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Abstract

The saturation capacity of n-alkanes in CHA, AFX and ERI zeolites, that consist of cages separated by windows, decreases with increasing
carbon number. The major aim of the present communication is to demonstrate the possibility of separating n-alkane mixtures relying on differences
in saturation capacities. To investigate this possibility, Configurational-Bias Monte Carlo simulations for adsorption of C3-nC6, nC4-nC6, and
nC5-nC6 mixtures in CHA, AFX and ERI were carried out for equimolar bulk fluid phase. These mixture simulations show that for operation
at fluid phase fugacities below about 1 MPa, the adsorbed phase in equilibrium with the bulk vapor phase is predominantly the alkane with the
longer chain length, i.e. nC6. However, for operation at pressures in excess of 1 MPa, the adsorbed phase in equilibrium with the bulk /iguid phase
is richer in the component with the smaller chain length. In some cases, the nC6 is practically excluded from the zeolite.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The separation of mixtures of alkanes is important in several
contexts in the petroleum and petrochemical industries. Many
recent publications have shown that mixtures of alkane isomers
can be separated by exploiting differences in the packing effi-
ciency of molecules within zeolite structures [1-4]. Within the
intersecting channel structure of MFI zeolite, linear alkanes
can be packed more efficiently and at high loadings branched
isomers can be virtually excluded from the zeolite [1]. In one-
dimensional channel structures of AFI, and MOR zeolites, the
branched alkanes have a higher packing efficiency due to their
smaller “footprint” and the linear alkanes can be excluded at
high loadings [5,6]. The focus in this paper is on separation
of mixtures of linear alkanes. The major aim is to develop a
principle of separation that relies on differences in the packing
efficiency of n-alkanes within cages of zeolite structures. We
use Configurational-Bias Monte Carlo (CBMC) simulations in
order to demonstrate this separation principle for mixtures of
linear C3—C6 alkanes using CHA, AFX and ERI all-silica zeo-
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lites. The details of the CBMC simulation strategy are given
in the Supplementary Data accompanying this publication. The
accuracy of the CBMC simulation technique to calculate the
adsorption isotherms in a variety of zeolites has already been
established in several earlier studies [1,7,8].

2. Adsorption of pure n-alkanes

We first investigate the potential of CHA for separation of
n-alkanes by performing CBMC simulations of the pure compo-
nent isotherms for n-alkanes, carried out to gas phase fugacities
high enough to ensure that saturation of the cages is realized;
see Fig. 1. The saturation capacities, ®gy, decreases from six
molecules per cage for methane (C1) to one molecule per cage
for n-octane (nC8), in fair agreement with the experimental data
of Daems et al. [9]; see Fig. 2. A perfect agreement is not to be
expected because in the experimental work of Daems et al. [9],
the CHA that they used had a Si/Al ratio of 2.59. The presence
of cations within the zeolite will have a quantitative influence on
the adsorption characteristics, but will not alter the separation
principle to be developed below. Fig. 3 presents snapshots of the
location, and conformation, of the n-alkanes within the cages of
CHA at saturation conditions. We note that in all cases, there
appears to be no n-alkane molecules at the window between two
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Fig. 1. CBMC simulations of pure component adsorption isotherms for n-
alkanes in CHA at 300 K.

cages and, therefore, the cage capacity at saturation must be an
integral number.

The pure component isotherms of n-alkanes in AFX, and ERI
are shown in Fig. 4a and b. The cage capacity for these zeolites is
slightly larger than that of CHA. Fig. 5 compares the snapshots
of the conformation of nC6 alkane molecules within the cages of
CHA, ERI and AFX zeolites and demonstrates the differences
in the cage capacities of these zeolites. Each cage of AFX has
is connected to a small side pocket; these side pockets can be
inhabited by C3 and nC4 at extremely high fugacities but not
by higher alkanes. As in the case of CHA, the saturation cage
capacities for AFX and ERI have an integral value because an
n-alkane cannot straddle two cages. For LTA zeolite, where the
window sizes are somewhat larger, 4-5 A in size, an n-alkane
molecule can straddle two cages [10]; and the saturation capacity
can have non-integer values.

The pure component isotherms for CHA, AFX, and ERI
were fitted with a three-site Langmuir model; see Supplementary
Data. We demonstrate below that differences in saturation capac-
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Fig. 2. Saturation capacities for adsorption n-alkanes in CHA at 300 K. The
CBMC simulation results are compared with the experimental data of Daems et
al. [9].

ities cause selectivity reversal during mixture adsorption and that
this effect can be exploited for separation purposes.

3. Adsorption of binary mixtures of n-alkanes

Consider adsorption of a fluid mixture of C1 and C2 in
CHA. The saturation capacities are six and five molecules
per cage, respectively. CBMC simulations on the component
loadings in equilibrium with an equimolar C1-C2 mixture is
shown in Fig. 6a for varying fluid phase partial fugacities, f;.
At f; < 103 Pa, the selectivity is in favor of the component with
the longer chain length, C2. However, for f, > 108 Pa selectivity
reversal occurs and the smaller chain length, i.e. C1, is pref-

S8
A

Fig. 3. Comparison of the snapshots showing the conformations of n-alkanes in CHA at saturation conditions.
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Fig. 4. CBMC simulations of pure component adsorption isotherms for n-
alkanes in (a) AFX, and (b) ERI at 300 K.

erentially adsorbed due to its higher packing efficiency. An
analogous selectivity reversal is found for a mixture of C2 and
C3; see Fig. 6b. The continuous solid lines in Fig. 6 are the
predictions of the Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz [11] using pure component isotherm fits
as input data. The IAST calculations have been presented here
to demonstrate that selectivity reversal is not an unexpected
phenomenon, but is a natural result that is obtained for a mix-
ture of two species having (1) lower adsorption strength, but
higher saturation capacity, and (2) higher adsorption strength,

but lower saturation capacity. When saturation conditions are
approached the component with the higher saturation capac-
ity is invariably preferred. This is due to the fact that vacant
“sites” are more easily filled by the smaller molecule at near-
saturation conditions. The selectivity reversals observed for
C1-C2, and C2-C3 mixtures in CHA are however difficult to
exploit because the pressures required are prohibitively high, i.e.
>10% Pa.

For mixtures with longer chain lengths, the selectivity rever-
sal occurs at pressures that are relatively easier to achieve in
practice. CBMC simulations for the component loadings in equi-
librium with equimolar C3-1nC6, nC4-nC6, and nC5-nC6 fluid
mixtures and CHA are shown in Fig. 7a—c. For these mix-
tures, for operation at fugacities f; < 10° Pa corresponding to
bulk vapor phase, the adsorption is selective to the component
with the longer chain length, i.e. nC6. However, for operation
at fugacities f; > 10° Pa, corresponding to bulk /iguid phase, the
adsorption in CHA favors the component with the smaller chain
length. If the pressures are sufficiently high, say >108 Pa the nC6
is virtually excluded from the zeolite. This exclusion is almost
complete for C3—nC6 and nC4-nC6 mixtures. If the saturation
capacities are equal, as is the case for nC4 and nC5 in CHA, no
selectivity reversal is possible.

In a recent communication, Daems et al. [9] have demon-
strated that adsorption of linear alcohols in CHA zeolite from
the liquid phase is selective to the component with the smaller
chain length, i.e. the longer molecule can be excluded. They have
presented experimental data on ethanol — hexanol to demonstrate
this separation principle. The fundamental principle behind
exclusion of hexanol is precisely analogous to that of exclusion
on nC6 alkane as witnessed in Fig. 7.

Analogous selectivity reversals also occur for C3-nC6,
nC4-nC6, and nC5-nC6 mixtures in equilibrium with AFX, and
ERI zeolites; see the CBMC simulation results in Figs. 8 and 9.
Almost complete exclusion of nC6 from nC4-nC6 mixtures is
possible with AFX zeolite.

For comparison purposes, let us consider the separation of
nC4 and nC6 using the intersecting channel structure of MFI. In
MFI, the difference in Ogy is only 0.35 mol/kg as compared with
1.38 mol/kg for CHA. As a consequence, no selectivity reversal
is observed with MFI even at f, = 10'9 Pa. Use of “footprint”
differences of nC4 and nC6 within the one dimensional channels

Fig. 5. Snapshots showing the conformation and location of nC6 inside the cages of CHA, ERI, and AFX zeolites at saturation conditions and 300 K.
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accompanying this publication.
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Fig. 7. CBMC simulations for the component loadings in CHA in equilibrium with equimolar (a) C3-nC6, (b) nC4-nC6, and (c) nC4-nC6 fluid mixtures. The
continuous solid lines represent calculations of the IAST [11]. The region of liquid phase operation is indicated by the coloured bar; the transition between vapor

and liquid bulk phase is determined using the Peng—Robinson equation of state.

of MOR leads to a difference in Oy, of nC4 and nC6 of only
0.33 mol/kg. Neither MFI, nor MOR, can be used for separating
nC4 and nC6.

As regards the use of other cage type zeolites, it should be
noted in DDR the cage capacity is limited and therefore not
effective for the mixtures investigated in this paper. In LTA, an
n-alkane chain can either straddle two cages or nestle within a
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cage; such differences can be exploited for separation purposes
[10].

The continuous solid lines in Figs. 7-9 represent calculations
of the IAST [11] using three-site Langmuir fits of pure compo-
nent isotherms. The IAST is able to predict the correct fugacity
at which selectivity reversal occurs in most cases reasonably
accurately. However, the component loadings are not predicted
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Fig. 8. CBMC simulations for the component loadings in AFX in equilibrium with equimolar (a) C3-nC6, (b) nC4-nC6, and (c) nC4-nC6 fluid mixtures. The

continuous solid lines represent calculations of the IAST [11].
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Fig. 9. CBMC simulations for the component loadings in ERI in equilibrium with equimolar (a) C3-nC6, (b) nC4-nC6, and (c) nC4-nC6 fluid mixtures. The

continuous solid lines represent calculations of the IAST [11].

very accurately. The reason for this is due to the segregated
nature of adsorption of mixtures containing C3, nC4, nC5 and
nC6 alkanes. For illustration purposes, Fig. 10 shows snapshots
of the location of nC4 and nC6 molecules in a binary mixture
in AFX and ERI zeolites at partial fugacities of 100 kPa. Some
cages contain two nC6 molecules. In other cages, we have one
molecule each of #C4 and nC6. The IAST assumes a homoge-
neous adsorbed phase composition throughout the zeolite, which

Fig. 10. Snapshots showing the conformation and location of nC4 and nC6
molecules in (a) AFX, and (b) ERI zeolites at partial fugacities f; =f> = 100 kPa
and 300 K.

is not realized in practice. The failure of the IAST due to segre-
gated mixture adsorption has been stressed in the literature for
adsorption in MFI and MOR zeolites [12,13].

Though the focus in the paper has been on n-alkanes, the
same separation principle applies to n-alkene separations. As
shown in the Supplementary Data, the cage capacities of n-
alkenes within CHA are the same as that of the corresponding
n-alkanes.

4. Conclusions

We have used CBMC simulations to show that for adsorp-
tion in the liquid phase of C3-nC6, nC4-nC6, and nC5-nC6
mixtures in CHA, AFX and ERI, the adsorbed phase is richer
in the component with the smaller chain length. In some cases,
at high enough fugacities the nC6 can be virtually excluded
from the zeolite. This principle of separation of linear alkanes
needs to be experimentally confirmed before it can be exploited
in practice. From a practical point of view we need to develop
an equilibrium-based separation rather than a rate-based one
because diffusional limitations are likely to be important in view
of the small dimensions of the windows separating the cages of
CHA, AFX and ERI.

Though the emphasis of this paper has been on separation, the
differences in the cage capacity of n-alkanes have implications
in catalytic conversion processes as well [14].
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Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.seppur.2007.09.008.
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1. CBMC simulations methodology

CBMC simulations have been carried out to determine the adsorption isotherms for normal alkanes,
and their mixtures in CHA, AFX and ERI zeolites (all silica version) at 300 K; the crystallographic data
are available elsewhere[1, 2]. We use the united atom model. The zeolite framework is considered to be
rigid. We consider the CHy groups as single, chargeless interaction centers with their own effective
potentials. The beads in the chain are connected by harmonic bonding potentials. A harmonic cosine
bending potential models the bond bending between three neighboring beads, a Ryckaert-Bellemans
potential controls the torsion angle. The beads in a chain separated by more than three bonds interact
with each other through a Lennard-Jones potential. The Lennard-Jones potentials are shifted and cut at
12 A. The CBMC simulation details, along with the force fields have been given in detail in earlier
publications[3, 4]. The simulation box consists of 2x2x2 unit cells for CHA, AFX and ERI. Periodic
boundary conditions were employed. It was verified that the size of the simulation box was large
enough to yield reliable data on adsorption.

The CBMC simulations were performed using the BIGMAC code developed by T.J.H. Vlugt[5] as

basis.

2. CBMC simulations of pure component isotherms
The pure component isotherm simulations were carried out for high enough fugacities in the bulk
fluid phase to ensure that the zeolite had reached saturation conditions. Snapshots showing the
conformation of the n-alkanes in CHA are shown in Figures 1 - 8, along with the pure component
isotherms. Snapshots, and CBMC simulated pure component isotherms for ERI and AFX zeolites are
presented in Figures 9- 19.
Table 1 presents the 3-site Langmuir fits of the pure component isotherms for linear alkanes.

— Gsat,AbAf + Gsat,Bbe + ®sat,CbCf
1+b,f 1+b,f 1+b.f

(1)



For AFX, C3 and nC4 can locate in the side pockets. These loadings are merged to the cage

capacities indicated in Table 1.

The use of the 3-site Langmuir isotherm must be viewed purely as empirical “fits” of the CBMC

simulation data. No physical interpretation is to be given to the individual “sites”.

Simulations were also carried out for ethene (see Fig 20), propene (see Fig 21), and 1-butene (see Fig

22) in CHA. The alkenes force field was from Ban et al.[6]. The saturation capacities of n-alkenes are

the same as those of the n-alkanes with the same C-number. This result is not unexpected.

[1]
[2]
[3]

[4]
[5]
[6]
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Table 1. Three-site Langmuir parameters for pure component isotherms at 300 K. The saturation
capacity O, has the units of molecules per cage. The Langmuir parameters b;, have the units of

Pa’.

Zeolite Molecule | Temperature, Three-Site Langmuir parameters
T/K bA Gsat,A b B Gsat,B b C ®sat,C

CHA Cl 300 1.6x10° | 2.09 224x10° | 3.08 5.58x10™"" | (.83
CHA C2 300 228x10° | 2 1.66x10° | 2 2.11x10™ | 1
CHA C3 300 1.45x10* | 2 1.79x10" | 0.8 5.88x10M | 1.2
CHA nC4 300 1.27x107 1.3 9.81x10% | 0.07 1.21x10* | 0.63
CHA nC5 300 1.52x107 1 6.07x10”7 1 - -
CHA nCé6 300 9.02x10% | 1 - -
AFX C3 300 1.77x10* | 3 1.69x10° 1 7.28x10"° | 1
AFX nC4 300 721x10* | 3 7.49x10° 1 -
AFX nC5 300 7.81x10° | 1.5 6.64x10° | 0.5 6.26x10° | 1
AFX nCé6 300 8.58x107 1 3.42x10™ 1 -
ERI C3 300 1.16x10° | 2 6.92x107 1 R
ERI nC4 300 438x10° |2 2.87x107 1 -
ERI nC5 300 6.88x107 1 1.2x10™ 1 - -
ERI nCé6 300 742107 | ] 4.08x10% | 0.5 445x10° [ 0.5




4. Captions for Figures

Figure 1. Snapshot of C1 at saturation in CHA, and CBMC simulated isotherm.
Figure 2. Snapshot of C2 at saturation in CHA, and CBMC simulated isotherm.
Figure 3. Snapshot of C3 at saturation in CHA, and CBMC simulated isotherm.
Figure 4. Snapshot of nC4 at saturation in CHA, and CBMC simulated isotherm.
Figure 5. Snapshot of nC5 at saturation in CHA, and CBMC simulated isotherm.
Figure 6. Snapshot of nC6 at saturation in CHA, and CBMC simulated isotherm.
Figure 7. Snapshot of nC7 at saturation in CHA, and CBMC simulated isotherm.
Figure 8. Snapshot of nC8 at saturation in CHA, and CBMC simulated isotherm.
Figure 9. Snapshot of C3 at saturation in ERI, and CBMC simulated isotherm.
Figure 10. Snapshot of C3 at saturation in ERI, and CBMC simulated isotherm.
Figure 11. Snapshot of nC5 at saturation in ERI, and CBMC simulated isotherm.
Figure 12. Snapshot of nC6 at saturation in ERI, and CBMC simulated isotherm.
Figure 13. Snapshot of nC7 at saturation in ERI, and CBMC simulated isotherm.
Figure 14. Snapshot of C3 at saturation in AFX, and CBMC simulated isotherm.
Figure 15. Snapshot of nC4 at saturation in AFX, and CBMC simulated isotherm.

Figure 16. Snapshot of nC5 at saturation in AFX, and CBMC simulated isotherm.



Figure 17. Snapshot of nC6 at saturation in AFX, and CBMC simulated isotherm.

Figure 18. Snapshot of nC7 at saturation in AFX, and CBMC simulated isotherm.

Figure 19. Snapshot of nC8 at saturation in AFX, and CBMC simulated isotherm.

Figure 20. Snapshot of ethene at saturation in CHA, and CBMC simulated isotherm.

Figure 21. Snapshot of propene at saturation in CHA, and CBMC simulated isotherm.

Figure 22. Snapshot of 1-butene at saturation in CHA, and CBMC simulated isotherm.
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Snapshot of C2 in CHA
f=5x10" Pa, T=300 K
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Figure 3

Snapshot of C3 in CHA
f=1x1020 Pa, T =300 K
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Figure 4

Snapshot of nC4 in CHA
f=2x108 Pa, T=300 K
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Figure 5

Snapshot of nC5 in CHA
f=1x108 Pa, T =300 K
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Figure 6

Snapshot of nC6 in CHA
f=1x10°Pa, T=300 K
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Figure 7

Snapshot of nC7 in CHA
f=5x104Pa, T=300 K
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Figure 8

Snapshot of nC8 in CHA
f=3x103Pa, T=300 K
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Figure 12
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Figure 13
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Figure 14
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Figure 15

Snapshot of nC4
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Figure 16

Snapshot of nC5
f=1x108 Pa, T = 300 K;
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Figure 17
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Figure 18

CBMC simulations;
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Snapshot of nC7
f=2x102 Pa, T =300 K;
AFX

Loading, © / molecules per cage

102 10 100 10° 102 103 10* 10°

Bulk fluid phase fugacity, f/Pa



Figure 19

Snapshot of nC8
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Figure 20

Snapshot of ethene in CHA
f=5x10" Pa, T=300 K
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Figure 21

Snapshot of propene in CHA
f=5x10"Pa, T=300 K
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Figure 22

Snapshot of 1-butene in CHA
f=5x10"Pa, T=300 K
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