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Abstract

Computer simulations are a useful tool in the study of the adsorption of alkanes in zeolites, provided the zeolite—alkane
interactions are described in an adequate manner. MFI-type zeolites are among the most frequently studied types of zeolite.
Consequently, zeolite specific force fields are often parameterized using experimental data obtained on MFI-type zeolites. In this
paper we examine whether these force fields can be used to simulate adsorption in other zeolite types. We find that experimentally
obtained isotherms of small alkanes on high silica FER-, TON-, MTW-, and DON-type zeolites can be accurately modeled using a

single force field.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Zeolites; Adsorption; Alkanes; Molecular modeling

1. Introduction

Zeolites find many applications in the petrochemical
industries because of their ability to separate and cata-
lytically convert hydrocarbon feedstocks. Important in
our understanding of the processes involved in these
applications is our knowledge of the adsorption behav-
ior of hydrocarbons in zeolitic pores [1-9]. This ad-
sorption behavior is usually quantified by means of the
adsorption isotherm, which represents the amount of
hydrocarbon adsorbed in a pressure range at a given
temperature. Experimentally, the determination of ad-
sorption isotherms can be quite time consuming because
of the slow diffusion of long-chain hydrocarbons in the
pores of a zeolite [10]. Molecular simulation can provide
a cost-effective way of determining adsorption isotherms
[8,9,11-19], especially under conditions not readily
amenable to experiments (high pressures and tempera-
tures). Another advantage of performing simulations is
the inherent capability of the programs in providing
snapshots of adsorbed molecules. Such detailed infor-
mation on a molecular level has proven to be of con-
siderable importance to our understanding of the
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driving forces behind the sometimes peculiar shape
selective adsorption behavior of hydrocarbon isomers in
zeolites [8,9,11-13].

To compute the adsorption properties of the hydro-
carbons correctly we need an accurate description of the
non-bonded interactions between the methylene groups
of the hydrocarbons and the oxygen atoms of the zeolite
framework. In many studies these interactions are de-
scribed by a 12-6 Lennard-Jones potential. The size
parameter ¢ and the energy parameter € are fitted so as
to accurately reproduce both the Henry coefficient and
the heat of adsorption of small alkanes in Silicalite-1
(MFT topology) [11]. In Ref. [14] it was shown that an
accurate prediction of the adsorption in the Henry re-
gime will also yield an accurate description of the
complete adsorption isotherm.

The reason why Silicalite-1 is used for parameteriza-
tion is because there are sufficient experimental results
available to arrive at a reliable model. Consequently this
zeolite has been studied extensively by means of com-
puter simulations [16-23]. Some studies found that the
Silicalite-1 parameter set can also satisfactory describe
the adsorption properties in other zeolites, but a sys-
tematic study whether this parameter set can also cor-
rectly describe complete isotherms over a wide range of
pore sizes is lacking. In this paper we will compare our
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simulation results to experimentally obtained adsorp-
tion isotherms of small alkanes in a set of high silica
zeolites with a wide range of pore sizes.

2. Simulation technique

Zeolites are microporous crystalline materials, with
pores of about the same size as small alkanes. The
structures are build up from TOy4 tetrahedral units, were
the central T atom is usually Si or Al. In these pores
there are often high barriers present for diffusing mole-
cules. For example, Fig. | shows the energy landscape of
the FER structure. The light grey area’s show the 10-
ring channels and the cages. Both are connected to each
other via a narrow 8-ring window. Because of diffusional
barriers like these, the computational method of choice
to obtain equilibrium properties like adsorption iso-
therms is the Monte Carlo method.

For the calculation of the heats of adsorption and the
Henry coefficient we perform Monte Carlo simulations
in the NVT ensemble at infinite dilution (i.e. using a
single particle). During such a simulation, trial moves
are performed to insert an alkane at a random position
inside the zeolite. We use the configurational-bias
Monte Carlo technique to increase the acceptance ratio
of these insertions [24]. Additionally trial moves are
performed to translate, rotate and partial-regrow a
molecule at its place of insertion. For the calculation of
adsorption isotherms we perform Monte Carlo simula-
tions in the grand-canonical (uVT) ensemble. In this
ensemble, additional trial moves are performed to ex-
change molecules between a zeolite and a molecule res-
ervoir of constant chemical potential.

The alkanes are described with a united-atom model,
i.e. CH; and CH, groups are considered as single

Fig. 1. The energy landscape inside the FER structure as ‘felt’ by a
diffusing methane molecule. The area’s in light grey are the 10-ring
channels and the small cages. The dark grey areas are the zeolite walls.
(picture by D. Dubbeldam).

Table 1
Pore dimensions of zeolites [34]

Zeolite Topology Oxygens in ring  Pore dimensions/A
FER 2-D 10, 8 5.4x4.2,48x3.5
TON 1-D 10 5.7x4.6

MFI 2-D 10, 10 5.6x5.3, 5.5x5.1
MTW 1-D 12 6.0x5.6

DON 1-D 14 8.2x8.1

interaction centers. The bond length between the atoms
is kept fixed. The bond-bending is described by a har-
monic potential, and the non-bonded interactions are
modeled using Lennard-Jones potentials taken from
Ref. [25]. The zeolite is modeled as a rigid crystal [26],
consisting exclusively of SiO,, so as to make the calcu-
lation of the zeolite-alkane interactions efficient. Dis-
persive interactions with the oxygen atoms of the silica
framework are assumed to dominate the zeolite-alkane
interactions. These interactions are also described by
Lennard-Jones potentials. The potentials have been fit-
ted to the adsorption enthalpies and Henry coefficients
of linear and mono-branched alkanes in Silicalite-1.
More details about the simulation method and the force
fields have been reported elsewhere [11]. We have taken
the crystal structures of the zeolites from the Cerius?® [27]
package (Table 1).

3. Results and discussion

Thermodynamics: We examined the adsorption behav-
ior of methane, ethane and propane in the zeolites FER,
TON, MFI, MTW, and DON using the Lennard-Jones
parameter set proposed by Vlugt et al. [11]. The results of
the simulations at infinite dilution are given in Tables 2
and 3, the results for the adsorption isotherms are given
in Figs. 2-4. In both cases the results are compared to
experiments by Savitz et al. [28], Eder and Lercher [29]
and Hampson and Rees [30].

As stated before, it is crucial to be able to reproduce
both the Henry coefficient and the heat of adsorption (at
infinite dilution) in order to correctly calculate adsorp-
tion over a range of temperatures. Since the Lennard-
Jones parameter set of Vlugt et al. was fitted using data
obtained on the zeolite MFI, we also include results for
the heat of adsorption and Henry coefficient for this
zeolite in Tables 2 and 3.

The experimental results for the widely studied zeolite
MFI presented in Table 2 show quite some variation. If
we use the scatter of the experimental data for MFI as a
measure for the typical experimental uncertainties, we
should allow for an uncertainty of 2 kJ/mol. If we take
this uncertainty into account, comparison of the simu-
lation data with the experimental data shows satisfac-
tory agreement for the zeolites MTW, DON, and TON
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Table 2
Zero-coverage isosteric heats of adsorption
Zeolite —QOq/kJ/mol
CH4 Cz HG C3 HS
Sim Exp Ref. Sim Exp Ref. Sim Exp Ref.
FER 21.6 27.7 [28] 34.2 41.7 [28] 439 533 [28]
49 [29]
TON 21.0 27.2 [28] 32.1 39.0 [28] 42.0 48.8 [28]
31.9 [30] 42.0 [30]
49 [29]
MFI 20.0 20.9 [28] 30.4 31.1 [28] 39.1 41.4 [28]
20 [35] 33 [35] 40 [35]
18.6 [36] 30.7 [36] 40.9 [36]
32.8 [37] 39.9 [37]
MTW 18.8 20.9 [28] 29.2 29.5 [28] 38.8 37.6 [28]
DON 13.4 14.2 [28] 20.1 222 [28] 26.0 28.1 [28]
Comparison between this work (sim) and experiments (exp) at 7 = 298 K.
Table 3
Henry’s constants
Zeolite T (K) Ky/mmol/g/Pa
CHy C,H¢ C;Hy
Sim Exp Sim Exp Sim Exp
FER 309 7.2%x107¢ 2.0x1073 1.9%x 10 7.2x1074 9.1x10™*
TON 298 5.4x10°¢ 9.2x107° 9.1x107° 6.8x 107 7.0x 1074
TON 309 4.0%x107° 6.8x10°° 5.8x1073 1.4x107* 3.7%x1074
MFI 309 8.3x10°¢ 6.3x10°¢ 1.6x 10~ 1.2x107* 1.5x1073
MTW 309 3.7x10°¢ 4.0x107° 8.8x107° 9.3x10 ~° 1.1x1073
DON 309 1.3x107¢ 3.2x10°¢ 1.2x1073 1.6x107° 7.9%1073 1.I1x10*

Comparison between this work (sim) and experiments (exp) from Ref. [28] at 7 = 309 K and Ref. [30] at 7 = 298 K.
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Fig. 2. Adsorption isotherms for methane (a), ethane (a), and propane (b) in FER-type zeolites: CBMC simulations vs experiments from Savitz et al.

(a), and Eder et al. (b). The lines serve as a guide to the eye.

of Hampson et al. For FER and TON of Savitz et al.
and Eder et al., the agreement is less satisfactory. The
results for the Henry coefficient show a similar trend (see
Table 3), with one exception: The results for the Henry
coefficient for TON are all in quite good agreement with
the experimental results. Also the results for the iso-

therms show the same trend. The agreement between
our simulations and the experiments is in general good
for TON, MTW, and DON, and again somewhat less
for FER.

We have two possible explanations for why in par-
ticular for FER we observe a significant deviation of our
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Fig. 3. Adsorption isotherms for methane (a), ethane (a,b), and propane (c) in TON-type zeolites: CBMC simulations vs experiments from Savitz

et al. (a), and Hampson et al. (b,c). The lines serve as a guide to the eye.

simulation results from the experimental data. One
reason could be the relatively low Si/Al ratio of the
sample used in the experiments. For each aluminium
there is also a hydrogen atom present. It has been shown
for H-MFT that these hydrogen atoms can give a neg-
ative contribution to the heat of adsorption of up to 10
kJ/mol [31]. This will also result in a higher Henry
coefficient, and thus in a larger initial slope of the
adsorption isotherm. Another reason could be the sen-
sitivity of the Lennard-Jones potential for small changes
in the parameters when the oxygen and carbon groups
are in close proximity. This effect would be the largest in
the case of FER, since this zeolite has the narrowest
pore system of all zeolites under evaluation. The
parameters fitted on MFI can be less than optimal,
resulting in a deviation for FER. Interestingly, other
studies found a similar deviation from experimental re-
sults using a different forcefield [15].

In the case of TON, both the Henry coefficient and
the adsorption isotherms are in good agreement with all
the experiments, while the heat of adsorption deviates
somewhat from the experimental values of Savitz et al.
and Eder et al. Again, this difference could be attributed

to the presence of acid sites in the zeolite sample, since
the sample used has a Si/Al of 52. Eder and Lercher [29]
have shown that such an acid site density in TON leads
to an increase of the heat of adsorption of 7 kJ/mol. This
is exactly the difference between our simulations and
those experiments. The good aggreement between the
simulation results and the results of Hampson et al.
further corroborates this explanation, since their sample
contains no acid sites. The fact that the Henry coeffi-
cients correspond well, despite this deviation in the heat
of adsorption, could be attributed to a compensation
effect introduced by Eder and Lercher [31]. This effect
describes an opposite change in the enthalpy and en-
tropy of adsorption when alkanes are adsorbed on acid
sites compared to adsorption into a purely silicious
matrix. So when the enthalpy of adsorption is increased
due to the interaction between alkanes and the protons,
the entropy is decreased due to a decrease in the con-
formational freedom of the alkanes.

Of course the other possible reason for the deviation
in the heat of adsorption is that our model may need
some modification. As already mentioned, both the
Henry coefficient and the adsorption isotherms are in
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Fig. 4. Adsorption isotherms for methane, ethane, and propane in MTW- (a), and DON-type (b) zeolites: CBMC simulations vs experiments from

Savitz et al. The lines serve as a guide to the eye.

good agreement. This implies that, provided that the
experimental determination of the heats of adsorption
are correct, the model overestimates the entropic con-
tribution to the Henry coefficient. This will be the case
when the alkanes are modeled too small, resulting in an
underestimation of the excluded volume (the zeolite)
and an overestimation of the conformational freedom of
the alkanes. The results for FER suggest that the size
parameter sigma, if anything, is too big (which will re-
sult in an underestimation of the entropic contribution)
and not too small. This makes us believe that the most
probable reason for the deviation lies in the presence of
acid sites in the TON samples of Savitz et al. and Eder
et al.

Siting: We examined the preferential adsorption sites
of the alkanes in the zeolites. For each zeolite a result is
given in the Figs. 5-7 in the form of density distribu-
tions. These distributions are constructed by plotting the
position of the centers of mass of the molecules in the

N A 4

5: movie

simulation box at fixed intervals throughout the simu-
lation. The density of the dots is a measure of the
probability of finding the center of mass of a particular
molecule at a given position.

From these figures we obtain information on the
location of the the adsorption sites. Thus, Fig. 5 shows
the siting of propane in FER at low and high pressure. It
shows that at low loading propane preferentially ad-
sorbs in the small cages, accessible through the 8-ring
windows. At high pressure propane adsorbs in both the
cages and the 10-ring channels. This observation com-
pares nicely to the results of NMR experiments per-
formed by Van Well et al. [32,33]. Similar results were
obtained in the computational part of their study [15,32]
using a slightly different forcefield from the one used in
this study.

In Fig. 6 the undulations in the channels of TON can
be observed as the methane molecules adsorb homoge-
neously throughout the channels. These undulations

(a) 0 kPa

(a) 500 kPa

Fig. 5. Density distribution of propane in FER in the Henry regime (a) and at 500 kPa (b) at 7 = 309 K.
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Fig. 6. Density distribution of methane in TON at 500 kPa, 7= 309 K projected on the bc plane (a) and the ab plane (b).
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Fig. 7. Density distribution of ethane in DON (a) and MTW (b) at 500 kPa, 7 = 309 K.

give rise to incommensurate diffusion of double bran-
ched alkanes, which is highly dependent on the spacing
between the methyl groups [7].

The difference in pore size between the uni-directional
pores of DON and MTW is reflected in the distribution
of adsorbed ethane, as shown in Fig. 7. The pore wall of
MTW forces the ethane molecules to adsorb at the
center of the pore. In DON, the pore is of such a size
that the ethane molecules adsorb to the wall, leaving the
center of the pore unoccupied. This difference in avail-
able space is also reflected in the maximum adsorption
capacity of both zeolites.

4. Conclusions

We use Monte Carlo simulations to study the
adsorption of small alkanes in a series of all-silica zeo-
lites. This series, consisting of FER, TON, MTW and

DON, is of interest because of the wide range of pore
sizes in these zeolites. We focus on whether a well
known model for the zeolite-alkane interactions, para-
meterized using experimental data obtained on the
zeolite MFI, can be used to calculate these adsorption
properties in both low and high pressure regimes. The
results obtained from our simulations show that this
forcefield can indeed accurately reproduce experimental
results from Savitz et al., Eder et al, and Hampson et al.
The only significant deviations between experiments and
our simulations occur in the zeolite FER, but they are
by no means of such an extent that the results become
unusable. For example, we have shown that snapshots
of adsorbed alkanes produced during these simulations
still give an accurate representation of the actual siting
of the molecules inside the pore system. Additionally we
expect results to show correct trends in a direct com-
parison of a series of alkanes and their mixtures ad-
sorbed in FER.
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