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For zeolites such as CHA, LTA, DDR, ERI, AFX, and TSC that consist of cages separated by narrow windows,
the saturation capacities expressed as molecules per cage, ®;,, of linear alcohols and alkanes have
integer values in a certain range of C numbers. In this range, the ©®;,; decreases in a step-wise manner
with increasing chain length. Using Configurational-Bias Monte Carlo simulations, we demonstrate the
potential of separation of binary mixtures of linear chain molecules that exploits the differences in the
O sat. This separation principle can lead to an almost total exclusion of the longer molecule in preference
to the shorter one, as cage saturation conditions are approached.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Adsorption of guest molecules within ordered crystalline mate-
rials such as zeolites (crystalline aluminosilicates), metal-organic
frameworks (MOFs), and zeolitic imidazolate frameworks (ZIFs)
opens up the possibility of separations that are entropy-based.
Many recent publications have shown that mixtures of alkane
isomers can be separated by exploiting differences in the pack-
ing efficiency of molecules within zeolites and MOFs [1-10]. For
example, within the intersecting channel structure of MFI zeolite,
linear alkanes can be packed more efficiently and at high load-
ings 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 [11,12]. Within the box-like channels of MIL-47, the differ-
ences in the packing efficiencies of xylene isomers can be exploited
to achieve separation [13].

The focus in this paper is on separation of mixtures of linear
chain molecules such as alkanes or alcohols; such separations are
important in several contexts in the petroleum and petrochemical
industries. For adsorption in cage-type zeolites, or its ZIF analogs,
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the number of molecules that can be accommodated within a sin-
gle cage is limited. The principle of separation is best understood
by examination of the data presented in Fig. 1 on the saturation
capacities for adsorption of linear alkanes in all-silica zeolites CHA,
ERI, AFX, and LTA-Si, that have cage volumes of 316, 409, 490,
and 743 A3, respectively. We note that for the range of C numbers
considered the saturation loading, ®);,¢, decreases in a step-wise
manner with increasing chain length. Configurational-Bias Monte
Carlo (CBMC) simulations have been recently used to demonstrate
the possibility of separating mixtures of linear alkanes, with 3-6 C
atoms, by exploiting differences in the saturation capacities within
the cages of CHA, AFX, and ERI zeolites [ 14]. This is an entropy-based
separation that favors the shorter molecule in the mixture because
of a higher efficiency of packing within the cages of the zeolites.

The primary objective of the present communication is to
demonstrate the application of the same entropy-based principle
to the separation of linear alcohols in the 1-6 C atom range using
CHA zeolite. We aim to show that experimental data of Daems et al.
[15] on ethanol-n-hexanol separation using CHA zeolite has awider
application potential.

The second objective is to extend the separation principle to
longer linear chain molecules by appropriate, larger, choice of the
cage size using say LTA or TSC zeolites.

The CBMC simulation methodology used in the present work,
along with specification of force fields, structural information (unit
cell sizes, pore volumes, cage volumes), and snapshots showing the
location of equilibrated molecules is provided in Supplementary
data accompanying this publication.
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Fig. 1. Saturation capacities for adsorption of n-alkanes and n-alcohols in CHA, ERI,
AFX, and LTA, at 300 K. The data for n-alkanes in CHA, ERI, and AFX are from Krishna
and van Baten [14]. The data for n-alcohols in CHA are from Fig. 2 of this work. The
data for n-alkanes in LTA are from Fig. 5 of this work.

2. Adsorption of pure n-alcohols in CHA zeolite

We first investigate the potential of CHA for separation of n-
alcohols by performing CBMC simulations of the pure component
isotherms for n-alcohols in the 1-6 C atom range; see Fig. 2. The
continuous solid lines in Fig. 2 are fits using the dual-Langmuir-Sips
isotherm [5,16-18] that relates the loadings ®; to the bulk fluid
phase fugacity fi:
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Fig. 2. CBMC simulations of pure component adsorption isotherms for n-alcohols
in CHA at 300K.

All the six constants in Eq. (1) were fitted to match the CBMC
simulated isotherms. As can be seen the fitted isotherms rep-
resent the CBMC data extremely well over the entire range of
fluid phase fugacities. For any molecule the simulations were
carried out to sufficiently high fugacities, up to 1MPa, till the
component loadings attained a constant plateau in the loadings
indicating that saturation conditions were reached. The satura-
tion capacities, ®; sy, decreases from 5.5 molecules per cage for
methanol to 1 molecule per cage for n-hexanol; see data in Fig. 1.
Except for methanol, the cage capacity at saturation has an inte-
ger value because no n-alcohol or n-alkane molecule can locate
at the window region. A close examination of the CBMC data
show that perhaps the loading for methanol would approach 6 per

n-propanol

b
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»

Fig. 3. Comparison of the snapshots showing the conformations of n-alcohols in CHA at saturation conditions.
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Fig. 4. Comparison of CBMC mixture simulations for (a) methanol-ethanol, (b) ethanol-n-propanol, (c) n-butanol-n-pentanol, (d) n-butanol-n-hexanol, (e) ethanol-n-
hexanol, and (f) n-pentanol-n-hexanol in CHA at 300 K. The partial fugacities in the bulk fluid phase are taken to be equal, i.e. f; =f,. The continuous solid lines represent
calculations of the IAST [19] using dual-Langmuir-Sips fits of pure component isotherms. The range of liquid phase operation is indicated by the shaded region; the transition
between vapor and liquid bulk phase is determined using the Peng-Robinson equation of state.

cage, had the simulations been performed to fugacties exceeding 3. Adsorption of binary mixtures of n-alcohols in CHA

1 MPa. Fig. 3 presents snapshots of the location, and conforma-

tion, of the n-alcohols within the cages of CHA at saturation Consider adsorption of a fluid mixture of methanol and ethanol
conditions. in CHA. The saturation capacities are 5.5 and 4 molecules per cage,
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respectively. CBMC simulations on the component loadings in equi-
librium with an equimolar methanol-ethanol mixture is shown
in Fig. 4a for varying fluid phase partial fugacities, f;. At f; <5 kPa,
the selectivity is in favor of the component with the longer chain
length, ethanol; this is “normal” behavior for mixture adsorption.
However, for f; >5 kPa selectivity reversal occurs and methanol is
preferentially adsorbed due to its higher packing efficiency. An
analogous selectivity reversal is found for ethanol-n-propanol and
n-butanol-n-pentanol mixtures; see Fig. 4b and c.

The shaded regions in Fig. 4 indicate that the bulk fluid phase is
in the liquid phase for the range of fugacities, f;. This region has been
estimated using the Peng-Robinson equation of state. The data indi-
cates that selectivity reversal is ensured when adsorption is from
the liquid phase mixture.

For some mixtures, the entropy based separation principle
can lead to total exclusion of the longer molecule in prefer-
ence to the shorter one, when adsorbing from the liquid phase.
To illustrate this Fig. 4d shows CBMC simulations for n-butanol
(®jsar=2)-n-hexanol (®;s,¢=1) mixtures. For bulk fluid phase
fugacities f;>50KkPa, the adsorption selectivity in favor of the
shorter alcohol and the longer alcohol is virtually excluded from
the cages of CHA. Exclusion is guaranteed when adsorption is from
the liquid phase mixture, shown as the shaded region in Fig. 4d. It
is also interesting to note that the IAST calculations are in almost
perfect agreement with the CBMC simulation data over the entire
range of fugacities.

Selectivity reversal for ethanol (®); g, =4)-n-hexanol (@ =1)
mixtures occurs at slightly higher fugacties f; > 100 kPa; see Fig. 4e.
Further increase in f; progressively favors adsorption of the shorter
ethanol molecule and the longer n-hexanol is virtually excluded
at pressures f; ~1MPa, corresponding to adsorption from the lig-
uid phase. The results presented in Fig. 4e are in broad agreement
with Daems et al. [15] who have presented experimental data on
ethanol-n-hexanol that demonstrate total exclusion of the longer
alcohol when the following two conditions are satisfied: (1) the
adsorption is from a bulk liquid mixture and (2) the liquid mix-
ture contains more than 80% of the longer molecule. A quantitative
agreement is not to be expected because in the experimental work
of Daems et al. [15], the CHA that they used had a Si/Al ratio of
2.59; the presence of cations will have a significant effect on the
adsorption loadings.

For mixtures of n-pentanol (®;s=1)-n-hexanol (®;g,=1),
there is no difference in the saturation capacities and we should
not expect selectivity reversal to occur; the CBMC simulation data
presented in Fig. 4f confirms this expectation.

The continuous solid lines in Fig. 4 are the predictions of the
Ideal Adsorbed Solution Theory (IAST) of Myers and Prausnitz [19]
using pure component isotherm fits using Eq. (1) 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 mixture of two species hav-
ing (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 capacity is invariably preferred. This is due
to the fact that vacant “sites” are more easily filled by the smaller
molecule at near-saturation conditions. Though the predictions of
the IAST are in general qualitative agreement with CBMC simu-
lations, the agreement is not quantitatively good in all case. The
reason for this is that the IAST assumes a homogeneous adsorbed
phase composition throughout the zeolite, which is not realized in
practice. The failure of the IAST due to segregated mixture adsorp-
tion has been stressed in the literature for adsorption in MFI, MOR,
and cage-type zeolites [14,20-22].

A further point to note is that the data in Fig. 4 are analogous
to that for binary mixtures of n-alkanes in CHA; the phenomenon
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Fig. 5. (a-c) CBMC simulations of pure component adsorption isotherms for n-
alkanes in LTA-5A at (a) 300K, (b) 500K, and 589K. Also shown in (c) are the
experimental data of Stach and Fiedler [24].
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equation of state.

of selectivity reversal and exclusion of the longer molecule is valid
for both linear alkanes and alcohols.

4. Extension of entropy concept to higher chain lengths

The same concept can be applied to mixtures of linear alkanes,
and linear alcohols, with chain length considerably larger than 6,
as considered above. For this purpose, we need to choose a zeolite
with the appropriate, higher, capacity. Daems et al. [23] have inves-
tigated in quite considerable detail the potential of LTA-5A, whose
cages are larger in size than for CHA, for separation of n-alkanes in
the 5-24 C atom range. To demonstrate the separation potential,
let us consider the pure component adsorption isotherms for n-
alkanes with C numbers in the 5-13 range in LTA-5A; see Fig. 5a-c.
The first point to note is that the saturation capacities for a given
molecule is the same at 300K and at 500 K; the saturation capac-
ities are shown in Fig. 1. In Fig. 5c, the experimental data of Stach
and Fiedler [24] are compared with the CBMC simulations of nC10
isotherm at 589 K. The agreement is found to be very good. In partic-
ular, it is to be noted that the inflection in the isotherm at a loading
of ®; =1 per cage is well reproduced by the CBMC simulations. On
the basis of this information, it appears feasible that for adsorp-
tion of binary mixtures of nC7 and nC10, nC11, or nC12 alkanes,
the shorter molecule will be favored near saturation conditions.

The experimental data of Sundstrom and Krautz [25], confirms this
expectation.

In the event a linear molecule cannot locate comfortably within
a cage, the fingerprint of this would be found in a maximum value
of the Henry coefficient for the C number, beyond which the Henry
coefficient would decrease [26]. For LTA-5A, n-alkanes consider-
ably longer than 25 C atoms cannot fit into one cage. Therefore, if
it is required to separate longer linear alkanes, as is often required
in the petroleum industry in lube oil processing, we must choose
zeolites with considerably larger cage capacity. The all-silica TSC
zeolite, with a Tschortnerite framework, has the largest cage vol-
ume of any known zeolite [27]. Each unit cell of TSC has four “LTA
type cages” of 743 A3, and four “TSC supercages” of 2553 A3. One
indication of the length of the longest chain molecule that can
be accommodated within a single TSC supercage is to examine
the data on the Henry coefficients; see Fig. 6a. The variation of
the Henry coefficient versus chain length is monotonous till 40
C atoms. This indicates that nC40 molecules can locate comfort-
ably within a single TSC supercage. Simulations were also carried
out to determine the Henry coefficients for linear alkanes with
more than 40 C atoms. These data, available in Supplementary
data accompanying this publication, show that the Henry coeffi-
cient shows a tendency to decrease in value for chain lengths longer
than 60.
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Fig. 6b presents CBMC simulations of pure component isotherms
for n-alkanes in the 21-25 C atom range in TSC at 500 K. The load-
ings are expressed as molecules per TSC supercage, because the
LTA-type cages are too small to accommodate these long chain
alkanes. Generally speaking, the adsorption separation selectivity
for mixtures will be higher when the differences in the satura-
tion capacities on the constituent species is larger. From the data
in Fig. 6b it will be clear that it is not possible to separate nC24
and nC25 on the basis of the entropy principle. The data also indi-
cate that it is possible to separate nC24 and nC25 from mixtures
with nC21, nC22, and nC23 because the differences in saturation
capacities are two molecules per TSC supercage in each case. To
demonstrate this separation potential, in which the shorter chain
is preferred, we carried out CBMC simulations for nC21-nC24, and
nC22-nC25 mixtures. The simulation results are presented in Fig. 6¢
and d, respectively. For both mixtures, as anticipated, adsorption
from a liquid phase will yield adsorbate compositions that are con-
siderably richer in the shorter n-alkane. Also shown in Fig. 6¢ and
d are the predictions of the IAST for the component loadings using
the pure component isotherm fits. The IAST anticipates the correct
trends in the loading, especially the pressures at which selectiv-
ity reversal occurs. Generally speaking the IAST predicts a higher
separation selectivity than obtained on the basis of molecular simu-
lations. The reason for the deviations of IAST and CBMC simulations
is ascribable to the breakdown in the assumption of homogeneous
distribution of the components in the mixture in all cages. Due to
the long chains involved, some cages will have either one or other
component in the mixture.

5. Conclusions

We have used CBMC simulations to show that for adsorp-
tion within the cages of CHA zeolite from liquid phase mixtures
of methanol-ethanol, ethanol-n-propanol, n-butanol-n-hexanol,
and ethanol-n-hexanol is in favor of the shorter alcohol. For the
last two mixtures there is virtual exclusion of the longer alcohol.

The entropy based principle can be extended to longer chain
molecules by choosing appropriate zeolites, such as LTA-5A and
TSC that have higher cage capacities.

The experimental data presented by Daems et al. [15] and
Denayer et al. [28] for separation of linear alkanes and linear
alcohols using CHA provide direct confirmation that the separa-
tion principle discussed in this paper can be realized in practice.
Cage-type zeolites such as CHA, AFX, and ERI could be applied in
purification processes in which traces of smaller linear molecules
have to be removed from mixtures with longer chain molecules.
Such separations are very difficult to realize by conventional sep-
aration techniques such as distillation. Our simulation results for
TSC zeolite show that this separation principle can be applied in
lube oil refining.

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 [29]. Preferentially adsorbing
shorter chains over longer ones offers perspectives with respect to
selective separation processes and chain length selective cracking
reactions [28].
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1. Structural data, force fields used, and simulation methodology

In this work three different types of cage-type zeolites have been investigated.

CHA

The synthesis of the all-silica CHA structure is described in the paper by Olson et al. [1]

LTA-5A (96 Si, 96 Al, 32 Na", 32 Ca™", Si/Al=1)

Zeolite LTA-5A is obtained by replacing 64 sodium monovalent cations from the LTA 4A by 32
bivalent calcium ions in an exchange after synthesis. These cations are preferentially located in 4
crystallographic positions; in the window formed by 8 member ring; in the window of the 6-member
ring; displaced inside a-cage; or in the sodalites displaced into the center of 6-member ring. In this
structure there are no cations inside the windows of the eight-member ring [2]. The cations do not
hinder the inter-cage hopping of guest molecules and MD simulations can be used to determine
diffusivities.

TSC

This all-silica structure, with a Tschortnerite framework, has the largest cage volume of any known
zeolite [3]. The diameter of the TSC supercage is 17 A.

Table 1 gives salient information on the zeolites. The unit cell volume, pore volume fraction, and pore
volume are summarized in Table 2. Table 3 gives information on the cage volumes.

For simulations of adsorption of alcohols in all-silica CHA, the force field implementation follows
that of Kuhn et al.[4], as used in our earlier work [5]. The alcohols are described with the TraPPE force
field [6]. Intramolecular potentials are included to describe the flexibility of alcohols. The bond lengths
are fixed for all molecules. Bond bending, and torsion potentials are taken into consideration [6].

For simulations with linear alkanes with two or more C atoms, 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 force fields of
Dubbeldam et al. was used for the variety of potentials. The force fields information for the simulations

with cations, as for LTA-5A, are taken from Calero et al. [7-10].



The Lennard-Jones potentials are shifted and cut at 12 A. The CHA frameworks were considered to
be rigid in all the simulation results reported in this article.

The Configurational-Bias Monte Carlo (CBMC) simulation technique used is identical to that used in
earlier publications [4, 7-11], and is described in detail by Frenkel and Smit[12].

The pore volumes were determined using the helium insertion technique of Talu and Myers [13].
Table 4 gives the force field for interaction of He with the O atoms in the zeolite structure required in

these simulations.

2. Determination of pore volume fraction
The pore volume is determined using a simulation of a single helium molecule at the reference
temperature 7' [14-16]. The simulation details are provided in the Supporting Information accompanying

our earlier publication [5].

3. Snapshots and Simulation results
The Figures following this Supporting Information document contain: pore landscapes, and snapshots
showing the location of alcohol, and alkane molecules within the cages of CHA, LTA-5A, and TSC.

Also presented are the CBMC simulation data for pure components and mixtures.
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Table 1. Salient information on zeolite structures. The channel and window sizes that are quoted here

are taken from the IZA website [17]. Please note that these sizes are for indicative purposes only. For

cage-type zeolites the cage sizes were calculated after determining the pore volume from molecular

simulations; these values are not available in the IZA atlas.

Zeolite Channel or window size/ A

LTA-Si 743.05 A’ size cages separated by 4.11 A x 4.47 A size windows. The sodalite cages are blocked in
simulations and are not accessible to guest molecules.

CHA 316.4 A’ size cages separated by 3.77 A x 4.23 A size windows.

LTA-5A 703 A size cages separated by 4 A x 4.58 A size windows. The sodalite cages are blocked in simulations and
are not accessible to guest molecules.

ERI 408.7 A’ size cages separated by 3.8 A x 4.9 A size windows

AFX 490 A’ size cages connected to pockets of 98 A’ in size. Cages are separated by 3.4 A x 3.9 A size windows.

TSC Two types of cages: LTA-type of 743.05 A’ and TSC-supercage of 2552.6 A’size. Two types of 8-ring

windows: 4.02 A x 4.17 A and 3.1 A x 5.41 A. The sodalite cages are blocked in simulations and are not
accessible to guest molecules; these are excluded for pore volume determination.




Table 2. Unit cell dimensions, unit cell volumes, pore volumes of various all-silica zeolites. Also
indicated are the framework density, p (expressed as kg per m® framework), the factor to convert from
molecules per unit cell to kmol/m® of accessible pore volume. Please also note that for all the structures
listed here below have orthorhombic unit cells, i.e. with the angles = 90°, = 90°, = 90°. For CHA
the original structure is monoclinic. We use orthorhombic re-constructs with different unit cell sizes (i.e.
larger). The unit cell sizes therefore do not correspond in all cases to those reported in the IZA atlas

website[17].

Structure | a / b/ c/ Unit Pore Fractional | Pore Framework | Conversion
cell volume | pore volume/ | density/ factor
volume/ | per unit | volume, ¢

A A A cell/
A3 cm’/g kg/m’
Al

CHA 15.08 | 2391 | 13.80 | 4974.57 1898.40 0.382 0.264 1444.10 0.8747

LTA-5A 24.56 | 24.56 | 24.56 | 14805.39 | 5620.41 0.38 0.25 1508.38 0.2955

TSC 30.74 | 30.74 | 30.74 | 29053.36 | 13182.60 | 0.454 0.344 1318.73 0.1260




Table 3. Cage volume for cage-type zeolites. The cage sizes were calculated after determining the pore
volume from molecular simulations; these values are not available in the IZA atlas. Also indicated is the

diameter of a equivalent sphere with the same cage volume.

Structure Pore Volume per cage/ | Cage diameter/
volume per
unit cell/
A A
A3
LTA-Si (all silica) 5944.38 743.05 11.23
LTA-5A 5620.4 702.56 11.03
CHA 1898.40 316.4 8.45
ERI 1635.01 408.7 9.21
AFX 2352.45 490
Pockets are 98
A’ in size
TSC 13182.60
=4 “LTA-cages”
and 4 “TSC-supercages” 2552.6 16.96




Table 4. Lennard-Jones parameters used to determine the pore volume in CHA. The He-He parameters
are from Table 1 of the paper by Talu and Myers [13]. The interaction parameters for interaction of He
with the O atoms of zeolite frameworks is from Table 1 of Talu and Myers [13]

(pseudo-) atom | Atom- Atom-
atom atom
ol A ehe ! K

He - He 2.64 10.9

He-O 2.952 28




All-silica
CHA



To convert from molecules per unit cell to mol kg-!, multiply by 0.2311.
The pore volume is 0.264 cm3/g.

Snapshot of

CH,




CHA window dimensions

CHA

The window dimensions calculated using the van der
Waals diameter of framework atoms = 2.7 A are
indicated above by the arrows.



CHA CBMC simulation of methanol isotherm at 300 K
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CHA CBMC simulation of ethanol isotherm at 300 K
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CHA CBMC simulation of n-propanol isotherm at 300 K

Snapshot of n-propanol in CHA
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CHA CBMC simulation of n-butanol isotherm at 300 K

Snapshot of n-butanol in CHA
f=1x103 Pa, T=300 K
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CHA CBMC simulation of n-pentanol isotherm at 300 K

Snapshot of n-pentanol in CHA
f=5Pa, T=300K
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CHA CBMC simulation of n-hexanol isotherm at 300 K

Snapshot of n-hexanol in CHA
f=10Pa, T=300 K
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CHA CBMC simulations for methanol-ethanol mixture
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CHA CBMC simulations for ethanol-n-propanol mixture
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CHA CBMC simulations for butanol-n-pentanol mixture
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CHA CBMC simulations for butanol-n-hexanol mixture

Component loading, ©, / molecules per cage
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CHA CBMC simulations for ethanol-n-hexanol mixture

Component loading, ®, / molecules per cage
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CHA CBMC simulations for pentanol-n-hexanol mixture
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LTA-5A
with cations



LTA-5A

To convert from molecules per unit cell to mol kg-!, multiply by 0.074358.

The pore volume is 0.252 cm?3/g.

LTA-5A (32 Na*, 32 Ca**)

A

LTA-5A

The window dimension calculated using the van
der Waals diameter of framework atoms = 2.7 A is
indicated above by the arrow.



LTA-5A, snapshots of single n-alkane molecules
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Loading / molecules per LTAcage
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Loading / molecules per LTAcage
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Loading / molecules per LTAcage
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Loading / molecules per LTAcage
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Loading / molecules per LTAcage
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LTA (all-silica), 300 K,
nC14, 0.1 kPa




LTA(all-silica), 500 K, nC25, 100 kPa
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LTA'5A CBMC simulations of pure component isotherms
at 300 K, and 500 K
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LTA'5A CBMC simulations of pure component isotherm of nC10
compared with published experimental data at 589 K

2.0

S | —@— Stach expt data

8 - —A— CBMC

ﬁ: L

H 15 i

@

[oR

[}

o L

E 10 -

o

€

@'_ L

83 0.5 K n-C10;

S LTA-5A; 589 K;

9 Expt data vs CBMC
00 A Lol Lol Lol Lol Lo

10° 102 103 104 10° 108

Bulk fluid phase fugacity, £,/ Pa



3.0

25

2.0

1.5

1.0

0.5

Loading, ©,/ molecules per LTAcage

0.0

CBMC simulations

r A  nC10

r O nC7

B dual-Langmuir-

F Sips fits

L pure component
[ isotherms;

r n-alkanes;

C LTA-5A; 300 K;

10%10710°10°10410310210" 10° 10" 10?

Bulk fluid phase fugacity / Pa

IAST predictions are compared with CBMC mixture
simulations

3.0

2.5

2.0

1.5

1.0

0.5

Loading, ®,/ molecules per LTAcage

0.0 -

—A— nC10

—0— nC7
— |AST

nC7-nC10;
f,=f,; LTA-5A; 300 K
CBMC simulations

| | —

107 10 105 10% 108 102

Partial fluid phase fugacity, ./ Pa

CBMC simulations of pure component isotherms along with
dual-Langmuir-Sips fits

The IAST calculations are on the basis of pure component

isotherms;

LTA-5A, 300 K,
NnC7-nC10 mixture

Loading, ®;/ molecules per LTAcage

3.0

2.5

2.0

1.5

1.0

0.5

— IAST

nC7-nC10;
f,=f,; LTA-5A; 300 K
CBMC simulations

0.0
10°

102 10 10* 105 10® 107

Partial fluid phase fugacity, ./ Pa

108



Loading / molecules per LTAcage

20

1.5

1.0 -

0.5

pure component
isotherms;
n-alkanes;
LTA-5A; 500 K;
CBMC simulations

v | | | | | ]
v

0.0 V-0
102 10"

10° 10" 102 10° 10* 10% 106

Bulk fluid phase fugacity / Pa

The IAST calculations are on the basis of pure component
isotherms; these do not anticipate selectivity reversal

LTA-5A, 500 K,

NnC9-nC10 mixture

Loading / molecules per LTAcage

1.4

1.2

1.0

0.8

0.6

0.4

A nC10
v nC9 AA
— IAST

nC9-nC10 mixture;
f,=f,; LTA-5A; 500 K
CBMC simulations

10" 10° 10" 102 10% 10* 10°

Partial fluid phase fugacity, ./ Pa



All-silica
TSC



onvert from molecules per unit cell to mol kg-*, multiply by 0.0433.
ore volume is 0.344 cm?3/g.

Unit cell
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plane of
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) 2y
.
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TSC window dimensions

TSC

(superc-arng cage) (supercage - pocket)

The window dimension calculated using the van der Waals diameter of framework atoms = 2.7 A are indicated above by the
arrows. It is likely that the pockets are inaccessible due to the narrow constriction of 3.09 A.



TSC, 300 K,
nC6, 2000 kPa

TSC, 300 K,
nC6, 20 kPa




TSC, 300 K,

nC7, 100 kPa



TSC, 500 K,
nC21. 2000 kPa

TSC, 500 K,

nC21, 500 kPa




TSC, 500 K,
nC22, 5000 kPa

TSC, 500 K,
nC22, 20 kPa



TSC, 500 K,
nC23, 2000 kPa

TSC, 500 K,
nC23, 10 kPa
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TSC, 500 K,
nC24, 5 kPa
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The data shown in Figure 6a of the manuscript only extends to 40 C atoms. The complete simulation data are presented here.



CBMC simulations of isotherms of pure n-alkanes in TSC
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The loadings are expressed both in terms of molecules per unit cell, and molecules per TSC supercage
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Component loading / molecules per unit cell

Component loading / molecules per unit cell

16

14

12

10

pure component
isotherms;
n-alkanes;

TSC; 500 K

o' 10° 10" 102 10% 10* 105 10® 107

Bulk fluid phase fugacity / Pa

The IAST calculations are on the basis of pure component isotherms

The loadings are expressed both in terms of molecules per unit cell, and molecules per TSC supercage

16 4 -

| @® nC25
14 ® nC25 | v nC22
v nC22 - —— IAST

12 F —— IAST 3

vvv v \AA A%

10 £ nc22-nC25 mixture:

f,=f,; TSC; 500 K

 nC22-nC25 mixture;
- f,=f,, TSC; 500 K

TSC, 500 K,
nC22-nC25 mixture 0

10" 10° 10" 102 10% 10* 105 108 107 10" 10° 10" 102 10% 10* 10% 108 107

v v

v v

Loading, ©,/ molecules per TSC supercage
N

Partial fluid phase fugacity, ./ Pa Partial fluid phase fugacity, ./ Pa



Loading / molecules per unit cell

5-components;

C n-alkanes;
- f,=f,=f,=f,=f,
- _@— nC25 TSC; 500 K
- —m— nC24
L —A— nC23
- —v— nC22
- —O— nC21
- ‘
7\\\\\ T T W NN WY | S A Wi
10" 10° 10" 102 10° 10* 10° 10°

Partial fluid phase fugacity, . / Pa

107

Loading / molecules per unit cell

5-components
n-alkanes;
f,=f,=f,=f,=f,
TSC; 500 K

T1tee

'J //////////////////////////l//\"\ S
‘/ZL’L@@//// <<<<<<<\<<\\\\\\

o' 10° 10' 102 10%® 10* 105 108 107

Total fluid mixture fugacity / Pa

These are IAST predictions of loadings for

5-component mixture



All-silica
LTA-SI



To convert from molecules per unit cell to mol kg-', multiply by 0.086683.
The pore volume is 0.310 cm?/g.




LTA-Si landscapes

If pockets are not blocked guest
molecules occupy the inaccessible
sodalite cages.

See Krishna, R.; van Baten, J. M.
Langmuir 2010, 26, 2975-2978.

4.1 A windows Ly m 78A cages




LTA-Si window dimensions

The window dimension calculated using the van
der Waals diameter of framework atoms = 2.7 A is
indicated above by the arrows.
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LTA (all-silica),
300 K, nC8, 100000 kPa



LTA (all-silica), 300 K, nC9,
5000 kPa



LTA (all-silica), 300 K, nC10,
10000 kPa



LTA (all-silica), 300 K, nC11,
10 kPa



LTA (all-silica), 300 K, nC12,
10 kPa



LTA (all-silica), 300 K, nC13, 10 kPa



LTA (all-silica), 300 K, nC14, 0.1 kPa



LTA(all-silica), 500 K, nC25, 100 kPa



LTA(all-silica), 500 K, nC25, 20000 kPa



ERI

—

z-direction

To convert from molecules per unit cell to mol kg-', multiply by 0.23115.
The pore volume is 0.2275 cm?3/g.



ERI| window dimensions

The window dimensions calculated using the van
der Waals diameter of framework atoms = 2.7 A
are indicated above by arrows.



ERI CBMC simulations for pure component isotherms
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AFX pore landscape
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To convert from molecules per unit cell to mol kg-*, multiply by 0.1734.
The pore volume is 0.2456 cm3/g.



AFX window sizes

AFX

The window dimension calculated using the van der Waals diameter of framework atoms = 2.7 A are
indicated above by the arrows.



AFX CBMC simulations for pure component isotherms

Loading, ® / molecules per cage

Loading, ® / molecules per cage

102 10" 10° 11 102 10® 10* 105 10° 107 108 10° 10'0 10"

Sr
ar
3¢
2¢
1
- CBMC simulations;
L oS 0. pure n-alkanes; 300 K; AFX
0 VLSO DL

Bulk fluid phase fugacity, f/Pa

CBMC simulations;
pure n-alkanes; 300 K; CHA

04 T S SO N Y R |
10*10510610710810%10"0"™0'10'410'40'¥0"®

Bulk fluid phase fugacity, f/Pa

Saturation loading, ®,, / molecules per cage

—— Simulations, AFX

n-alkanes;
300 K

o

C number of n-alkane



	krishna_van_baten_Sep&PurifTechnol_2011
	Entropy-based separation of linear chain molecules by exploiting differences in the saturation capacities in cage-type zeo...
	Introduction
	Adsorption of pure n-alcohols in CHA zeolite
	Adsorption of binary mixtures of n-alcohols in CHA
	Extension of entropy concept to higher chain lengths
	Conclusions
	Acknowledgements
	Supplementary data
	Supplementary data


	SupplementaryMaterial
	appendix_A_alcohols_text
	appendix_A_alcohols_figures.pdf


