—-18]. It was
found that the pore size of zeolites had strong effects on the
geometries of adsorption sites, the structures of the adsorption
complexes, and the adsorption energies. The adsorption of alka-
nes in zeolite is simply physisorption. The linear correlations of
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interaction energy (heat of adsorption) and the number of car-
bon atoms of n-alkanes have been found in various zeolites [19].
However, the adsorption of alkenes in acidic zeolites is compli-
cated by the rapid reactions of oligomerization and isomerization
at the Brgnsted acid sites [17,18,20]. The heat of adsorption
of alkenes cannot be experimentally measured because of these
reactions. The most stable adsorbed structure for alkenes adsorp-
tion in zeolites is a w-adsorption complex where the m-electron
of the double bond carbons forms a hydrogen bonding with the
Brgnsted acidic proton of the zeolite [20]. A less stable adsorp-
tion complex via interaction of the alkyl group of alkene and
the Brgnsted acid of the zeolite has also been reported [17,18].
It has also been proposed that the transition between these
two adsorption structures may be important to the diffusion
process of alkenes in microporous zeolites [17,18]. However,
the molecular details of adsorption of alkanes and alkenes
on zeolites with different pore sizes are still not completely
understood.

Zeolites are microporous aluminosilicates with a large num-
ber of atoms in the unit cell. To obtain more manageable sizes
for the ab-initio calculations, small clusters representing the cat-
alytic active site have been studied in the past. However, this has
meant that the essential confinement effect created by the part of
the surrounding framework has been neglected. It is important,
therefore, that the larger clusters which include such poten-
tial should be taken into consideration. To facilitate this, large
quantum clusters and periodic calculations have been specif-
ically developed. However, even though these calculations do
provide accurate results, they are very expensive in terms of
computational time and expense. This prohibits the use of accu-
rate periodic structure calculations, that are computationally too
expensive and even impractical to perform when very large zeo-
lites are concerned. The recent development of hybrid methods,
such as the embedded cluster or combined quantum mechan-
ics/molecular mechanics (QM/MM) [21-26] methods, as well as
the more general ONIOM (Our-own-N-layer Integrated molecu-
lar Orbital + molecular Mechanics) method [27,28] have brought
a larger system within reach of obtaining accurate results at a
more reasonable computational cost.

In this study, the adsorptions of linear alkanes and alkenes
in different zeolites, (H-MOR and H-FAU), are examined and
compared to understand the adsorption process and to address
the confinement effect in these nanostructured materials. We
employ the ONIOM method that takes advantage of the density
functional theory, for the accurate treatment of the interactions
of adsorbed molecules with the acid site of zeolite, and the
universal force field (UFF) to account for the van der Waals inter-
action due to the confinement of the zeolite framework which
has been found to be important for the adsorption and reaction in
microporous zeolites [29-34]. Moreover, the single point energy
calculations at the MP2 level of theory and the basis set super-
position errors (BSSE) corrections are carried out to refine the
interaction energy. This efficient scheme has demonstrated that
it can yield adsorption energies close to the experimental mea-
surements for the adsorption of alkanes and predict reasonable
estimates for the adsorption of alkenes that cannot be measured
experimentally.

2. Methods

The ONIOM approach was employed to model the differ-
ent types of zeolites and their complexes with unsaturated and
saturated hydrocarbons. For computational efficiency, only the
small active region was treated accurately with the density func-
tional theory method, while the contribution of interactions from
the rest of the model was approximated by a less computation-
ally demanding method. The B3LYP/6-31G(d,p) level of theory
was applied for the 14T tetrahedral quantum cluster, which was
considered to represent the active site of the zeolites. The 120T
extended framework connecting the quantum region was treated
with the universal force field (UFF) [35] to represent the van der
Waals contributions from the interactions of adsorbed molecules
with the zeolite pore structures. This force field has been previ-
ously reported to provide a good description of the short-range
van der Waals interactions between the sorbate molecules and
the zeolitic wall [32-34]. The models of 120 tetrahedral Si atoms
of MOR and FAU were obtained from their crystal structures
[36,37]. The FAU 14T quantum cluster was the 12-membered-
ring window of 7.4 A in diameter with one substituted aluminum
atom (T2 position) and two terminal silyl groups. The attached
120T extended cluster was modeled with the UFF force field
to represent the two connecting supercages (Fig. 1). Similarly,
the MOR 14T quantum cluster (T1 position) was modeled to
the 12-membered-ring (MR) window of the straight channel
of 6.5A x 7.0A. The 120T extended cluster was modeled to
cover an ample portion of the straight channel with the crossed
8 MR windows (2.8 A x 5.7 A) opening to the side pockets
(Fig. 2).

All structure optimization was performed at the B3LYP/6-
31G(d,p):UFF level of theory. In order to obtain more reliable
interaction energies, the single point energy calculations at
MP2/6-31G(d,p):UFF//B3LYP/6-31G(d,p):UFF and the basis
set superposition errors (BSSE) corrections were carried out.
The BSSE energy can be computed as:

AE = E(complex) ™% _ E(zeolite)*™PIX — E(probe)cOmPIex

The superscript means all separates component are calculated
with the same absolute basis. All calculations were performed
on the modern Linux workstation using the Gaussian03 code
[38].

3. Results and discussion

3.1. Adsorption of light alkanes in H-FAU and H-MOR
zeolites

ONIOM models for the H-FAU and H-MOR zeolites that are
used in this study are illustrated in Figs. 1 and 2, respectively. The
ONIOM models are subdivided into three parts. The inner part
(catalytic center) is a fourteen-tetrahedral (14T) quantum cluster
representing the active site. The second part is the 120T extended
framework modeled by the Universal Force Field to account
for the confinement effect of the surrounded zeolitic pore. The
H-FAU model consists of a 14T quantum cluster which is the
12-membered-ring window of 7.4 A in diameter with one substi-
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Fig. 1. The ONIOM model of 14T/120T cluster of H-FAU. (a) Side view shows
the two supercages connected to the 14T quantum cluster and (b) front view
shows the 12-membered-ring window connecting the two supercages. Atoms
belonging to the 14T quantum region are drawn as spheres.

tuted aluminum atom and two terminal silyl groups. The attached
120T extended cluster is modeled with the UFF force field to rep-
resent the two connecting supercages (Fig. 1). The H-MOR 14T
quantum cluster covers the 12-membered-ring (MR) window of
the straight channel of 6.5 A x 7.0 A. The 120T extended clus-
ter is modeled to cover an ample portion of the straight channel
(Fig. 2).

The optimized structures of adsorption complexes of alkanes
on H-FAU and H-MOR zeolites are illustrated in Figs. 3 and 4,
respectively. Selected geometrical parameters of the complexes
and their corresponding adsorption energies are listed in Table 1.
The adsorption of alkanes in the microporous of zeolite occurs
via weak interactions between the alkyl group and the Brgnsted

(a)

Fig. 2. The ONIOM model of 14T/120T cluster of H-MOR. (a) Side view of the
12-membered-ring straight channel and (b) front view shows the 12-membered-
ring window of the straight channel. Atoms belonging to the 14T quantum region
are drawn as spheres.

acid of the zeolite. Since the interactions are weak, there are
only minute structural changes of the zeolite framework and the
adsorbate upon the adsorption. The acidic OH bond distance is
almost the same as in the isolated zeolite. The ethane adsorbs on
the Brgnsted acid by having an alkyl end of the molecule point-
ing to the acid site of the faujasite zeolite. The distance between
the carbon atom of the adsorbed ethane and the zeolite proton
(C1-Hz) is 2.32 A. The adsorption energy is calculated to be
—4.3 kcal/mol which agrees well with the experimentally mea-
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Fig. 3. The optimized structures of the adsorption complexes of (a) ethane, (b)
propane, and (c) n-butane on H-FAU. Atoms on the adsorbed molecules and the
Brgnsted acid site are drawn as spheres and the extended framework is omitted.

sured value of —5.1 kcal/mol [39]. For propane and n-butane,
two modes of adsorption are found, one via the terminal methyl
(C1) and another via the internal methylene carbon (C2). In fau-
jasite, it is found that the adsorption via the terminal methyl
(C1) is slightly more stable with the C1-Hz distances of 2.33
and 2.37 A for the adsorbed propane and n-butane, respectively.
The energy differences between these two configurations are
within 1 kcal/mol. The adsorption energies are calculated to be
—5.8 and —7.1 kcal/mol, for propane and n-butane adsorption
in H-FAU, respectively. The computed adsorption energies are
in good agreement with the experimentally measured heats of
adsorption of —6.4 and —8.1 kcal/mol for propane and n-butane,
respectively [40,41].

Fig. 4. The optimized structures of the adsorption complexes of (a) ethane, (b)
propane, and (c) n-butane on H-MOR. Atoms on the adsorbed molecules and the
Brgnsted acid site are drawn as spheres and the extended framework is omitted.

In mordenite zeolite, the adsorption energies of these light
alkanes are significantly larger since the pore confinement is
more pronounced. The channel of H-FAU is 7.4 A in diameter
and, moreover, has two large supercages connected to it. While,
the straight channel of H-MOR is elliptical with a dimension of
6.5 A x 7.0 A. The adsorption energies are calculated to be —8.2,
—10.6, and —13.5 kcal/mol, for ethane, propane, and n-butane
adsorption, respectively. The computed adsorption energies are
also in good agreement with the measured heats of adsorption of
—8.0, —9.8, —11.9 kcal/mol for ethane, propane, and n-butane
adsorption in H-MOR, respectively [40—42].

In the ONIOM model, the interaction energies can be broken
down to see the contribution of each layer. In this modeling
scheme, the inner layer is calculated at the MP2 level of theory to
represent the interaction between the adsorbate and the Brgnsted
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Table 1
The ONIOM(B3LYP/6-31G(d,p):UFF) optimized geometrical parameters and adsorption energies of ethane, propane, and n-butane in H-MOR and H-FAU
Parameters H-MOR H-FAU
Isolated Ethane Propane n-Butane Isolated Ethane Propane? n-Butane?®
Geometry
Distance (A)
C1-C2° 1.53 1.53 1.53 1.53 1.53 1.53 1.54 (1.53) 1.53 (1.53)
Cl-Hz 2.84 3.56 3.58 2.32 2.33(3.33) 2.37(3.49)
C2-Hz 3.68 2.56 2.67 3.57 3.70 (2.35) 3.60 (2.37)
Ol1-Hz 0.97 0.97 0.97 0.97 0.97 0.97 0.98 (0.98) 0.98 (0.98)
Al-O1 1.80 1.80 1.80 1.80 1.95 1.94 1.94 (1.94) 1.94 (1.94)
Sil-01 1.68 1.68 1.68 1.68 1.71 1.70 1.70 (1.70) 1.70 (1.70)
Angle (°)
02-Al-01 104.8 104.7 104.7 104.6 99.0 99.5 99.6 (99.7) 99.5 (99.8)
Sil-O1-Al 127.3 127.1 127.2 127.1 129.4 129.5 129.3 (129.3) 129.3 (129.3)
Energy (kcal/mol)
B3LYP:UFF =11 —-9.8 —12.3 —4.6 —6.2(-54) —7.3(-6.1)
MP2:UFF¢ —8.2 —10.6 —13.5 —4.3 —5.8(=5.5) —7.1(-6.4)
Experimentd -8.0 -9.8 —11.9 -5.1 —6.4 -8.1

2 Two adsorption structures were found. The parameters for the less stable adsorbed structure are in parenthesis.
b The C1-C2 distances of ethane, propane, and n-butane are 1.53 A from the B3LYP/6-31G(d,p) calculations.
¢ Single point energy calculation at ONIOM(MP2/6-31G(d,p):UFF//B3LYP/6-31G(d,p):UFF) with the BSSE correction.

4 From Refs. [13-15].

acid of the zeolite. The extended framework is modeled at a low
level of theory by the UFF force field to represent the van der
Waals interactions between the adsorbate and the zeolite pore
wall. From the energy distribution (Table 2), one can see that
the interaction of these light alkane molecules with the acid site
of the zeolite is only a few kcal/mol, indicating that there is no
strong interaction between the adsorbed alkanes and the acid
site. The differences in the adsorption energies of these zeolites
mainly arise from the low level contribution representing pore
confinement. The van der Waals interactions contribute about
40% and 70% of the adsorption energies in H-FAU and H-MOR,
respectively. It can be noticed that the van der Waals interactions
increase with the sizes of the adsorbed molecules and have larger
values in the smaller pore H-MOR than in the H-FAU. In H-
MOR, the van der Waals interaction is clearly more important
than the interaction with the acid site.

The computed adsorption energies that are in good agree-
ment with the experimental measurements clearly demonstrate
that the ONIOM model used in this work can represent inter-
actions between the adsorbate molecules and the zeolites very

Table 2

well. The combination of the MP2 method at the active region
embedded in the extended structure modeled by the UFF meth-
ods works well in representing electron correlation, and van der
Waals interactions in the zeolite system.

3.2. Adsorption of light alkenes in H-FAU, H-MOR zeolites

The ONIOM models for the adsorption of alkenes on H-FAU
and H-MOR zeolites are illustrated in Figs. 5 and 6, respectively.
Selected geometrical parameters of the complexes and their cor-
responding adsorption energies are listed in Table 3. Alkene
molecules are found to adsorb on the Brgnsted acid of zeolites
via the m-electrons of the double bond carbons as the most stable
adsorption structure [20]. The changes in the structural param-
eters upon the adsorption are small. However, the changes are
in accordance with Gutmann’s rules [43], i.e. a lengthening of
the O—H and C=C bonds and shortening of the Si—O and Al-O
bonds. For all zeolites, the acidic O-H bond distance is slightly
elongated by 0.01-0.03 A and the C—C bond distance of ethene
is slightly elongated by about 0.01 A upon adsorption on H-

The distribution of adsorption energy of light alkanes and alkenes on H-FAU and H-MOR calculated at embedded ONIOM(MP2/6-31G(d,p):UFF)//ONIOM(B3LYP/6-

31G(d,p):UFF) with BSSE correction

H-FAU H-MOR

14T QM*? 120T UFE® Total 14T QM*? 120T UFE® Total
Ethane —2.6 —-1.7 —4.3 —-2.0 —6.2 —8.2
Propane -33 2.5 —5.8 32 —-7.4 —10.6
n-Butane -3.6 -3.5 -7.1 -3.6 -9.9 —13.5
Ethene -7.3 —1.7 -9.0 -5.8 —42 —10.0
Propene —8.4 —-2.5 —-10.9 —6.8 —6.8 —13.5
1-Butene -89 -32 —12.1 -72 -9.9 —17.1

 Interaction energy from the 14T quantum cluster calculated at MP2/6-31G(d,p) with the BSSE correction.

b Interaction energy from the 120T extended framework modeled with the UFF.
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Fig. 5. The optimized structures of the adsorption complexes of (a) ethene, (b)
propene and (c) 1-butene on H-FAU. Atoms on the adsorbed molecules and the
Brgnsted acid site are drawn as spheres and the extended framework is omitted.

FAU and H-MOR. The m-adsorption complexes of ethene on
H-FAU and H-MOR have symmetrical structures with almost
equal distances between C1-Hz and C2-Hz.

The calculated adsorption energy of ethene on H-FAU is
—9.0kcal/mol which is in excellent agreement with the exper-
imental estimate of —9.1 kcal/mol [44]. The adsorption energy
of ethene on H-MOR is —10.0kcal/mol. The more exother-
mic adsorption energy in H-MOR is clearly due to the stronger
confinement effect of the smaller pore dimension.

For larger unsaturated hydrocarbons, propene and 1-butene,
the hydrogen bond complexes between the m-electrons of the
double bond carbons and the acidic proton are not symmetri-
cal. For instance, the C1-Hz and C2—-Hz distances are 2.07 and
2.26 A for propene adsorption on H-FAU. The more steric C2

Fig. 6. The optimized structures of the adsorption complexes of (a) ethene, (b)
propene and (c) 1-butene on H-MOR. Atoms on the adsorbed molecules and the
Brgnsted acid site are drawn as spheres and the extended framework is omitted.

carbon atom is located farther away from the zeolite framework.
The predicted adsorption energies are —10.9 and —12.1 kcal/mol
for propene and 1-butene adsorption on H-FAU, respectively
and are —13.5 and —17.1kcal/mol for propene and 1-butene
adsorption on H-MOR, respectively. The adsorption energies in
H-MOR are larger than in H-FAU by 1.0, 2.6, and 5.0 kcal/mol
for the adsorption of ethene, propene, and 1-butene, respectively.
These numbers demonstrate that the confinement effect is more
pronounced when the size of the adsorbed molecule becomes
larger.

A less stable adsorbed configuration was also considered. The
optimized geometries of alkyl adsorption complexes of propene
and 1-butene on H-FAU are presented in Fig. 7 and selected
geometrical parameters and adsorption energies are listed in
Table 4. In this adsorption configuration, the alkene molecules
interact with the Brgnsted acid of zeolites via the terminal alkyl
group. The adsorption structures are similar to the adsorbed
structures of the corresponding alkanes. The adsorption dis-
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Table 3
The ONIOM(B3LYP/6-31G(d,p):UFF) optimized geometrical parameters and adsorption energies of ethene, propene and 1-butene in H-MOR and H-FAU
Parameters H-MOR H-FAU
Isolated Ethene Propene 1-Butene Isolated Ethene Propene 1-Butene
Geometry
Distance (A)
C1-C2¢ 1.33 1.34 1.34 1.34 1.33 1.34 1.34 1.34
Cl-Hz 222 2.10 2.10 2.16 2.07 2.04
C2-Hz 2.23 2.30 2.35 2.17 2.26 222
Ol-Hz 0.98 0.99 1.00 1.00 0.97 1.00 1.00 1.00
Al-O1 1.80 1.79 1.79 1.79 1.95 1.93 1.93 1.93
Sil-01 1.68 1.67 1.67 1.67 1.71 1.70 1.70 1.70
Angle (°)
02-Al-01 104.8 105.1 104.6 104.6 99.0 100.3 100.4 100.2
Sil-O1-Al 127.3 127.3 127.2 127.1 129.4 129.2 128.9 129.3
Energy (kcal/mol)
B3LYP:UFF —114 —14.5 —-17.7 —-10.9 —123 —13.2
MP2:UFF® —10.0 —13.5 —17.1 -9.0 —-10.9 —12.1
Experiment - - - —9.1¢ - -

? The C1-C2 distance of ethene, propene and 1-butene are 1.33 A from the B3LYP/6-31G(d,p) calculations.
b Single point energy calculation at ONIOM(MP2/6-31G(d,p):UFF//B3LYP/6-31G(d,p): UFF) with the BSSE correction.

¢ From Ref. [17].

tances (C4—Hz) are 2.40 and 2.41 A for adsorption of propene
and 1-butene, respectively which are slightly longer than the
adsorption distances of propane and butane on H-FAU by 0.07
and 0.04 A, respectively. The alkyl interactions with the acid
site are much weaker than that of the w-adsorption complex. The
adsorption energies are calculated to be —5.6 and —6.6 kcal/mol
for adsorption of propene and 1-butene, respectively, which are
comparable to those of the corresponding alkane adsorption.
Due to the weak alkyl interaction with the Brgnsted acid of
zeolites, this adsorption configuration will not contribute sig-
nificantly to the adsorption energies of alkenes in the zeolites.

Fig. 7. The optimized structures of the adsorption complexes of (a) propene and
(b) 1-butene on H-FAU via the terminal alkyl group. Atoms on the adsorbed
molecules and the Brgnsted acid site are drawn as spheres and the extended
framework is omitted.

However, this adsorption configuration may play arole in the dif-
fusion of alkenes through the microporous of zeolite in which the
molecules proceed through a series of adsorption and desorption
on various sites along the zeolite pore channels [17,18].

The contributions of each layer in the computed ONIOM?2
models are listed in Table 2. The m-electrons interactions
with the Brgnsted acid of the zeolites are stronger than the
alkyl interactions. The interaction energies are in the range of
5.8-8.9 kcal/mol which are almost threefold higher than the
alkyl interactions. Whereas, the van der Waals interactions are
about the same for the adsorption of alkenes and alkanes with the

Table 4

The ONIOM(B3LYP/6-31G(d,p):UFF) optimized geometrical parameters and
adsorption energies of propene and 1-butene in H-FAU via the terminal alkyl
group

Parameters H-FAU
Isolated Propene 1-Butene
Geometry
Distance (A)
c1-C2? 1.33 1.33 1.33
C-H7’ 2.40 2.41
Ol-Hz 0.97 0.98 0.98
Al-0O1 1.95 1.95 1.95
Si1-01 1.71 1.70 1.71
Angle (°)
02-Al-01 99.0 99.7 99.8
Sil-O1-Al 129.4 129.3 129.1
Energy (kcal/mol)
B3LYP:UFF -5.7 —6.6
MP2:UFF* —5.6 —6.6

2 The C1-C2 distance of propene and 1-butene are 1.33 A from the B3LYP/6-
31G(d,p) calculations.

b Distance from the terminal carbon (C3, C4 for propene and 1-butene, respec-
tively) to the Brgnsted acid proton.

¢ Single point energy calculation at ONIOM(MP2/6-31G(d,p):UFF//B3LYP/
6-31G(d,p):UFF) with the BSSE correction.
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same carbon number. The van der Waals interactions contribute
about 20% and 50% of the adsorption energies of the alkenes in
H-FAU and H-MOR, respectively.

There is no experimental data for adsorption energies of
alkenes on proton forms of zeolites which is due to the facile
reactions of isomerization and oligomerization of alkenes over
acidic zeolites [17,18,20]. The only available adsorption energy
is for small ethene in H-FAU zeolite. Our predicted value of
—9.0kcal/mol is in excellent agreement with the experimen-
tal estimate of —9.1 kcal/mol obtained by Cant and Hall [44],
indicating that this ONIOM model can accurately compute the
w-electron interaction with Brgnsted acid of the zeolites. More-
over, the model has demonstrated its accuracy in describing the
confinement effect of the zeolites by giving adsorption ener-
gies of alkanes that are in good agreement the experimental
measurements. Therefore, our predicted adsorption energies of
propene and 1-butene should be reasonable estimates. These
results suggest that this embedded ONIOM scheme provides a
practical method for investigating the adsorption of unsaturated
and saturated hydrocarbons on zeolites.

4. Conclusions

The adsorption of light alkanes and alkenes were stud-
ied by using the embedded ONIOM approach. The embedded
ONIOM2 calculations gave accurate adsorption energies for
the adsorption of ethane, propane, and n-butane in H-FAU
and H-MOR that were in good agreement with the experimen-
tal measurements. For adsorption of alkenes in acidic zeolite
which is not possible to experimentally measured, the adsorp-
tion energies were predicted to be —9.0, —10.9, —12.1 kcal/mol
for ethene, propene, and 1-butene in H-FAU, respectively and
—10.0, —13.5, —17.1 kcal/mol for ethene, propene, and 1-butene
in H-MOR, respectively. The ONIOM model used in this study
can correctly describe the confinement effect of zeolite. The
quantum cluster calculation can accurately compute interactions
of the adsorbate with the acid site but cannot cover the van der
Waals interactions with the zeolite walls. The extended zeolitic
framework that was modeled by the UFF force field was found to
be essential for describing the confinement effect of the zeolite
and led to the differentiation of different types of zeolites.
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