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Abstract

Recent developments in Monte Carlo (MC) simulation techniques have enabled the accurate calculation of sorption isotherms of a variety of
molecules in zeolites. Using the example of separation of isomers of hexane we demonstrate the power of MC simulations for screening of zeolite
adsorbents for maximum separation selectivity. The simulations underline the exploitation of entropy effects during mixture sorption
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1. Introduction

Zeolites are crystalline nanoporous materials that are widely
used in the chemical industry as catalysts and adsorbents [1].
Zeolite crystals are incorporated into binders and used in the
form of pellets in fixed or (simulated) moving bed reactors.
Alternatively, zeolite crystals are coated on to a porous mem-
brane support and used in (catalytic) membrane reactors and
separation devices. More than 180 zeolite structures are known
[2]; Fig. 1 shows some common topologies. AFI, MOR and LTL,
consist essentially of uni-dimensional channels; MOR also has
side pockets. MFL, ISV and BEA have intersecting channel struc-
tures. FAU, LTA, CHA and DDR consist of cages that connect
to one another through windows; these windows may be large
(FAU), or narrow (LTA, CHA, DDR). For any given separation
or reaction duty, there is an optimum zeolite structure offering
the maximum selectivity or reactivity; arriving at this optimum
zeolite by experiments is often a demanding and time consuming
exercise.

Recent development in Monte Carlo (MC) simulation tech-
niques, coupled with the availability of high performance
computing facilities, have enabled the determination of the
adsorption characteristics of a variety of molecules in differ-
ent zeolites with a reasonable degree of accuracy and reliability
[3-7]. The major objective of this paper is to illustrate the poten-
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tial of MC simulations in screening zeolites by considering an
example of current interest, i.e. the separation of hexane iso-
mers. We demonstrate that molecular simulations can provide
insights into adsorption mechanisms, siting and orientation of
molecules that are not available from experiments alone. Fur-
thermore it is demonstrated how entropy effects during mixture
sorption can be exploited to obtain maximum sorption selectiv-
ities. Such insights allow the development of more fundamental
models for process design.

2. Separation of hexane isomers

Isomerization of alkanes, for the purposes of octane improve-
ment, is a process of increasing importance in the petroleum
industry [8-10]. Fig. 2a shows an example of a process
for isomerization of n-hexane (nC6). The product from the
isomerization reactor, that commonly uses MOR as cata-
lyst, consists of an equilibrium distribution of unreacted
nC6, along with its mono-branched isomers 2-methylpentane
(2MP), 3-methylpentane (3MP) and di-branched isomers 2,2-
dimethylbutane (22DMB) and 2,3-dimethylbutane (23DMB). In
current practice the linear nC6 is separated from the branched
isomers in an adsorption separation step that relies on molecular
sieving. The adsorbent is LTA zeolite that consists of cages sepa-
rated by narrow (5 A size) windows. The windows only allow the
diffusion, and adsorption of the linear isomer, and the branched
isomers are rejected and removed as product. The unreacted nC6
is recycled back to the reactor.
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MFI BEA

Fig. 1. A selection of zeolite structures.

The octane number increases with the degree of branch-
ing and so di-branched isomers are preferred products. An
improved process (Fig. 2b) would require the recycle of both
linear and mono-branched isomers to the reactor. The separa-
tion of 22DMB and 23DMB from the remaining isomers is a
difficult task because it requires distinguishing molecules on the
degree of branching. There are indications from the patent litera-
ture that this separation can be achieved using a zeolite adsorbent
and a wide variety of zeolites are mentioned as candidate adsor-
bents [9,10]. We shall demonstrate how molecular simulations
can provide clues to arriving at the choice of the optimum zeolite
for this separation task. For illustration purposes and simplifica-

tion of the discussions we consider the problem of separating a
mixture consisting of nC6, 2MP and 22DMB.

The first task is to determine the pure component isotherms.
Pure component adsorption isotherms can be measured exper-
imentally; Fig. 3a show the measurements of Song and Rees
[11] for n-hexane (nC6) in MFI (silicalite-1) at various tem-
peratures; the data is plotted using linear scales on both axes,
as is commonly done in practice. The experimental data at
336 K indicate a saturation capacity g sa: ~ 1.4 mol/kg. The vol-
ume of one unit cell of MFI is 5332 A3 and the framework
density if 1796kgm™3. The saturation capacity of 1.4 mol/kg
converts to a value of 8 molecules per unit cell. The data at
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Fig. 2. (a) Conventional process flowsheet for alkane isomerization. (b)
Improved process for alkane isomerization.

higher temperatures have not reached saturation limits, as is
evident when the data is re-plotted using logarithmic scale for
the pressure axis (see Fig. 3b). Also plotted in Fig. 3b are the
configurational-bias Monte Carlo (CBMC) simulations results
at 373 and 398 K;; there is good agreement with the correspond-
ing experimental data. The details of the CBMC simulation
methodology are available in earlier publications [12-18]. In
these simulations the zeolite framework is assumed to be rigid.
The length of the nC6 molecule is commensurate with the dis-
tance between intersections along the zig-zag channels and a
maximum of 8 molecules in a unit cell can be accommodated in
the straight and zig-zag channels; Fig. 3c shows a snapshot of
the location of molecules. Two points emerge from the results
presented in Fig. 3. Firstly, the isotherm data should be plot-
ted with logarithmic pressure scale in order to check whether
the experiments have reached the saturation limits. Secondly,
CBMC simulations allow accurate estimation of adsorption
isotherms up fo saturation limits for any temperature; this has
been verified by extensive comparison of experimental data for
a variety of alkanes, both linear and branched, in several zeolites
[13,19].

CBMC simulations of the isotherms for nC6 are compared
with that of its mono-branched isomer 2-methylpentane (2MP),
and di-branched isomer (22DMB) in MFI at 433K in Fig. 4a.
The simulations need to be carried out to pressures of the order
of 10'0 Pa in order to reach saturation limits for 2MP. Since the
simulations are performed in the grand canonical (GC) ensem-
ble, the chemical potentials are fixed and the values on the x-axis
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Fig. 3. (a) Experimental data of Song and Rees [11] for nC6 isotherms in MFI
at various temperatures. (b) Comparison of experimental data with CBMC sim-
ulations at 373 and 398 K. (c) Snapshots showing the location of nC6 molecules
within the straight and zig-zag channels of MFI at T=433 K, =100 kPa.
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Fig. 4. (a) CBMC simulations of the pure component isotherms for nCo6, . . . . . . .

2MP and 22DMB in MFI at 433K. (b) Snapshots showing the location of Flg. 5. CBMC mmulatlons of loadings in the adsorb;c} phase in equilibrium

2MP molecules within the straight and zig-zag channels of MFI at T=433K, with equimolar binary and ternary gas phase containing (a? “CG_?MP’ ®)

f=100KkPa; (c) Snapshots showing the location of 22DMB molecules within the nC6-22DMB, (?) ZMP_ZZ,DMB and (d) nC6_2MP_,22DMB MIXMUIes in MF,I at

straight and zig-zag channels of MFI at T=433 K, f= 100 kPa 433 K. The continuous solid lines represent calculations of the IAST [20] using
’ ' dual-site Langmuir fits of pure component isotherms in Fig. 4.
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Fig. 6. Fluxes of (a) nC6 and (b) 22DMB for pure component and binary 20-80
mixture permeation across MFI membrane at 373 K. The experimental data are
from Gump et al. [21]. CBMC simulations of (c) nC6 and (d) 22DMB loadings
in the adsorbed phase in equilibrium with pure and binary 20-80 gas mixture at
373K.

are properly the fugacities, f. There is a sharp inflection in the
2MP isotherm at g =0.7 mol/kg, corresponding to 4 molecules
per unit cell. The reason for this is that 2MP prefers to locate
at the intersections due to the availability of extra “leg room”;
see the snapshot in Fig. 4b. There are four intersections per unit
cell of MFI. To obtain loading higher ¢=0.7 mol/kg an extra
push is required to make the mono-branched locate within the
channel interiors; this extra push is the cause of the inflection in
the isotherm. 22DMB also prefers to locate at the intersections
of MFI because of leg room considerations; see Fig. 4c. How-
ever, 22DMB is more compact and cannot be pushed into the
channel interiors; the saturation capacity is therefore limited to
4 molecules per unit cell.

The stark differences in the pure component adsorption
behaviors of nC6, 2MP and 22DMB can be exploited to
separate mixtures containing these species. CBMC simulations
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Fig.7. (a) Pure component isotherms of nC6, 2MP and 22DMB in AFI at433 K.
(b) Component loadings in equilibrium with an equimolar ternary gas mixture.
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of loadings in the adsorbed phase in equilibrium with equimolar
binary and ternary gas phase containing (a) nC6-2MP, (b)
nC6-22DMB, (c¢) 2MP-22DMB and (d) nC6-2MP-22DMB
mixtures are shown in Fig. 5. Consider the nC6-2MP mixture.
Up to a total hydrocarbons pressure of 50 kPa, the component
loadings of both components increase in an expected manner.
At 50 kPa pressure the total loading in the zeolite ~ 0.7 mol/kg
corresponding to 4 molecules per unit cell. All the intersection
sites are fully occupied. To further adsorb 2MP we need to
provide an extra “push”. Energetically, it is more efficient to
obtain higher mixture loadings by “replacing” the 2MP with
nC6; this configurational entropy effect is the reason behind
the curious maxima in the 2MP loading in the mixture. A
similar behavior is observed for the nC6-22DMB mixture; see
Fig. 5b. Since 2MP and 22DMB both compete for intersection
sites, there is no corresponding maximum to be detected in the
component loadings for the 2MP-22DMB mixture; see Fig. Sc.
For adsorption of an equimolar ternary nC6-2MP-22DMB
mixture, maxima in the component loadings of both 2MP and
22DMB are observed; see Fig. 5d.

From the point of view of separating hexane isomers we note
that the highest separation selectivities are obtained at mixture
loadings in excess of 0.7 mol/kg beyond which configurational
entropy effects dominate mixture sorption and mandate the hier-
archy nC6 > 2MP > 22DMB.

The continuous solid lines in Fig. 5 are the calculations fol-
lowing the ideal adsorbed solution theory (IAST) of Myers and
Prausnitz [20] using dual-Langmuir fits of the pure component
isotherms; this theory is able to capture the entropy effects quan-
titatively and can be used in process design calculations. It must
be noted here that the commonly used multicomponent Lang-
muir isotherm will be unable to predict maxima in the loadings
of the branched isomers as observed in Fig. 5a, b and d. This is
because the sorption selectivity for the multicomponent Lang-
muir model is simply the ratio of the Langmuir constants, b;/b;,
and is therefore independent of pressure; no maximum in com-
ponent loading is anticipated.

Experimental confirmation of the maximum observed in the
loading of the branched isomer in a binary mixture with nC6 is to
be found in the MFI permeation experiments at 373 K reported
by Gump et al. [21]. The fluxes of nC6 and 22DMB for pure

(@)

(b)

LY

component and binary 20-80 mixture permeation across MFI
membrane at 373 K are shown in Fig. 6a and b as a function
of the upstream hydrocarbons partial pressure. The pure com-
ponent permeation fluxes behave as expected; increase in the
upstream hydrocarbons pressure leads to an increasing flux. For
the 20-80 mixture, the 22DMB permeation exhibits a maximum
at upstream p2ypmB = 5 kPa. This curious maximum in 22DMB
permeation flux is to be attributed to configurational entropy
effects. For a 20-80 nC6-22DMB mixture, at po>pmp =5 kPa
the total loading ~0.7 mol/kg (see CBMC simulation data in
Fig. 6¢ and d), and all the intersection sites are occupied. Fur-
ther increase in the upstream pressure of the membrane leads
to a decrease in the 22DMB loading, and consequently its flux.
The separation selectivity increases sharply in favor of the linear
isomer nC6 for loadings >0.7 mol/kg. The CBMC simulations
provide a qualitative explanation of the observed maximum in
the 22DMB flux. For proper modeling of the permeation fluxes,
we also need to account for diffusion of the individual com-
plexes, as has been shown in earlier work [22,23]. There is also
experimental evidence of the validity of the ternary mixture pre-
dictions shown in Fig. 5d; see Santilli [24] and Calero et al.
[25].

The pure component isotherms for AFI, that consists of uni-
dimensional 12-ring channels of 7.3 A size, shows a completely
different sorption hierarchy than in MFI; see Fig. 7a. The di-
branched isomer has the highest adsorption strength and the
linear nC6 the lowest. As seen in Fig. 7b the component load-
ings for an equimolar ternary gas mixture show higher separation
selectivities in favor of the component with the largest degree of
branching, exactly opposite to that observed for MFI. The expla-
nation can be found in the snapshots in Fig. 8. The linear nC6 has
a longer “footprint” and occupies a longer segment of the chan-
nel; the 22DMB is the most compact molecule and has the small-
est footprint. Consequently, more molecules of 22DMB can be
located within a given length of AFI channel; this molecular
length entropy effect dictates the sorption hierarchy. Analogous
length entropy effects dictate the sorption hierarchy within MOR
zeolite as can be witnessed from the pure component isotherms,
and the corresponding snapshots, in Fig. 9. The equilibrium data
for an equimolar ternary mixture in MOR is shown in Fig. 10.
As in the case of AFI, both nC6 and 2MP exhibit a maximum

J d" *\4.\‘

A A A S5 WL

SARAPATIY

Fig. 8. Snapshots at 100 kPa and 433 K showing the location of (a) nC6, (b) 2MP and (c) 22DMB molecules in the 12-ring channels of AFIL.
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Fig. 12. Snapshots at 100 kPa and 433 K showing the location of (a) nC6, (b) 2MP and (c) 22DMB molecules in LTL.
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in the component loading and the component loading of 22DMB
increases monotonically with increased pressure. The reason
behind these maxima is that the “entropy battle” is lost suc-
cessively by nC6 and 2MP to 22DMB that has the smallest
footprint.

Adsorption of hexane isomers within the uni-dimensional
channels of LTL produces a hierarchy that is different from that
in AFI and MOR; see the pure component isotherms and the
ternary equilibrium data in Fig. 11a and b. The explanation can
be found in the snapshots in Fig. 12. The linear nC6 molecule
can align across the channel and therefore has no “footprint
disadvantage” with respect to the branched isomers.

The complete set of CBMC simulation results, in graphical
form, for pure component, binary mixture and ternary mixtures
of hexane isomers in MFI, AFI, MOR, LTL and FAU, along with
snapshots, are available in Supplementary Data accompanying
this publication. The nC6/2MP, nC6/22DMB and 2MP/22DMB
selectivities in the ternary mixture are compared in Fig. 13a—c.
The large pore FAU does not distinguish between the hexane
isomers and all three selectivities are about unity. AFI and
MOR zeolite both show selectivities in favor of the branched
molecule that has a smaller footprint. Based on molecular sim-
ulation results we conclude that highest selectivities in favor
of the linear nC6 and decreasing with the degree of branching
is obtained in MFI; these high selectivities can be exploited to
obtain sharp separations in chromatographic and moving bed
adsorber configurations [23,26,27].

3. Conclusions

In this paper we have attempted to demonstrate the potential
uses of MC simulations in the screening of zeolite adsorbents
for separation of hexane isomers. MC simulations can be invalu-
able adjuncts to experiments, and allow isotherm data to be
produced up to saturation conditions often difficult to achieve
in experiments, especially for small molecules. In the case
of mixtures, experimental data are very scarce [28] and MC
simulations are invaluable in unraveling entropy effects aris-
ing out of differences in packing efficiencies of molecules,
caused by subtle differences in configuration or size of their
footprints.
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