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A B S T R A C T

Separations of mixtures of xylene isomers, alkane isomers, linear alkanes, and linear alcohols using micro-porous
crystalline adsorbents such as zeolites and MOFs are often carried out under conditions in which the pores are
nearly saturated with guest molecules. Such separations are often dominated by factors other than the relative
binding strengths of the constituents; the component that is preferentially adsorbed under pore saturation
conditions is the guest molecule that has the higher saturation capacity, and packs more efficiently within the
microporous channels. Higher saturation capacities, and packing efficiencies, arise from a wide variety of factors
such as (a) smaller size, (b) shorter length, (c) smaller footprint, (d) commensurateness of molecular config-
uration with channel geometry. A common characteristic of all these separations is that at low pore occupancies,

< 0.5mix , the separations are dominated by differences in binding strengths, and at pore occupancies > 0.5mix ,
the separations become increasing influenced by differences in saturation capacities. Remarkably, at pore sa-
turation, i.e. 1mix , the component that packs more poorly is virtually excluded. Statistical thermodynamics,
and the Boltzmann expression =S k Wln( )B , applied to lattice models, are used to quantify and rationalize the
influence of packing efficiencies, and the phenomena of selectivity reversals.

1. Introduction

Currently, the major focus in the development of novel metal–or-
ganic frameworks (MOFs) and zeolitic imidazolate framework (ZIFs) is
on separations of gaseous mixtures such as CO2/N2 [1–3], N2O/N2 [4],
CO2/H2 [3,5], CO2/CH4 [6,7], H2S/CO2/CH4 [8], C2H2/CO2 [9], H2/
CO2/CO/CH4 [6], Xe/Kr [10], C2H2/C2H4 [11,12], C2H4/C2H6

[13–17], C3H4/C3H6 [18], C3H6/C3H8 [14,19,20], O2/N2 [21,22], and
N2/CH4 [22–24]. All these separations rely on the differences in binding
strengths, and operate under conditions in which the fractional occu-
pancy within the pores, < 0.5mix [25]. There are however a large
number of industrially important separations that operate under con-
ditions in which the feed mixture exist in the liquid phase; this in-
variably implies that the fractional pore occupancy, mix , will be close to
unity. Industrially important mixture separations that operate at con-
ditions close to pore saturation include: mixtures of xylene isomers
[26,27], styrene/ethylbenzene [28,29], separation of alkane isomers
[30–32], and separation of water/alcohol mixtures [25,33]. Mixture
separations near pore saturation conditions are commonly driven by
factors other than differences in binding strengths of guest molecules.

To set the scene, and define the objectives of the investigations to be
reported in this article, consider the adsorption of binary mixtures of
linear alkanes: methane/ethane, ethane/propane, propane/n-hexane,

n-butane/n-hexane, and n-pentane/n-hexane in CHA zeolite. CHA is a
cage type zeolite that consists of cages of volume 316 Å3, separated by
3.8 Å × 4.2 Å 8-ring windows; Fig. 1(a) shows the pore landscape,
along with snapshots of guest molecules within the cages. Fig. 1(b)
presents Configurational-Bias Monte Carlo (CBMC) simulation data
[34] on the mole fraction in the adsorbed phase of the shorter alkane,
xk, as a function of the cage occupancy of the mixture, mix . In these
CBMC simulations, the partial fugacities in the bulk fluid phase mixture
(shorter alkane = k, longer alkane = l) were kept equal to each other,

=f fk l, and the total mixture fugacity = +f f ft k l was varied over a wide
range from 1 Pa to 108 Pa. For all five mixtures, we observe two
common characteristic features. For < 0.5mix , the adsorbed phase is
richer in the longer chain alkane that exerts larger van der Waals in-
teractions with the pore walls. However, in all cases, at cage occu-
pancies > 0.6mix , the adsorbed phase is richer in the shorter chain
alkane. Remarkably, at 1mix the longer chain alkane is virtually
excluded from the cages, and the adsorbed phase mole fraction of the
shorter alkane is practically unity. Precisely analogous characteristics
are observed for adsorption of binary mixtures of linear alcohols: me-
thanol/ethanol, ethanol/propanol, 1-butanol/1-pentanol, ethanol/1-
hexanol, and 1-butanol/1-hexanol in CHA; see CBMC simulation data
[35], presented in Fig. 1(c). For all five mixtures, at cage occupancies

> 0.6mix , the adsorbed phase is richer in the shorter alcohol. In
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practice, high cage occupancies are guaranteed when operating with
the bulk fluid phase in the liquid state. Experimental confirmation of
the selectivity reversals is observed in the experiments reported by
Remy et al. [36] for transient breakthroughs of liquid phase feed mix-
tures of ethanol/propanol, and ethanol/1-hexanol in a fixed bed ad-
sorber packed with SAPO-34, that has the same structural topology as
CHA. The component that is eluted first from the adsorber is the alcohol
with the longer chain length.

For a quantitative determination of the component loadings, the
Ideal Adsorbed Solution Theory (IAST) theory of Myers and Prausnitz
[37] is the most commonly used approach [5,25,31,34,35,38]. As il-
lustration, Fig. 2 presents comparison of the CBMC simulations of the
mole fraction in the adsorbed phase of the shorter molecule, xk, for
methane/ethane, and 1-butanol/1-hexanol mixture adsorption with
corresponding IAST calculations based on the unary isotherm fits. The
IAST captures the selectivity reversal phenomena quantitatively for
both mixtures; similar good agreement between the IAST and CBMC
mixture simulations are obtained for adsorption of all other binary
mixtures in CHA zeolite [34,35]; see Chapter 12 of Supplementary
Material. The success of the IAST in capturing entropy effects is directly
ascribable to the fact the theory is based on the concept that the
spreading pressure for any component in the mixture equals the
spreading pressures of that component determined from the unary
isotherms; see detailed discussions in Chapter 4 of the Supplementary
Material accompanying this publication. The spreading pressures, in
turn, properly encapsulate the separate influences of both binding
strengths and saturation capacities. Though entropy effects are properly
captured by the IAST, there are some instances in which the quantita-
tive agreement with CBMC mixture simulations are not perfect [39,40].
However, the IAST calculations are implicit in nature, and require ro-
bust numerical procedures for implementation in fixed bed adsorber
codes [22,41,42].

The article has its focus on mixture separations at high occupancies,
and has threefold objectives. The first objective is to demonstrate that
selectivity reversals at high occupancies mix , as observed in Fig. 1, are
common characteristics of mixture adsorption in which the guest mo-
lecules have different saturation capacities, and that they manifest in
materials with a wide variety of pore topologies and connectivities. The
second objective is provide a physically intuitive explanation of the
selectivity reversal phenomena using simple lattice models and con-
cepts of statistical thermodynamics that originate from the Boltzmann

expression for entropy, =S k Wln( )B ; such physical insights are difficult
to glean from use of the IAST. The third objective is to examine the
applicability, and accuracy, of the recently developed model of van
Assche et al. [43] for explicit calculations of the component loadings for
adsorption of mixtures with different saturation capacities.

The Supplementary Material accompanying this article provides: (a)
detailed structural information on all zeolites, and MOFs, analyzed and
discussed in the article, (b) summary of methodology used for CBMC
simulations, (c) detailed derivations of the lattice models for mixture
adsorption equilibrium, (d) details of Ideal Adsorbed Solution Theory
(IAST) calculations for mixture adsorption equilibria, and (e) input data
on isotherm fits used in the lattice, and IAST model calculations.

We start our discussions by considering mixture separations in
zeolites and MOFs having one-dimensional (1D) channel structures.

2. Entropy effects in frameworks with 1D channels

2.1. Adsorption of propane/n-hexane on Co-FA

Consider the adsorption of propane (C3), and n-hexane (nC6) in
cobalt formate (Co-FA) framework [44]. The Co-FA structure consists of
1D zig-zag channels; see the pore landscapes in Fig. 3(a). The network
exhibits diamondoid connectivity and the overall framework gives rise
to zig-zag channels along the b axis. The effective pore size of these one-
dimensional channels is 5–6 Å; one unit cell of Co-FA comprises a total
of four distinct channel “segments”; each channel segment forms part of
the repeat zig-zag structure. The length of each channel segment is
commensurate with that of one propane (C3) molecule, and n-hexane
(nC6) must straddle two channel segments. CBMC simulations of the
unary adsorption isotherms are presented in Fig. 3(b). The saturation
capacity of C3 is 4 per uc (uc = unit cell; see Fig. 3(b)), corresponding
to one molecule per channel segment; the saturation capacity of nC6 is
2 per uc, corresponding to one molecule per 2 channel segments. From
the pure component adsorption isotherms in Fig. 3(b) we also note that
at fugacities below 1 kPa, the binding constant of C3 is nearly the same
as that of nC6, b bk l.

CBMC simulations of the component loadings for C3/nC6 mixture
with equal partial fluid phase fugacities in the bulk fluid phase, are
shown in Fig. 3(c). When operating at total mixture fugacities
ft > 1 MPa, corresponding to conditions in which the bulk fluid mix-
ture is in the liquid state (as determined by use of the Peng-Robinson

Nomenclature

Latin alphabet

bk binding constant of k-mer, Pa 1

bl binding constant of l-mer, Pa 1

fi partial fugacity of species i, Pa
ft total fugacity of bulk fluid mixture, Pa
k number of identical units occupied by k-mer, dimension-

less
kB Boltzmann constant, 1.38 × 10−23 J molecule−1 K−1

l number of identical units occupied by l-mer, dimension-
less

M number of sites on lattice, dimensionless
Nk number of k-mers, dimensionless
Nl number of l-mers, dimensionless
n number of species in the mixture, dimensionless
qi component molar loading of species i, mol kg−1

qi,sat molar loading of species i at saturation, mol kg−1

S entropy, J mol−1 K−1

T absolute temperature, K
W number of arrangements on lattice sites, dimensionless

xi component mole fraction in adsorbed phase, i, di-
mensionless

yi component mole fraction in bulk fluid phase, i, di-
mensionless

Greek letters

μi molar chemical potential of component i, J mol−1

θk fractional occupancy of k-mer, dimensionless
θl fractional occupancy of l-mer, dimensionless

mix occupancy of adsorbed mixture, = +mix k l
k l , di-

mensionless
Ω entropy factor, dimensionless

Subscripts

1 referring to component 1
2 referring to component 2
i referring to component i
k referring to k-mer
l referring to l-mer
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equation of state), we note that the adsorbed phase contains practically
no nC6 and almost exclusively loaded with C3. The adsorbed phase
mole fraction of the propane, xk, determined from the CBMC simula-
tions of the component loadings are plotted in Fig. 3(d) as function of
the occupancy of the adsorbed mixture, mix . Fig. 3(d) shows that the
adsorbed phase becomes increasingly richer in the shorter alkane as the
occupancy of the adsorbed mixture, mix , within the channels increases.
At 1mix , we note that the adsorbed phase contains practically no nC6
and almost exclusively loaded with C3; these characteristics are pre-
cisely analogous to those observed in Fig. 1(b, c) for adsorption of linear
molecules in CHA.

2.2. 1D lattice model for mixture adsorption

To elucidate the unusual characteristics noted in Fig. 3(c, d), we use
the model of Dávila et al. [45] for adsorption of a binary mixture of
rigid k-mers and rigid l-mers on one-dimensional (1D) lattice; see
schematic in Fig. 4(a). The adsorbent surface is modeled by a 1D lattice
of M sites (M→ ∞). The k-mers (l-mers) are assumed to be composed by
k (l) identical units in a linear array with constant bond length equal to
the lattice dimension. The k-mers (l-mers) can only adsorb flat on the

surface occupying k (l) contiguous lattice sites. Also, there are no ad-
sorbate-adsorbate interactions, i.e. no repulsive or attractive forces.
Since different particles do not interact with each other, all configura-
tions of Nk k-mers and Nl l-mers on M sites are equally probable. Dávila
et al. [45] derive the following expression for the number of “ar-
rangements” of Nk k-mers and Nl l-mers on M sites:

=W M k N l N
M kN lN

( ( 1) ( 1) )!
( ) !N !N !

k l

k l k l (1)

The entropy for binary mixture adsorption, quantified by the
Boltzmann expression, =S k Wln( )B , can be calculated using the
Stirling’s approximation =M M M Mln( !) ln ; the expression for the
dimensionless entropy per site can be derived:

=
( )

( ) ( )
S

k M
ln

1

(1 )B

k
k k

l
l l

k l k l

( 1) ( 1) (1 )

(1 )

k
k k

l
l l

k l k
k

k l
l

l

( 1) ( 1)

(2)

where the fractional occupancies are defined as = =;k
kN
M l

lN
M

k l . By
defining the mole fraction of k in the adsorbed phase, = =+xk

N
N N

k/k
k l

k
mix

Fig. 1. (a) Pore landscape of CHA zeolite, showing snapshots of ethane, n-butane, ethanol, and 1-hexanol within cages at pore saturation. (b) CBMC simulations [34]
of adsorption of binary C1/C2, C2/C3, C3/nC6, nC4/nC6, and nC5/nC6 mixtures of n-alkanes in CHA zeolite at 300 K; the plots show the mole fraction in the
adsorbed phase of the shorter alkane as a function of the cage occupancy of the mixture, mix . (c) CBMC simulations [35] of the adsorption of binary C1/C2, C2/C3,
nC4/nC5, C2/nC6, and nC4/nC6 mixtures of 1-alcohols in CHA zeolite at 300 K; the plots show the mole fraction in the adsorbed phase of the shorter alcohol as a
function of the cage occupancy of the mixture, mix . In the CBMC simulations the partial fugacities in the bulk phase are equal to each other, i.e. f1 = f2.
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and noting that = =N l x/ (1 )l l k mix we can express the di-
mensionless entropy per site, as a function of the two variables xk, and

= + = +
mix k l

N N
M

k l k l :

=S
k M

k x l x
kx l x x

x

ln (1 ( 1) ( 1)(1 ) )
(1 (1 ) ) ( )
((1 ) )

B

k mix k mix k xk mix l xk mix

k mix k mix kxk mix l xk mix k mix xk mix

k mix xk mix

(1 ( 1) ( 1)(1 ) )

(1 (1 ) ) ( )

((1 ) )

(3)

At any chosen value of total mixture occupancy, mix , by setting
=( ) 0x

S
k Mk B

, we can determine the adsorbed phase mole fraction xk,

that yields a maximum in the S
k MB

. The solution thus obtained is in the
form of the implicit expression

=
+

=x x x1
1

; 1k l k1
(4)

where an “entropy factor” is defined as

=

=

( )
k x l x

kx l x

1

(1 )
(1 ( 1) ( 1)(1 ) )

(1 (1 ) )

k
k k

l
l l

l k

k l
l k

k mix k mix
l k

k mix k mix
l k

( 1) ( 1) ( )

( )

( )

( ) (5)

Eqs. (4), and (5) need to be solved, simultaneously, using a suitable
root-finder in order to determine the adsorbed phase composition for a
specified value of the mixture occupancy mix . It is important to note
that the “entropy factor” is a function of the occupancies of both
components.

It is easy to check that for k= l, the adsorbed phase composition
=x 0.5k , irrespective of the mixture occupancy; this implies there is no

entropic preference for either component. For k < l, in the limit of
vanishingly low occupancies, we have x0; 1; 0.5mix k ,
and there is no entropic preference for either of the constituent species,
because there is no competition for adsorption sites at vanishingly low
occupancies. For k < l, the adsorbed phase composition xk increases
with increasing mix , reaching the limit x1; ; 1mix k .

Since C3 (species k) adsorbs commensurately with one channel
segment, we take k= 1, M= 4/uc, and = =N 4/ucM

k k sat, . The linear
hexane nC6 (species l) adsorbs commensurately with two channel
segments, and so we take l= 2, and = =N 2/ucM

l l sat, . The continuous
solid line in Fig. 3(d), represents the numerical solution to Eqs. (4), and
(5); this “maximum entropy line” is in reasonably good agreement with
the CBMC simulation data on the adsorbed phase mole fraction of
propane, xk. The important conclusion to be drawn is that the C3/nC6
mixture separation in Co-FA is predominantly driven by entropy con-
siderations. Put another way, there are many more ways to “arrange”
the shorter C3 molecule on the 1D lattice, as compared to nC6.

The free energy for mixture adsorption is obtained by adding the
contribution of the binding energies to entropic contribution, ST ; see
Dávila et al. [45]. Differentiation of the resulting expression for the free
energy, allows calculation of the chemical potentials of k-mers and l-
mers. Equating the chemical potential of each of the adsorbed species to
the component chemical potentials in the bulk fluid phase mixture,
results in the set of two coupled equations describing mixture adsorp-
tion equilibrium

=

=
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(6)

where bk and bl are the binding constants for the two adsorbates; fk and
fl are the partial fugacities in the bulk fluid phase in equilibrium with
the adsorbates. The interpretation of the binding constants bk and bl in
terms of statistical thermodynamics and partition functions is provided
by Dávila et al. [45]. It is to be noted that since the Eq. (6) are not
explicit in terms of the occupancies, = =;k

kN
M l

lN
M

k l , the set of two
equations need to be solved numerically; no analytic solution is possible
expect for the degenerate scenario: k= 1, l= 1.

From Eq. (6), we can derive the following expression for the mole
fraction of k in the adsorbed phase xk is expressed in implicit form as

=
+

=x x1
1

1k b f
b f

l1l l
k k (7)

in which the has the same definition as in Eq. (5). The solutions to
Eqs. (5), and (7) yield the mole fractions corresponding to “minimiza-
tion of free energy”. For C3/nC6 adsorption in Co-FA, we have the
special scenario in which = 1b f

b f
l l

k k
and therefore, the calculations of the

adsorbed phase composition xk also corresponds to that of “maximum
entropy”.

It is also easy to check that for k= 1, l= 1, Eq. (6) degenerate to the
mixed-gas Langmuir model

= =b f b f
(1 )

;
(1 )k k

k

k l
l l

k

k l (8)

Eq. (8) can be solved explicitly to obtain the occupancies, and
loadings. In Eq. (6), when either k 1, or l 1, no explicit determi-
nation of the occupancies, and loadings, is possible.

The corresponding unary isotherms can be derived as limiting sce-
narios for Eq. (6), by setting one of the partial fugacities equal to zero:

= =
( ) ( )

b f b f
1

(1 )
;

1

(1 )k k

k
k k

k

k

k
k l l

l
l l

l

l

l
l

( 1) ( 1) ( 1) ( 1)k l

(9)

The unary isotherms in Fig. 3(b) were fitted using Eq. (9). A fair, but
not perfect, match between the 1D lattice model and CBMC simulations
of the unary isotherms is obtained with the fitted binding constants are
bk = bl = 2.4 × 10−4 Pa−1; see continuous solid lines in Fig. 3(b). With
these fitted values of the binding constants, Eq. (6) may be solved si-
multaneously to obtain the component occupancies, and loadings; the
results are presented as the continuous solid lines in Fig. 3(c). The 1D

Fig. 2. Comparison of CBMC simulations [34,35] of adsorption of binary me-
thane/ethane, and 1-butanol/1-hexanol mixture adsorption with IAST calcu-
lations of the mole fraction in the adsorbed phase of the shorter molecule as a
function of the cage occupancy of the mixture, mix . The IAST calculations are
based on dual-Langmuir-Freundlich isotherm fits of the unary isotherms; fur-
ther details are provided in Chapter 12 of Supporting Material.
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lattice model affords a quantitative description of mixture adsorption
and selectivity reversal. The departures between the CBMC simulations
and the predictions of the 1D lattice model at mixture occupancies

< 0.4mix is entirely ascribable to the fact that Eq. (9) does not provide

an adequately good fit of the unary isotherms at low occupancies. Put
another way, the equality of binding constants, bk = bl, as assumed in
the isotherm fits is not an entirely accurate one. However, for mixture
occupancies > 0.6mix , the mixture adsorption is entirely dominated by
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Fig. 3. (a) Computational snapshots of propane (C3) and n-hexane (nC6) in the 1D zig-zag channels of Co-FA. (b) CBMC simulations of unary isotherms for C3 and
nC6 in Co-FA at 300 K. (c) CBMC simulations (shown by symbols) for C3/nC6 mixture adsorption in Co-FA at 300 K; in the CBMC simulations the partial fugacities in
the bulk phase are equal to each other, i.e. f1 = f2. The continuous solid lines are the estimations of the 1D lattice model. (c) CBMC simulation data for the mole
fraction of C3 in the adsorbed phase, xk, as function of the mixture occupancy, mix . The continuous solid line in (d) represents the solutions to Eqs. (4), and (5),
corresponding to maximization of entropy.
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(a) 1D lattice

l-mer segment k-mer

(b) 2D square lattice
k-mer

l-mer

Fig. 4. (a) Schematic of the 1D lattice model of Dávila et al.[45] for adsorption of a mixture of k-mers and l-mers on 1D lattice. (b) Schematic of 2D square lattice
model.
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Fig. 5. (a) Snapshots of the conformation and siting of siting of nC6, and 22DMB along 1D 12-ring channel, 8 unit cells long at total fugacity ft = 1 MPa. (b) CBMC
data for unary isotherms of nC6 and 22DMB in MOR zeolite, compared with the fits of the 1D lattice model. (c) CBMC simulations of the values of the adsorbed phase
mole fractions of 22DMB, =x x1l k, as a function of the occupancy, mix . The continuous solid lines are the calculations of the lattice model corresponding to the
maximum entropy (by equations Eqs. (4), and (5)), and minimum free energy (blue line, Eqs. (5), and (7)). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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entropy effects and the choice of the binding constants for unary iso-
therm fits is of little consequence.

We have also checked for a wide range of problems, that the solu-
tions to Eq. (6) are identical to those obtained from use of the IAST,
provided that the unary isotherm model used in the IAST correspond to
those described by Eq. (9).

An important limitation of the lattice model is that its applicability
rests on the accuracy with which Eq. (9) can be used to describe the
experimental or CBMC data on unary isotherms. The IAST, on the other
hand, can be applied to any isotherm model; see the detailed discus-
sions in Chapters 8, 9, 10, 11, and 12 of the Supporting Material.
Furthermore, the use of the lattice model requires the mixture ad-
sorption to be described in terms of distinct and well-defined adsorption
sites; such a description is not always possible.

2.3. Adsorption of n-hexane/2,2 dimethylbutane in MOR zeolite

MOR zeolite (Mordenite) consists of 12-ring (7.0 Å × 6.5 Å) 1D
channels, connected to 8-ring (5.7 Å × 2.6 Å) pockets. Some re-
presentative snapshots [46] showing the siting and conformation of
hexane isomers, n-hexane (nC6) and 2,2 dimethylbutane (22DMB)
along one of the 12-ring channels, 8 unit cells long, for a total bulk fluid
phase fugacity ft = 1 MPa are presented in Fig. 5(a). Within the same
channel length we find five nC6 molecules, and nine 22DMB molecules.
The higher loading of 22DMB is due to increased degree of compactness
of the di-branched isomer, i.e. smaller footprint. These data also explain
why the saturation capacity for 22DMB is higher (=2 molecules per
unit cell), compared to that of nC6 (=1.5 molecules per unit cell); see
CBMC simulations of the unary isotherms in Fig. 5(b). The unary iso-
therms can be described quantitatively by Eq. (9). For nC6 (species k),
we take k= 1.333, M= 2/uc, and = =N 1.5/ucM

k k sat, . For 22DMB, we
take l= 1, and = =N 2/ucM

l l sat, . A good match between the 1D lattice
model and CBMC simulations of the unary isotherms is obtained with
the fitted binding constants are bk = 4 × 10−4 Pa−1, and
bl = 3 × 10−4 Pa−1; see continuous solid lines in Fig. 5(b).

The symbols in Fig. 5(c) are the CBMC simulated data on the ad-
sorbed phase mole fractions of 22DMB, =x x1l k, plotted as function
of the total occupancy, mix . For > 0.6mix , the adsorbed phase is richer
in 22DMB that packs the channels more efficiently. The CBMC simu-
lation data for =x x1l k fall slightly below the “maximum entropy”
line, described by the solutions to Eqs. (4), and (5), because of the
slightly stronger binding strength of nC6. The entropy effects are able to
override the binding energy contributions for > 0.6mix . The con-
tinuous blue line represents the calculations using Eqs. (5), and (7), that
are based on the minimization of free energy concept, that is in quan-
titative agreement with the CBMC simulations, as is to be expected. The
conclusion to be drawn from the information presented in Fig. 5(c) is
that entropy effects are the prime drivers for selective adsorption of
22DMB in MOR at high channel occupancies, and at pore saturation we
should expect the adsorbed phase to be predominantly richer in
22DMB, the di-branched isomer.

2.4. Separation of mixtures of aromatics

The separation of p-xylene from mixtures containing o, m, p-xylene,
along with ethylbenzene is currently carried out in Simulated Moving
Bed (SMB) adsorption devices that operate in the liquid phase. In cur-
rent industrial practice BaX zeolite is used as adsorbent, but there is
considerable commercial incentive for developing and synthesizing
MOF structures that can offer significant improvements over BaX, that
preferentially adsorbs p-xylene. To meet this objective we need to have
a clearer appreciation of molecular dimensions of the guest molecules.
The height and width of the C8 aromatic molecules are: o-xylene:
8 Å × 7.4 Å; m-xylene: 8.9 Å × 7.4 Å; p-xylene: 9.3 Å × 6.7 Å; ethyl-
benzene: 9.5 Å × 6.7 Å; styrene: 9.3 Å × 7 Å; see dimensions provided
in Fig. 6. A further point to note is that xylene isomers are flat; these
isomers can align themselves parallel to the channel walls, affording
better van der Waals interactions with the framework atoms. Ethyl-
benzene is not a flat molecule; the ethyl branch is not in the same plane
as the benzene ring. Due to the differences in the molecular dimensions
of the xylene isomers, the efficiencies with which the xylene isomers
stack within the channels of different dimensions are different. We can
deliberately choose a material with a specified channel dimension in
order to allow the optimum stacking of one or other of the xylene
isomers.

Consider the separation of xylenes using AFI zeolite, that has 1D
channels of approximately 7.3 Å; see structural details and pore land-
scape in Fig. 7(a). For m-xylene, and p-xylene, either the “height” or
“width” is too large to allow vertical alignment; the orientation of these
isomers occurs at an inclination. The molecular dimensions of o-xylene
allow the molecules to be stacked vertically within the 8.4 Å “grooves”
of AFI zeolite; this face-to-face is akin to the packing of potato crisps in
cylindrical tubes as marketed by Pringles. An important consequence of
the differences in the orientation of isomers is that the “footprints” of o-
xylene molecules is significantly shorter than the footprints of m-xy-
lene, and p-xylene molecules. Consequently, we should expect the sa-
turation capacity of the ortho isomer to be significantly higher than that
of its isomers. This expectation is fulfilled by CBMC simulations of the
unary isotherms of C8 aromatics as presented in Fig. 7(b). Differences in
packing efficiencies can be exploited to adsorb the ortho isomer pre-
ferentially from a mixture of xylenes. CBMC simulations of the ad-
sorption of 4-component o-xylene/m-xylene/p-xylene/ethylbenzene
mixtures in AFI zeolite at 433 K are shown in Fig. 7(c). For mixture
occupancies > 0.6mix entropy effects cause the adsorbed phase to be
predominatly occupied by o-xylene. Indeed, at pore saturation cond-
tions, 1mix , the adsorbed phase is almostly exclusively occupied by
o-xylene. Hu et al. [47,48] report transient breakthrough experiments
to demonstrate that the breakthrough of o-xylene occurs significantly
later than that of either m-xylene or p-xylene, confirming the selectivity
of AFI to o-xylene. It is also noteworthy that AlPO4-5 zeolite (with AFI
topology) has been patented by Exxon Research & Engineering for o-
xylene selective separation of aromatic mixtures [49].

Experimental data [50–52] for MIL-47 and MIL-53 with 1D rhom-
bohedric channels of 8.5 Å show that these MOFs are selective to ad-
sorption of o-xylene when operating at conditions close to pore
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Fig. 6. The molecular dimensions of xylene isomers, ethylbenzene and styrene culled from Torres-Knoop et al. [26].
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saturation. Fig. 8(a), schematized on the basis of CBMC simulated
snapshots [26], indicate the commensurate stacking of o-xylene within
8.5 Å channels of MIL-47.

For selective adsorption of p-xylene, as desired in industrial prac-
tice, we need to select, or synthesize a MOF, with channel dimensions
large enough to allow vertical stacking of the para isomer. Within the
one-dimensional 10 Å channels of MAF-X8, we have commensurate
stacking of p-xylene [26]; see Fig. 8(b). Fig. 8(c) presents snapshots of
stacking of p-xylene within the 1D zig-zag shaped channels of Co-CUK-
1; the synthesis of this MOF is described by Yoon et al. [27]. The p-
xylene molecules can stack vertically, and this results in a higher sa-
turation capacity for the para-isomer, as demonstrated by the experi-
mental data on unary isotherms [27]. IAST calculations of mixture
adsorption, along with transient breakthrough simulations, show that
the recovery of pure p-xylene using MAF-X8 and Co-CUK-1 are sig-
nificantly superior to that of BaX zeolite, the adsorbent that is currently
used in industrial practice [2].

Maes et al. [53] and Remy et al. [54] have demonstrated that MIL-
47 (V) and MIL-53 (Al) also have the potential for separation of mix-
tures of styrene and ethylbenzene. Styrene is a flat molecule; by con-
trast, ethylbenzene is not a flat molecule; the ethyl branch is not in the
same plane as the benzene ring. Being flat, styrene molecules stack
more efficiently within the 1D channels of MIL-47 (V) and MIL-53 (Al);
see Fig. 9(a). Due to its higher packing efficiency of styrene, the mixture
adsorption is strongly in favor of styrene; see CBMC simulations data for
mixture adsorption in Fig. 9(b). At pore saturation conditions, the pores
are almost exclusively filled with styrene.

Torres-Knoop et al. [55,56] have also provided other examples in
which optimum face-to-face stacking of aromatic molecules can lead to
uncommonly effective separations. Within triangular channels of a

structure such as Fe2(BDP)3 [31], 1,3,5 tri-chlorobenzene (TCB) can be
selectively separated from the 1,2,3 and 1,2,4 TCB isomers; the pre-
ferential adsorption of the 1,3,5 isomer is due to optimum face-to-face
stacking; see Fig. 10(a). Fig. 10(b) shows CBMC simulations for ad-
sorption of equimolar mixtures of the three isomers: 1,2,3 tri-chlor-
obenzene (TCB), 1,2,4 TCB, and 1,3,5 TCB in modified Fe2(BDP)3 at
433 K. At pore saturation, the adsorbed phase is practically devoid of
the 1,2,3 and 1,2,4 isomers due to entropy effects that favor of 1,3,5
TCB, the component with the smallest footprint.

3. Entropy effects in cage-type zeolite structures

3.1. Separation of 1-butanol/1-hexanol mixtures in CHA zeolite

We use the 2D square lattice model of Azizian and Bashiri [57] for
modeling the adsorption of linear alcohols in CHA zeolite; see sche-
matic of the square array in Fig. 4(b). The equations describing unary
and mixture adsorption are formally equivalent to that of Dávila et al.
[45], and Eqs. (1)–(9) apply here as well; further details are provided in
Chapter 6 of Supplementary Material.

As illustration, Fig. 11(a) presents the CBMC simulations of the
unary isotherms of 1-butanol and 1-hexanol in CHA at 300 K; the sa-
turation capacities of 1-butanol and 1-hexanol are, respectively, 2
molecule per cage, and 1 molecule per cage. Therefore, we take k= 1,
M= 2/cage, and = =N 2/cageM

k k sat, , and l= 2, and
= =N 1/cageM

l l sat, . The CBMC simulations of the unary isotherms can
be fitted reasonably with Eq. (9) taking bk = 4 × 10−1 Pa−1,
bl = 20 Pa−1, and =b b/ 50l k . For binary 1-butanol/1-hexanol adsorp-
tion, Fig. 11(b) presents CBMC simulation data on the mole fractions of
1-butanol in the adsorbed phase as a function the occupancy, mix . The
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plot clearly shows that entropy effects come into play at occupancies
> 0.6mix . When the cages of CHA are saturated, i.e. 1mix , the ad-

sorbed phase mole fraction of 1-butanol x 1k and 1-hexanol is ex-
cluded from the cages. The CBMC data are in quantitative agreement
with the lattice model calculations of xk using Eqs. (5), and (7), cor-
responding to the minimization of free energy. Also plotted are the
calculations corresponding to the maximum entropy (using Eqs. (4),
and (5)). The selectivity reversal in favor of 1-butanol is due to the
entropic term of the free energy that favors the adsorption of 1-butanol
from maximum entropy considerations. An analogous interpretation
holds for all ten mixtures considered in Fig. 1; see Chapter 12 of
Supplementary Material.

Fig. 11(b) also portrays the generic characteristics of separations of
binary mixtures with different saturation capacities. At low occu-
pancies, < 0.4mix in this specific instance, the separations are dictated
by differences in binding constants, b b,k l. For all mixture separations,
entropy effects come into play for > 0.5mix . A testimony to the man-
ifestation of entropy effects is that the adsorbed phase becomes in-
creasingly richer in the component with the higher saturation capacity.
As a consequence, at a certain occupancy level, = 0.65mix in this
specific instance, selectivity reversal takes place. The selectivity re-
versal occurs at higher occupancies > 0.65mix when (a) the ratio of
saturation capacities q q/k sat l sat, , is lower that 2 as in this case, and/or (b)
if ratio of binding constants >b b/ 50l k . On the other hand, selectivity
reversal occurs at occupancies lower than 0.65 when (a) the ratio of
saturation capacities q q/k sat l sat, , is higher that 2 as the case for 1-

butanol/1-hexanol, and/or (b) if ratio of binding strengths b b/l k is lower
than 50. In the special case of =b b/ 1l k , the separations are entirely
entropy driven as is the case for C3/nC6/Co-FA witnessed in Fig. 3(d).

3.2. Separation of mixtures of linear alkanes in TSC zeolite

For separation of chain molecules with carbon numbers higher than
say 20, as is required in the petroleum industry in lube oil processing,
we need microporous host structures with sufficiently large cages. Of
particular importance in this context is all-silica TSC zeolite, with a
Tschörtnerite framework, that has the largest cage volume of any
known zeolite [58]. Each unit cell of TSC has four “LTA type cages” of
743 Å3, and four “TSC supercages” of 2553 Å3; the cages are separated
by two types of windows: 4.02 Å × 4.17 Å, and 3.1 Å × 5.41 Å. For
structural details and pore landscapes see Chapter 13 of Supplementary
Material.

Fig. 12(a) presents CBMC simulations [35] of pure component iso-
therms for n-alkanes nC21, nC22, nC23, nC24, and nC25 in TSC at
500 K. The loadings are expressed as molecules per TSC supercage,
because the LTA-type cages are too small to accommodate these long
chain alkanes. Entropy effects will be expected to come into play for
separations of mixtures of n-alkanes with different saturation capa-
cities. This expectation is fulfilled in the CBMC simulation data for
binary nC21/nC24, and nC22/nC25 mixture adsorption. In Fig. 12(b)
the mole fractions of the shorter alkane in the adsorbed phase is plotted
as a function the mixture occupancy, mix . For both mixtures, the
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Fig. 8. (a) Schematic showing the stacking of o-xylene within 8.5 Å channels of MIL-47 [26]. (b) Schematic showing the stacking of p-xylene within 10 Å channels of
MAF-X8 [26]. (c) Computational snapshot showing the stacking of p-xylene within the 1D zig-zag shaped channels of Co-CUK-1 [27].
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selectivity reversals occur at cage occupancies > 0.7mix . Also plotted
are the calculations of xk using the lattice model corresponding to the
maximum entropy (using Eqs. (4), and (5)) that clearly indicate that
selectivity reversals are entropy driven.

4. Configurational entropy effects in MFI zeolite

MFI zeolite (also called silicalite-1) has a topology consisting of a set
of intersecting straight channels, and zig-zag (or sinusoidal) channels of
approximately 5.5 Å size. A linear molecule such as n-hexane (nC6) can
locate anywhere along the straight and zig-zig channels; see Fig. 13(a).
The saturation capacity of nC6 in MFI, as evidenced by the CBMC si-
mulations of unary isotherms (see Fig. 13(b)) is 8 molecules per unit
cell. Branched alkanes such as 2-methylpentane (2MP) prefer to locate
at the channel intersections because of the extra “leg room” that is
available here; see snapshot in Fig. 13(a). Per unit cell of MFI, there are
only 4 intersection sites, and therefore the saturation capacity of 2MP is
limited to 4 molecules per unit cell. We now demonstrate with the aid
of 2D square lattice model of Azizian and Bashiri [57], that the dif-
ferences in the saturation capacities, due to differences in molecular
configurations, can be exploited to separate nC6/2MP mixtures with
MFI zeolite.

The unary isotherms can be described quantitatively by Eq. (9). For
nC6 (species k), we take k= 1, M= 8/uc, and = =N 8/ucM

k k sat, . For
22DMB, we take l= 2, M= 8/uc, and = =N 4/ucM

l l sat, . A reasonably
good match between Eq. (9) and the CBMC simulations of the unary

isotherms is obtained with the choice bk = 1 Pa−1, and bl = 1.5 Pa−1;
see Fig. 13(b). It is noteworthy that the binding constant of 2MP is
slightly higher than that of nC6.

The CBMC simulations of nC6/2MP mixture adsorption at 300 K are
presented in Fig. 13(c); these show that for bulk fluid phase fugacities
ft > 1 Pa, the adsorbed phase mixture gets increasingly richer in nC6,
and the branched isomer 2MP is progressively excluded from the zeo-
lite. Experimental data of Titze et al. [59], obtained by Infra-Red Mi-
croscopy (IRM) (also plotted in Fig. 13(c) as open symbols) provide
direct confirmation of the exclusion of 2MP due to configurational
entropy effects. Fig. 13(d) plots the CBMC simulated data on the mole
fraction of nC6 in the adsorbed phase, xk, is plotted as function of the
total occupancy, mix . As the occupancies increase beyond 0.5, the ad-
sorbed phase becomes increasingly richer in nC6, and as

x1; 1mix k ; the adsorbed phase is practically devoid of 2MP.
Also plotted are the calculations of xk using the lattice model corre-
sponding to the maximum entropy (using Eqs. (4), and (5)) that clearly
indicate the exclusion of 2MP from the channels is entropy driven.
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Fe2(BDP)3 at 433 K.
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5. Entropy effects described by the explicit model of vas Assche

An important point to note is that calculations of the component
loadings, by either the lattice models discussed above, or the IAST, are
not explicit in terms of the binding strengths and the partial fugacities
in the bulk fluid phase; robust numerical procedures are required in the
calculations. For that reason, an explicit calculation procedure for the
component loadings has been suggested by van Assche et al. [43], that,
purportedly, has its basis in statistical thermodynamics. For a mixture
of species 1 and 2, the following expressions for the component load-
ings are derived for the scenario in which species 1 has the higher sa-
turation capacity
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=
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From Eq. (10), the mole fraction of the component in the adsorbed

phase x1 that has the higher saturation capacity, is:
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From Eq. (11), we note that the entropy factor varies only with
the occupancy of component 1, and ignores the contribution of the
occupancy of component 2 to the Boltzmann re-arrangement statistics,
that characterizes entropy effects. This is in sharp contrast to the en-
tropy factor described by Eq. (5), wherein is seen to depend on the
occupancies of both components in the mixture. The very essence of

Fig. 11. (a) CBMC simulations of the unary isotherms of 1-butanol and 1-
hexanol in CHA at 300 K. (b) CBMC simulations (symbols) of the mole fractions
of 1-butanol in the adsorbed phase as a function the occupancy, mix . Also
plotted are the lattice model calculations of xk corresponding to the maximum
entropy (using Eqs. (4), and (5)), and minimum free energy (blue line, Eqs. (5),
and (7)). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.) Fig. 12. (a) CBMC simulations of pure component adsorption isotherms for n-

alkanes in TSC at 500 K. (b) CBMC simulations of binary nC21/nC24, and
nC22/nC25 mixture adsorption in TSC at 500 K. The partial fugacities in the
bulk fluid phase, f1 = f2. The mole fractions of the shorter alkane in the ad-
sorbed phase plotted as a function the mixture occupancy, mix . Also plotted are
the calculations of xk using the lattice model corresponding to the maximum
entropy (using Eqs. (4), and (5)).
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entropy effects is that they involve re-arrangement of the adsorbed phase
mole fractions attendant with increasing pore occupancies; such re-ar-
rangements must accurately reflect the loadings of each of the guest
molecules, and not just one of them, as implied in Eqs. (10) and (11).

For a mixture of species 1 and 2, in which each species follows 1-site
Langmuir adsorption characteristics, the following expressions for the
component loadings are also derived by van Assche et al. [43], for the
scenario in which species 2 has the higher saturation capacity
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The mole fraction of the component in the adsorbed phase that has
the lower saturation capacity, can be derived:
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From Eq. (13), we note that the entropy factor varies only with
the occupancy of component 2, and ignores the contribution of the
occupancy of component 1 to the Boltzmann re-arrangement statistics.
Eqs. (10) and (12) are both inherently asymmetric in nature, and the
species numbering cannot be inter-changed, as also stressed by van
Assche et al. [43].

As illustration of the limitations of the explicit model of van Assche
et al. [43], we consider binary ethanol(1)/1-hexanol(2) mixture ad-
sorption in CHA zeolite at 300 K, and total fugacity
ft = f1 + f2 = 100 kPa, and varying mole fraction of ethanol (1) in the
bulk fluid phase, y1. On the basis of the CBMC simulations [35], the
saturation capacities of ethanol (1), and 1-hexanol (2) are respectively 4
molecules per cage, and 1 molecule per cage, respectively; i.e.
q1sat = 4/cage, q2sat = 1/cage; = 4q

q
sat
sat

1
2

. The CBMC simulated unary
isotherms could be fitted with 1-site Langmuir model with binding
constants b1 = 3 × 10–4 Pa−1, b2 = 30 Pa−1. Fig. 14(a) presents com-
parison of the calculations of the mole fraction of ethanol in the

Fig. 13. (a) Snapshots showing the location of nC6 and 2MP within the intersecting channels of MFI zeolite. (b) CBMC data for unary isotherms of nC6 and 2MP in
MFI zeolite at 300 K, compared with the fits of the lattice model, described by Eq. (6). (c) CBMC simulated values of adsorbed phase component loadings of nC6, and
2MP, plotted as a function of the total bulk mixture fugactity, ft , compared to the IRM experimental data of Titze et al. [59], (c) CBMC simulated values of adsorbed
phase mole fraction of nC6, xk , plotted as a function of the mixture occupancy, mix . The continuous solid line represents calculations of xk using the lattice model
corresponding to the maximum entropy (using Eqs. (4), and (5)).
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adsorbed phase x1 as function of y1, the mole fraction of ethanol in the
bulk fluid phase mixture. We compare the estimations of Eq. (11), that
is appropriate for >q qsat sat1 2 , with the corresponding IAST estimates.
The estimations of the explicit model of van Assche et al.[43] are ex-
tremely poor in the range 0 < y1 < 0.5. The reason for this is that Eqs.
(10), and (11) do not have the proper limiting behaviors for the com-
ponent loadings, q yfor 01 1 , and q yfor 02 2 . Witness the compar-
isons in the component loadings for ethanol, and 1-hexanol as esti-
mated by the IAST and van Assche models in Fig. 14(b, c). Fig. 14(d)
shows that the entropy factor calculated from Eq. (11) is about 4
orders of magnitude lower than the corresponding IAST estimates for
vanishingly small fraction of ethanol in the bulk fluid phase y 01 .

The “solution” that is offered by van Assche et al. [43] to address
the issue of incorrect limiting behaviors is to suggest that the compo-
nent loadings be calculated by taking the arithmetic average of those
determined by Eqs. (10) and (12). Essentially, the van Assche approach
is to postulate that the arithmetic average of two flawed formulae will
yield the correct numerical answer. Their suggested approach lacks any
theoretical foundation and cannot be recommended for use in practice.

Entropy effects in mixture adsorption involve re-arrangements of
the adsorbed phase compositions with increasing mixture occupancies,

mix ; such re-arrangements cannot be captured by explicit analytic
formulae. Rather, implicit iterative procedures such as the IAST, or the
multi-site occupancy model of Nitta et al. [60] (see Chapter 5 of
Supplementary material for details) are needed to adequately model
entropy effects.

6. Conclusions

The following major conclusions emerge from our analysis of binary
(k, l) mixture adsorption in microporous crystalline materials.

(1) At pore occupancies > 0.5mix , mixture separations are significantly
influenced by differences in saturation capacities of the guest spe-
cies.

(2) Differences in saturation capacities in 1D channel structures arise
due to a variety of reasons: (a) molecular lengths of linear alkanes,
alkenes, and alcohols, (b) differences in the molecular “footprints”

Fig. 14. Calculations for binary ethanol(1)/1-hexanol(2) mixture adsorption in CHA at 300 K and total fugacity ft = f1 + f2 = 100 kPa, and varying mole fraction of
ethanol (1) in the bulk fluid phase composition, y1. (a) Mole fraction of ethanol in the adsorbed phase plotted as function of the bulk fluid phase composition, y1. (b,
c) The component molar loadings for (a) ethanol, and (b) 1-propanol. (d) Calculations of the entropy factor . Two sets of calculations are presented: IAST
(continuous solid line), and the explicit model of van Assche et al. [43] (dashed line).
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reflecting the compactness of the molecular conformations of the
hydrocarbon isomer, and (c) differences in molecular “footprints”
arising out of commensurate/incommensurate stacking. Differences
in saturation capacities in cage-type structures arise due to limita-
tions in the cage size, and the ability to accommodate a molecule of
a given length (or size). Differences in saturation capacities in the
intersecting channels of MFI, is because the branched alkane de-
mands extra “leg room”, and can be located only at the intersection
sites, whose number is limited.

(3) For all guest/host combinations, the plots of the mole fraction of the
adsorbed phase, xk, as function of the occupancy, mix , show three
common characteristics: (a) selectivity reversals in favor of the
component with the higher saturation capacity usually occur at

> 0.5mix , (b) as x1; 1mix k ; the adsorbed phase is practi-
cally devoid of the component with the lower saturation capacity,
even if that component has the much stronger binding, and (c) for
mixtures in which the components have equal binding strengths,
b bk l, the separations are entirely driven by entropic considera-
tions.

(4) Entropy effects can be simply, and elegantly, elucidated using
simple 1D and 2D lattice model descriptions of mixture adsorption,
along with the Boltzmann relation, =S k Wln( )B . The underlying
physical reasoning is that there are many more molecular “ar-
rangements”, W, realizable if the adsorbed phase is predominantly
richer in the component that is smaller in size, shorter in length, has
the smaller footprint, or is not demanding of extra “leg room”
space.

(5) Appreciation of the significant importance of entropic contribu-
tions, allows us to choose, or develop, materials or channel topol-
ogies that would facilitate the packing of the component that needs
to be selectively adsorbed. This concept is of particular significance
in separations of aromatic molecules.

(6) Though statistical thermodynamics, and lattice models, assist in
gaining physical insights, the use of the IAST is required in process
design of adsorbers and membrane devices. In this context, it has
been established that use of the simpler, explicit, approach of van
Assche et al. [43] is not to be recommended, in general, because of
the wrong limiting behaviors at either end of the composition ex-
tremes of the bulk phase fluid mixture.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.seppur.2019.01.014.
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1 Preamble 

This Supplementary Material accompanying our article Elucidation and Characterization of Entropy 

Effects in Mixture Separations with Microporous Crystalline Adsorbents provides (a) detailed structural 

information on all of the zeolites, and MOFs, analyzed and discussed in the article, (b) summary of 

methodology used for CBMC simulations, (c) detailed derivations of the lattice models for mixture 

adsorption equilibrium, (d) details of Ideal Adsorbed Solution Theory (IAST) calculations for mixture 

adsorption equilibria, and (e) input data on isotherm fits used in the lattice, and IAST model 

calculations. 

For ease of reading, this Supplementary Material is written as a stand-alone document; as a 

consequence, there is some overlap of material with the main manuscript.  
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2 Structural details of microporous crystalline materials 

A wide variety of ordered crystalline microporous materials is used in several applications in 

separation applications.1-4 These include zeolites (crystalline aluminosilicates), and metal-organic 

frameworks (MOFs). The characteristic pore dimensions of these structures are in the micro-porous 

range: dp < 2 nm.   

A number of different channel topologies and connectivities are encountered in zeolites, and MOFs; 

these can be divided into five broad classes;  

1. One-dimensional (1D) channels (e.g. AFI, LTL, TON, MTW, Co-BDP, Fe2(BDP)3, MgMOF-

74, NiMOF-74, Zn-MOF-74, MIL-47, MIL-53(Cr), BTP-COF); see Figure 2-1. 

2. 1D channels with side pockets (e.g. MOR, FER); see Figure 2-2. 

3. Intersecting channels (e.g. MFI, ISV, BEA, Zn(bdc)dabco, Co(bdc)dabco); see  Figure 2-3 

4. Cages separated by narrow windows (e.g. LTA (all-silica), CHA, DDR, ERI, TSC); see Figure 

2-4. 

5. Cavities with large windows (e.g. FAU (all-silica), IRMOF-1, CuBTC, MOF-177); see Figure 

2-5. 

The crystallographic data are available on the zeolite atlas website of the International Zeolite 

Association (IZA).5, 6 Further details on the structure, landscape, pore dimensions of a very wide variety 

of micro-porous materials are available in the published literature.7-14 Table 6-1, Table 2-2, Table 2-3, 

and Table 2-4 provide some salient structural information on various zeolites and MOFs of interest. 
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2.1 List of Tables for Structural details of microporous crystalline materials 

Table 2-1. Salient structural information on zeolites. 

Structure Topology Fractional 

pore 

volume,  

Pore 

volume/ 

cm3/g 

Framework 

density/  

kg/m3 

AFI 12-ring 1D channels of 7.3 Å size 0.274 0.159 1730 

BEA Intersecting channels of two sizes: 12-ring of 6.1 Å -  6.8 Å 

and 10-ring of 5.6 Å – 6.7 Å   

0.408 0.271 1509 

CHA 316 Å3 cages separated by 3.77 Å  4.23 Å size windows 0.382 0.264 1444 

DDR 277.8 Å3 cages separated by 3.65 Å  4.37 Å  size windows 0.245 0.139 1760 

ERI 408 Å3 cages separated by 3.8 Å – 4.9 Å   size windows 0.363 0.228 1595 

FAU (all silica) 790 Å3 cages separated by 7.4 Å size windows 0.439 0.328 1338 

FER 10-ring 1D main channels of 4.2 Å -5.4 Å size, connected 

with 8-ring side pockets of 3.5 Å -4.8 Å size 

0.283 0.160 1772 

ISV Intersecting channels of two sizes: 12-ring of 6.1 Å -6.5 Å  

and 12-ring of 5.9 Å - 6.6 Å   

0.426 0.278 1533 

LTL 12-ring 1D channels of 7.1 Å size 0.277 0.170 1627 

LTA (all silica) 743 Å3 cages separated by 4.11 Å  4.47 Å size windows 0.399 0.310 1285 

MFI 10-ring intersecting channels of 5.4 Å – 5.5 Å and 5.4 Å – 5.6 

Å size 

0.297 0.165 1796 

MOR 12-ring 1D main channels of 6.5 Å -7 Å size, connected with 

8-ring side pockets of 2.6 Å -5.7 Å size 

0.285 0.166 1715 

MTW 12-ring 1D channels of 5.6 Å -6 Å size 0.215 0.111 1935 

TON 10-ring 1D channels of 4.6 Å -5.7 Å size 0.190 0.097 1969 
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Table 2-2. Pore volumes, surface areas, and characteristic (Delaunary) dimenions for zeolites 

Structure Pore volume / cm3 g-1 Surface area / m2 g-1 Delaunay diameter/ Å 

MFI 0.165 487.2 5.16 

ISV 0.278 911.4 5.96 

BEA 0.271 922.7 5.87 

LTL 0.170 520.6 7.26 

MOR 0.166 416.7 7.47 

FER 0.160 402.5 6.44 

FAU (all silica) 0.328 1086 4.65 

LTA (all silica) 0.310 896 7.37 

TSC 0.344 829  

CHA 0.264 757.5 3.98 

ERI 0.228 635.3 4.10 

DDR 0.139 350 4.02 

AFX 0.246 674.5 3.77 
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Table 2-3. Salient structural information on MOFs, ZIFs, and COFs. 

 

Structure Topology Fractional 

pore 

volume,  

Pore 

volume/ 

cm3/g 

Framework 

density/  

kg/m3 

CuBTC Large cages are inter-connected by 9 Å windows of square 

cross-section. The large cages are also connected to 

tetrahedral-shaped pockets of ca. 6 Å size through triangular-

shaped windows of 4.6 Å size 

0.759 0.863 879 

IRMOF-1 Two alternating, inter-connected, cavities of 10.9 Å and 14.3 
Å with window size of 8 Å. 

0.812 1.369 593 

Zn(bdc)dabco There exist two types of intersecting channels of about 7.5 Å 
× 7.5 Å along the x-axis and channels of 3.8 Å × 4.7 Å along 
y and z axes. 

0.662 0.801 826 

Co(bdc)dabco There exist two types of intersecting channels of about 7.6 Å 
× 7.6 Å along the x-axis and channels of 3.7 Å × 5.1 Å along 
y and z axes. 

0.648 0.796 814 

MOF-177 Six diamond-shaped channels (upper) with diameter of 10.8 
Å surround a pore containing eclipsed BTB3- moieties. 

0.840 1.968 427 

Co(BDP) 1D square-shaped channels  of 10 Å 0.67 0.927 721 

MgMOF-74 1D hexagonal-shaped channels  of 11 Å 0.708 0.782 905 

NiMOF-74 1D hexagonal-shaped channels  of 11 Å 0.695 0.582 1193 

CoMOF-74 1D hexagonal-shaped channels  of 11 Å 0.707 0.599 1180 

ZnMOF-74 1D hexagonal-shaped channels  of 11 Å 0.709 0.582 1219 

FeMOF-74 1D hexagonal-shaped channels  of 11 Å 0.705 0.626 1126 

MIL-47 1D diamond-shaped channels of 8.5 Å 0.608 0.606 1004 

MIL-53 (Cr)-lp 1D lozenge-shaped channels of 8.5 Å 0.539 0.518 1041 
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Table 2-4. Pore volumes, surface areas, and characteristic (Delaunary) dimensions for MOFs, ZIFs. 

 

Structure Pore volume / cm3 g-1 Surface area / m2 g-1 Delaunay diameter/ Å 

IRMOF1 1.369 3522.2 7.38 

CuBTC 0.848 2097.0 6.23 

MIL47 0.606 1472.8 8.03 

MIL53(Cr)-lp 0.518 1280.5 7.40 

CoFA 0.139  3.41 

MnFA 0.190  3.66 

Zn(tbip) 0.118  3.96 

Zn(BDC)dabco 0.801 2022.5 8.32 

Co(BDC)dabco 0.796  8.35 

ZIF-68 0.439 1066.0 7.52 

MOF-177 1.968 4781.0 10.1 

ZnMOF-74 0.582 1176.0 9.49 

MgMOF-74 0.782 1640.0 10.66 

NiMOF-74 0.582 1239.0 9.80 

CoMOF-74 0.599 1274.0 9.52 

FeMOF-74 0.626 1277.3 11.1 

Co(BDP) 0.927 2148.8 10 

BeBTB 1.908 4706  

CuBTT (blocked) 0.709 1564.6 9.99 

Fe2(BDP)3  1230  
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Figure 2-6. Comparison of surface area, pore volumes, framework densities, fractional pore volumes, 

and characteristic dimensions of some representative zeolites, MOFs and ZIFs.  
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3 Configurational-Bias Monte Carlo Simulation Methodology 

The simulation methodologies and the force field information used are the same as detailed in the 

Supplementary Materials accompanying our earlier publications.2, 3, 7, 9, 13, 15, 16 A short summary is 

provided hereunder. 

3.1 Zeolites (all silica) 

CH4 molecules are described with a united atom model, in which each molecule is treated as a single 

interaction center.17The interaction between adsorbed molecules is described with Lennard-Jones terms. 

The Lennard-Jones parameters for CH4-zeolite interactions are taken from Dubbeldam et al.18. The force 

fields for Ne and Ar are taken from the paper by Skoulidas and Sholl19. The force field for Kr is from 

Talu and Myers.20 The Lennard-Jones parameters for CO2-zeolite are essentially those of Makrodimitris 

et al.21; see also García-Pérez et al.22  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 beads in a chain separated by more than three bonds interact with each other through 

a Lennard-Jones potential; see schematic in The force fields of Dubbeldam et al.18 was used for the 

variety of potentials. The Lennard-Jones potentials are shifted and cut at 12 Å.  

The zeolite frameworks were considered to be rigid in all the simulation results reported in the article. 

In the CBMC simulations both Lennard-Jones and Coulombic interactions are taken into 

consideration; see schematic sketch in Figure 3-2. 

3.2 MOFs 

The structural information for CuBTC (= Cu3(BTC)2 with BTC =  1,3,5-benzenetricarboxylate) have 

been taken from Chui et al.23 and Yang and Zhong.24 The crystal structure of Chui et al. 23 includes axial 

oxygen atoms weakly bonded to the Cu atoms, which correspond to water ligands. Our simulations have 

been performed on the dry CuBTC with these oxygen atoms removed.  
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MIL-47 structural data was taken from Alaerts et al.,25 Finsy et al., 26 and Barthelet et al.27 

The structural data for MIL-53 (Cr) = Cr(OH)(O2C-C6H4-CO2) was taken from Coombes et al. 28 (the 

simulations were carried out with the large-pore (-lp) structure).  

The metal organic framework structures were considered to be rigid in the simulations. For the atoms 

in the host metal organic framework, the generic UFF29 and  DREIDING30 force fields were used. The 

Lorentz-Berthelot mixing rules were applied for calculating  and kB for guest-host interactions.  

The adsorbate-adsorbate interactions are the same as those used for zeolites, discussed in the 

foregoing section. 

3.3 Pore volume 

The pore volume is determined using a simulation of a single helium molecule at the reference 

temperature T 31-33 

 
r

r
d

Tk

U

m
V

poreV

B
pore  










0

exp
1

 (3-1)

where U is the interaction energy between a single helium atom and the framework, and m is the mass 

of the framework. The pore volume can be readily computed from Monte Carlo sampling using Widom 

particle insertion.34 Basically, the average Boltzmann factor associated with the random insertion of a 

probe molecule is computed. This value is averaged over all generated trial positions. In equation (3-1) 

the integration is over the entire mass of the sample and yields the value of the accessible pore volume 

per unit mass of the framework; the units of Vpore are m3/kg, or in more commonly used units mL/(g 

framework). The volume fraction, , is then given by Vpore/Vtotal where Vtotal is the total volume of the 

unit cell. Usually, a reference temperature of 298.15 K is chosen in experiment for determination of the 

helium void volume; this value is also used in the simulations.  

The force field for He-He interactions are taken from Table 1 of Talu and Myers.35  For zeolites the 

He-O interaction parameters were also taken from this Table 1. We should mention here that the force 

field for He of Talu and Myers 35 is not the same as that in Skoulidas and Sholl;19  in particular there are 
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significant differences in the energy parameter /kB. We had earlier used the Skoulidas force field to 

simulate diffusion of He in a variety of zeolites.13 For determination of the pore volume fraction we 

have switched to the Talu and Myers force field parameters that has been tuned to represent 

experimental data on pore volumes in MFI. 

For MOFs, the interaction between He and the atoms of the MOF structures were then determined 

using the Lorentz-Berthelot mixing rules. For determination of the pore volumes the Lennard-Jones 

parameters for interactions of the He probe atoms with cations are also considered 

For determination of the accessible pore volumes of FAU, NaX, NaY, TSC, ITQ-29, LTA, LTA-5A 

and LTA-4A the sodalite cages were blocked and no He probe atoms could enter these cages. Only the 

supercage volumes are determined for these structures. 

3.4 Surface areas 

The surface area of various structures were determined using the method described by Düren et al.36.   

3.5 Characteristic dimensions (Delaunay diameters) 

In many cases, the characteristic size of the channels or windows of microporous structures are 

referred to in the article. These data are obtained following the method of Delaunay triangulation, 

described in the work by Foster et al.37 These values represent the maximum hard-sphere diameter that 

can pass through the structure. The values quoted are obtained by substracting the Lennard-Jones sigma 

parameter of the framework atom.  

3.6 CBMC software used and simulation times 

The CBMC simulations were carried out using BIGMAC, a code originally developed by T.J.H. 

Vlugt, Delft.  This code was further updated and modified. 

Typical simulation times for CBMC simulations are about 1-10 h for determination of the adsorbed 

phase equilibrium loadings for specified bulk fluid phase compositions. 
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4 The Ideal Adsorbed Solution Theory (IAST) 

A brief summary of the IAST theory is provided in order to facilitate comparisons with the statistical 

thermodynamics based models to be discussed later in this document. 

4.1 Brief outline of theory 

Within microporous crystalline materials, the guest molecules exist in the adsorbed phase. The Gibbs 

adsorption equation38 in differential form is 





n

i
iidqAd

1

  (4-1)

The quantity A is the surface area per kg of framework, with units of m2 per kg of the framework of 

the crystalline material; qi is the molar loading of component i in the adsorbed phase with units moles 

per kg of framework; i is the molar chemical potential of component i. The spreading pressure   has 

the same units as surface tension, i.e. N m-1. 

The chemical potential of any component in the adsorbed phase, i, equals that in the bulk fluid phase.  

If the partial fugacities in the bulk fluid phase are fi, we have 

ii fRTdd ln  (4-2)

where R is the gas constant (= 8.314 J mol-1 K-1). 

 Briefly, the basic equation of Ideal Adsorbed Solution Theory (IAST) theory of Myers and 

Prausnitz39 is the analogue of Raoult’s law for vapor-liquid equilibrium, i.e. 

nixPf iii ,...2,1;  0   (4-3)

where xi is the mole fraction in the adsorbed phase 

n

i
i qqq

q
x

...21 
  (4-4)
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and 0
iP  is the pressure for sorption of every component i, which yields the same spreading pressure,   

for each of the pure components, as that for the mixture:  

...
)()()(
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 (4-5)

where )(0 fqi  is the pure component adsorption isotherm. The units of 
RT

A
, also called the adsorption 

potential,40  are mol kg-1. 

The unary isotherm may be described by say the 1-site Langmuir isotherm   
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where we define the fractional occupancy of the adsorbate molecules,   satqfq0 . The superscript 0 

is used to emphasize that  fq0  relates the pure component loading to the bulk fluid fugacity. More 

generally, the unary isotherms may need to be described by, say, the dual-Langmuir-Freundlich model 
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or the 3-site Langmuir-Freundlich model: 

0
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 (4-8)

Each of the integrals in Equation (4-5) can be evaluated analytically. For the 3-site Langmuir-

Freundlich isotherm, for example, the integration yields for component i,  
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 (4-9)

The right hand side of equation (4-9) is a function of 0
iP . For multicomponent mixture adsorption, 

each of the equalities on the right hand side of Equation (4-5) must be satisfied. These constraints may 
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be solved using a suitable equation solver, to yield the set of values of 0
1P , 0

2P , 0
3P ,.. 0

nP , all of which 

satisfy Equation (4-5). The corresponding values of the integrals using these as upper limits of 

integration must yield the same value of 
RT

A
 for each component; this ensures that the obtained solution 

is the correct one. 

The adsorbed phase mole fractions xi are then determined from  

ni
P

f
x

i

i
i ,...2,1;

 
0

  (4-10)

A key assumption of the IAST is that the enthalpies and surface areas of the adsorbed molecules do 

not change upon mixing. If the total mixture loading is tq , the area covered by the adsorbed mixture is 

tq

A
 with units of m2 (mol mixture)-1. Therefore, the assumption of no surface area change due to 

mixture adsorption translates as      000
2
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 ; the total mixture loading is tq  is 

calculated from  
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(4-11)

in which )( 0
1

0
1 Pq , )( 0

2
0
2 Pq ,… )( 00

nn Pq  are determined from the unary isotherm fits, using the sorption 

pressures for each component 0
1P , 0

2P , 0
3P ,.. 0

nP  that are available from the solutions to equations 

Equations (4-5), and (4-9). 

The entire set of equations (4-3) to (4-11) need to be solved numerically to obtain the loadings, qi of 

the individual components in the mixture. In all of the calculations presented in this article, the set of 

equations were solved using the Given-Find solve block of MathCad 15.41 
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4.2 IAST model: 1-site Langmuir isotherms 

The IAST procedure for will be explained in a step-by-step manner for binary mixture adsorption in 

which the unary isotherms are described by the 1-site Langmuir model. The objective is to determine 

the molar loadings, q1, and q2, in the adsorbed phase.  

Performing the integration of Equation (4-5) results in an expression relating the sorption pressures 

0
iP  of the two species 
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The adsorbed phase mole fractions of component 1, and component 2 are given by equation (4-10)  
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Since the mole fractions add to unity, we may combine equations (4-12), and (4-13) to obtain a 

relation in just one unknown, x1: 
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Equation (4-14) is a non-linear equation 
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The partial fugacities of the two components in the bulk gas phase are known, and equation (4-15) 

needs to be solved using a root finder to solve for the unknown, x1. Once 1x , and 12 1 xx   are 

determined, the sorption pressures can be calculated: 
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  (4-16)

The total amount adsorbed, 21 qqqt   can be calculated from  
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in which )( 0
1

0
1 Pq , and )( 0

2
0
2 Pq  are determined from the Langmuir parameters along with the sorption 

pressures, determined from equation (4-16). The component loadings, q1, and q2 are then determined 

from  1211 1; xqqxqq tt  .  

4.3 IAST model: Langmuir isotherms with equal saturation capacities 

For the special case of binary mixture adsorption with equal saturation capacities, 1, 2,sat sat satq q q  , 

the component loadings can be determined explicitly. Equation (4-15) can be solved explicitly to obtain 

the adsorbed phase mole fractions 
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Equation (4-12) simplifies to yield   
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From equation (4-16) we get  
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Equations (4-17), (4-18),  (4-19), and (4-20)  yield  
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Combining equations (4-18), and (4-21) we obtain the following explicit expressions for the 

component loadings, and fractional occupancies  
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Equation (4-22) is commonly referred to as the mixed-gas Langmuir model, or extended Langmuir 

model. Rao and Sircar42 show that the mixed-gas Langmuir model described by Equation (4-22) passes 

the thermodynamic consistency test only when the saturation capacities equal each other, i.e. 

1, 2,sat satq q .  

From Equation (4-22), it also follows that the adsorbed phase mole fraction is 
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(4-23)

 

  



Multi-site Occupancy Model of Nitta et al. (1984) 
   

28 
 

5 Multi-site Occupancy Model of Nitta et al. (1984) 

Nitta et al.43 developed an extension of the Langmuir model for multi-site occupancy. For unary 

adsorption of a species that occupies k sites, out of a total of M sites per unit cell: 
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sat

q M
bf q

q k

 


  


 (5-1)

In equation (5-1), f is the bulk fluid phase fugacity with units of Pa, and the binding constant b has the 

units of Pa-1. It is to be noted that for 1k  , loadings are not explicitly calculable from the bulk fluid 

phase fugacity, f; the unary isotherms need to be calculated using a root finder. It is also to be noted that 

there is no requirement that k  be an integer quantity. 

For adsorption of a binary (k, l) mixture of species that occupy, k sites and l sites, respectively:  
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 (5-2)

In equation (5-2), fk and fl are the partial fluid phase fugacities in the bulk fluid phase, with units of 

Pa, and the binding constant bk and bl have the units of Pa-1. An equation solver is required to determine 

the component loadings ,k lq q  for specified fk and fl are in the bulk fluid phase. If k = l = 1, we recover 

Equation (4-22). Equation (5-2) is thermodynamically consistent, because the saturation capacities of 

the two components are not independent:  

, ,k sat l satkq lq M   (5-3)

For unary isotherms described by equation (5-1), the IAST model gives numerical results that are 

identical to those determined by solving the set of equations (5-2) with the Given-Find solve block of 

MathCad 15.41 Indeed, there is no computational benefit to using the Nitta model over the IAST model.  

Both approaches require solution to a set of implicit simultaneous equations. 

The extension of the Nitta model to multi-region adsorption is developed by Bai et al.44 
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6 Statistical thermodynamics and lattice models 

6.1 1D Lattice model for binary mixture adsorption 

The adsorption of a binary mixture of rigid k-mers and rigid l-mers on one-dimensional (1D) lattices 

is described by Dávila et al.45 The adsorbent surface is modeled by a 1D lattice of M sites (M → ∞); see 

schematic in Figure 6-1. The k-mers are assumed to be composed by k identical units in a linear array 

with constant bond length equal to the lattice dimension. The k-mers can only adsorb flat on the surface 

occupying k contiguous lattice sites. Analogously, the l-mers are assumed to be composed by l identical 

units in a linear array with constant bond length equal to the lattice constant a. The l-mers can only 

adsorb flat on the surface occupying l contiguous lattice sites. For adsorption of methane/ethane 

mixtures, for example, k = 1, l =2.  Furthermore, double site occupancy is not disallowed and only 

mono-layer adsorption is considered. Also, there are no adsorbate-adsorbate interactions. Since different 

particles do not interact with each other, all configurations of Nk k-mers and Nl l-mers on M sites are 

equally probable.  

Dávila et al.45 derive the following expression for the number of arrangements of Nk k-mers and Nl l-

mers on M sites: 
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  (6-1)

Of particular interest is the calculation of the entropy  contribution to binary mixture adsorption 

 WkS B ln ; this can be calculated using the Stirling’s approximation    MMMM  ln!ln .  The 

expression for the dimensionless entropy per site for a 1D lattice is 
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Defining, the fractional occupancies 
M

lN

M

kN l
l

k
k   ; , we obtain the following expression for the 

dimensionless entropy per site 
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By defining the mole fraction of k in the adsorbed phase, k k
k

k l mix

N k
x

N N




 
  

and noting that 

 1l l k mixN l x     we can express the dimensionless entropy per site, as a function of the two 

variables kx , and k l k l
mix

N N

k l M
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At any chosen value of total mixture occupancy, mix , by setting 0
k B

S

x k M

 
   

, we can determine 

the adsorbed phase mole fraction kx , that yields a maximum in the 
Mk

S

B

. The solution thus obtained is 

in the form of the implicit expression 



Statistical thermodynamics and lattice models    

31 
 

1
; 1

1
1

k l kx x x  



 
(6-5)

where an “entropy factor”   is defined as 
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(6-6)

Equations (6-5) and (6-6) need to be solved simultaneously using a suitable root-finder in order to 

determine the adsorbed phase composition for a specified value of the mixture occupancy mix . It is 

important to note that the “entropy factor”   is a function of the occupancies of both components. 

It is easy to check that for k = l, the adsorbed phase composition 0.5kx  , irrespective of the mixture 

occupancy; this implies there is no entropic preference for either component. For k < l, in the limit of 

vanishingly low occupancies, we have 0; 1; 0.5mix kx    , and there is no entropic 

preference for either of the constituent species, because there is not competition for adsorption sites at 

vanishingly low occupancies. For k < l, the adsorbed phase composition kx  increases with increasing 

mix , reaching the limit 1; ; 1mix kx    . 

The mixture adsorption equilibrium for a 1D lattice is described by a set of two, coupled, equations: 
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where bk and bl are the binding constants for the two adsorbates; fk and fl are the partial fugacities in the 

bulk fluid phase in equilibrium with the adsorbates. It is to be noted that since the equations (6-7) are 

not explicit in terms of the occupancies, 
M

lN

M

kN l
l

k
k   ; , the set of two equations need to be solved 

numerically. All the calculations presented in this article were performed using the Given-Find solve 
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block of MathCad 15.41 The solutions to Equations (6-7) implicitly satisfy the requirements of the 

minimum Helmholtz free energy for mixture adsorption. 

The corresponding unary isotherms can be derived as limiting scenarios for equations (6-7):  
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(6-8)

The binding constants bk and bl can be fitted to match the unary isotherm data. For 1; 1k l  , the 

binding constants ;k lb b  do not correspond to the unary Langmuir model fits. It is also noteworthy 

that for 1; 1k l  , the occupancies and loadings are not explicitly relatable to the bulk fluid 

fugacities, f, and a numerical solution is required.  

In applying the 1D lattice model to match unary isotherm data in zeolites and MOFs, we interpret the 

parameters k and l to be representative of the inverse saturation capacities of the unary isotherms. For 

this purpose, we may identify M as the total number of sites in one unit cell.  So, if Nk and Nl are the 

loadings in the units of molecules per unit cell, and their saturation capacities are, respectively, Nk,sat and 

Nl,sat:
,

, ,
,

; ; k sat
k sat l sat

l sat

NM M l
N N

k l k N
   . There is no strict requirement to restrict k and l to have 

integer values. The molar loadings, expressed in molecules uc-1, are 

, ,;k k l sat k l l l sat l

M M
N N N N

k l
       . It is also to be noted that the quantities Nk and Nl have the 

same significance as the molar loadings qi, introduced in the earlier Chapter on the IAST on page 22.  

Let us re-write equations (6-7) as 
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Let the mole fraction of component k in the bulk fluid phase be ; 1k l ky y y  ; so, 

 ; 1k t k l t l t kf f y f f y f y     where ft is the total mixture fugacity of the bulk fluid phase, 

k l tf f f  . The adsorption selectivity, / /

l k

l k l k
k

l k l k l k

N N N N l k
S

f f y y y y

    
   
       , defined for l (the longer 

molecule) with respect to k  (the shorter molecule), can be expressed as follows 
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where   has the same definition as in equation (6-6). For l k , the factor 1 , and favors the 

adsorption of the shorter molecule. The factor   increases with increasing total occupancies 

k l k l
mix

N N

M k l

  
   . Generally speaking the longer molecule will have the higher binding constant, 

i.e. 1l kb b  ; consequently, the factor   has the effect of reducing the magnitude of /k lS . The 

corresponding adsorption selectivity /k lS

 

defined for k (the shorter molecule) with respect to l (the 

longer molecule), can be expressed as follows 
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The mole fraction of k in the adsorbed is expressed in implicit form as 

 
1 1

1
11 1

k
k l

l lk l l k

k k

N
x x

b fN N N N
b f

    
  



 
(6-12)



Statistical thermodynamics and lattice models    

34 
 

Equation (6-12) needs to be solved using a suitable root-finder in order to determine the adsorbed 

phase composition for specified values of the mixture occupancy mix , and  k k

l l

b f

b f
.  We have checked for 

a wide range of problems, that the solutions to Equation (6-12) are identical to those obtained from use 

of the IAST provided that the unary isotherm model used in the IAST estimations correspond to those 

described by equation (6-8).  It is also noteworthy that for 1; 1k l  , the occupancies and loadings 

are not explicitly relatable to the bulk fluid fugacities, f, and a numerical integrations in Equations (4-5) 

are required for determination of the spreading pressures, adsorption potential, and sorption pressures. 

For all of the numerical calculations presented in this article, we have checked that the lattice model and 

the IAST yield identical results for the component loadings, and adsorbed phase mole fractions. 

If the ratio of binding constants 1k lb b  , and the partial fugacities in the bulk phase are equal, i.e.

k lf f , the separation selectivity / 1k lS  , and will be driven entirely by entropic considerations, and the 

mole fraction of  k in the adsorbed phase will be  

1
1 ; ;

1
1

k l k l k lx x b b f f    



 
(6-13)

Equation (6-13) is the same as equation (6-5) that was derived to achieve maximum entropy  
Mk

S

B

. 

Put another was, if the ratio of binding constants 1k lb b  , the separation is solely on the basis of 

entropic considerations, favoring the shorter molecule.   

Table 6-1 provides a summary of key relations for the lattice models for adsorption of Nk k-mers and 

Nl l-mers on M sites of 1D lattice. 

It is easy to check from equations (6-8) that for k = l =1, we recover the unary Langmuir isotherms 

   
;

1 1
k l

k l l
k l

b f b f
 
 

 
 

 

for both guest molecules. Also, for k=1, l=1, equations (6-9), 

describing binary mixture adsorption, reduce to the mixed-gas Langmuir model  
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6.2 2D lattice model of Matoz-Fernandez for mixture adsorption 

Matoz-Fernandez and Ramirez-Pastor46 present the generalization of the foregoing analysis to two-

dimensional (2D) square lattices, by introduction of a coordination number Z; for a square lattice Z = 4.  

Matoz-Fernandez and Ramirez-Pastor46 derive the following expression for the number of 

arrangements of Nk k-mers and Nl l-mers on M sites on a square lattice: 
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The mixture adsorption equilibrium for a 2D lattice is described by a set of two, coupled, equations: 
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 (6-16)

where bk and bl are the binding constants for the two adsorbates; fk and fl are the partial fugacities in the 

bulk fluid phase in equilibrium with the adsorbates. It is to be noted that since the equations (6-7) are 

not explicit in terms of the occupancies, 
M

lN

M

kN l
l

k
k   ; , the set of two equations need to be solved 

numerically. All the calculations presented in this article were performed using the Given-Find solve 

block of MathCad 15.41 

The corresponding unary isotherms can be derived as limiting scenarios for equations (6-16):  
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The generalization of equation (6-6) to 2D square lattice is 
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The mole fraction of k in the adsorbed is 

 
1 1

1
11 1

k
k l
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N
x x

b fN N N N
b f

    
  



 
(6-19)

which equation is identical in a formal sense to equation (6-12) derived for 1D lattice. 

The binding constants bk and bl can be fitted to match the unary isotherm data. In applying the 2D 

lattice model to match unary isotherm data in zeolites and MOFs, we interpret the parameters k and l to 

be representative of the inverse saturation capacities of the unary isotherms. For this purpose we may 

identify M as the total number of sites in one unit cell.  So, if Nk and Nl are the loadings in the units of 

molecules per unit cell, and their saturation capacities are, respectively, Nk,sat and Nl,sat:

,
, ,

,

; ; k sat
k sat l sat

l sat

NM M l
N N

k l k N
   . There is no strict requirement to restrict k and l to have integer 

values. The molar loadings, expressed in molecules uc-1, are , ,;k k l sat k l l l sat l

M M
N N N N

k l
       . 

It is also to be noted that the quantities Nk and Nl have the same significance as the molar loadings qi, 

introduced in the earlier Chapter on the IAST on page 22. If the ratio of binding constants 1k lb b  , and 

the partial fugacities in the bulk phase are equal, i.e. k lf f , the separation selectivity / 1k lS   , and will 

be driven entirely by entropic considerations, and the mole fraction of  k in the adsorbed phase will be  
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Table 6-2 provides a summary of key relations for the lattice models for adsorption of Nk k-mers and 

Nl l-mers on M lattice sites with coordination number, Z. Taking Z = 2, will result in the same equations 

as presented in the previous section for a 1D lattice. 

There is however an important drawback of the square lattice model of Matoz-Fernandez and 

Ramirez-Pastor;46 equations (6-17) do not degenerate to the Langmuir isotherm for the special case, 

k=1, l=1. For this reason, we do not use the 2D square lattice model of Matoz-Fernandez and Ramirez-

Pastor46 in the calculations presented in this article. 

6.3 2D lattice model of Azizian and Bashir for mixture adsorption 

Azizian and Bashiri47 consider a two-dimensional lattice of M sites for binary adsorption of A and B 

molecules. Nk and Nl molecules of A and B are adsorbed on the surface, respectively, in such a way that 

each A molecule occupies k lattice sites and each B molecule occupies l lattice sites. It is assumed that 

there are no adsorbate-adsorbate interactions, consistent with the assumptions in the classical Langmuir 

model.  The number of configurations that are possible for arrangement of Nk and Nl molecules on M 

sites of the 2D lattice is given by equation (1) of Azizian and Bashiri:47 
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(6-21)

Using the Stirling approximation, the following expression can be derived for the entropy per site 

       1 1 1 1
1 ln 1

1 ln 1 ln ln

k l k l

B

k l k l k k l l

k l k lkN lN kN lNS

k M k M l M k M l M

kN lN kN lN N N N N

M M M M M M M M

      
       
   

            
   

 (6-22)

Defining, the fractional coverages of A and B molecules, 
M

lN

M

kN l
l

k
k   ; , we obtain the following 

expression for the dimensionless entropy per site 
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Formally, equation (6-23) is identical to the corresponding expression (6-3) derived by Dávila et al.45 

for adsorption of  Nk k-mers and Nl l-mers on M sites on a 1D lattice. The mixture adsorption 

equilibrium for a 2D lattice is described by a set of two, coupled, equations: 
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(6-24)

where bk and bl are the binding constants for the two adsorbates; fk and fl are the partial fugacities in the 

bulk fluid phase in equilibrium with the adsorbates. Equations (6-24) is formally identical to the 

equations (6-7) for the 1D lattice model. It is to be noted that since the Equations (6-24) are not explicit 

in terms of the occupancies, 
M

lN

M

kN l
l

k
k   ; , the set of two equations need to be solved numerically. 

All the calculations presented in this article were performed using the Given-Find solve block of 

MathCad 15.41 

The corresponding unary isotherms are described by the limiting cases of Equations (6-24) 
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(6-25)

The binding constants bk and bl can be fitted to match the unary isotherm data. In applying the 1D 

lattice model to rationalize the selectivity reversal phenomena observed for binary mixture adsorption in 

zeolites and MOFs, we interpret the parameters k and l to be representative of the inverse saturation 

capacities of the unary isotherms, taking , ,;k sat l sat

M M
N N

k l
  . For example, we may also arbitrarily 
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set k=1, and take ,

,

k sat

l sat

N
l

N
 . Alternatively, we set l=1, and take ,

,

l sat

k sat

N
k

N
 . There is no strict requirement 

to restrict k and l to have integer values.   

The expressions for the adsorbed phase compositions and selectivity are the same as those for the 1D 

lattice model of Dávila et al.,45 conveniently summarized in Table 6-1. 

For the special case, k=1, l=1, equations (6-25) reduce to the unary Langmuir isotherms 
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Furthermore, for k=1, l=1, equations (6-24) reduce to  
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Equation (6-27) is precisely equivalent to Equation (4-22), the mixed-gas Langmuir model. 

Equation (6-23), the dimensionless entropy per site, for k=1, l=1, simplifies to  

    llkklklk
BMk

S  lnln1ln1   (6-28)

Equation (6-28) should be compared to the entropy of mixing for binary fluid mixtures 
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xxxx
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lnln   where xk and xl are the mole fractions. 
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6.4 List of Tables for Statistical thermodynamics and lattice models 

Table 6-1. Summary of key relations for the lattice models for adsorption of Nk k-mers and Nl l-mers 

on M sites of 1D lattice.  

 Species k Species l Total mixture 
Number of adsorbed 
molecules on lattice of 
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Table 6-2. Summary of key relations for the lattice models for adsorption of Nk k-mers and Nl l-mers 

on M lattice sites. For 1D lattice, the coordination number Z = 2; for 2D lattice, Z = 4. 

 Species k Species l Total mixture 
Number of adsorbed 
molecules on lattice 
of M sites 

kN  lN  k lN N  

Saturation capacity 
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6.5 List of Figures for Statistical thermodynamics and lattice models 

 

 

Figure 6-1. Schematic showing the adsorption of binary mixture of k-mers (k=1), and l-mers (l=2) on 

1D and 2D (square) lattices.  
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7 Explicit Mixture Adsorption Model of van Assche 

In a recent paper, van Assche et al.48 derive a model to describe mixture adsorption, that purportedly 

has its basis in statistical thermodynamics. For a mixture of species 1 and 2, in which each species 

follows 1-site Langmuir adsorption characteristics, the following expressions for the component 

loadings are derived for the scenario in which species 2 has the higher saturation capacity 
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 (7-1)

The mole fraction of the component in the adsorbed phase that has the lower saturation capacity (1), 

can be derived: 
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(7-2)

In sharp contrast with the corresponding expression derived from the model of Dávila et al.,45 the 

adsorbed phase mole fractions, 1 2,x x  can be determined explicitly in terms of the binding constants, 

saturation capacities, and partial bulk fluid phase fugacities.  However, as stressed by van Assche et 

al.,48 the important disadvantage of equations (7-1), and (7-2) is that they are not symmetric. Another 

important factor to note is that the entropic factor   only varies with the occupancy of component 2. 

This is in sharp contrast to the entropy factor described by equation (6-6) model of Dávila et al.,45 

wherein the   is seen to depend on the occupancies of both of the components in the mixture. 

For the scenario in which scenario in which species 1 has the higher saturation capacity, the 

corresponding expressions are  
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 (7-3)

The mole fraction of the component in the adsorbed phase 1x  that has the higher saturation capacity 

(component 1), is: 
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(7-4)

From equation (7-4), we note that the entropic factor    only varies with the occupancy of 

component 1. This is in sharp contrast to the entropy factor described by equation (6-6) model of Dávila 

et al.,45 wherein the   is seen to depend on the occupancies of both of the components in the mixture.  

We have tested the accuracy of Equations (7-1), (7-2), (7-3), and (7-4) and found these to be of poor 

accuracy when the ratio of saturation capacities exceeds 2. As illustration of the limitations of the 

explicit model of van Assche et al.,48 we consider binary ethanol(1)/1-hexanol(2) mixture adsorption in 

CHA zeolite at 300 K, wherein the partial fugacities in the bulk phase are equal to each other, i.e. f1 = f2. 

On the basis of the Configurational-Bias Monte Carlo (CBMC) simulations reported by Krishna and van 

Baten,49 the saturation capacities of ethanol (1), and 1-hexanol (2) are respectively 4 molecules cage-1, 

and 1 molecule cage-1, respectively; i.e. q1sat = 4 cage-1, q2sat = 1 cage-1; 1

2

4sat

sat

q

q
 . The unary isotherms 

could be fitted with 1-site Langmuir model with binding constants b1 = 310-4 Pa-1, b2 = 30 Pa-1. In 

Figure 7-1(a) the calculations of the mole fraction in the adsorbed phase using Equation (7-4) (shown by 

the dashed line) are compared with the corresponding IAST calculations (indicated by the continuous 

solid line). Also shown for comparison are the CBMC simulations of mixture adsorption (indicated by 

symbols). We note that the accuracy of Equation (7-4) for estimation of the mole fraction of ethanol in 

the adsorbed phase 1x  shows large deviations from the IAST for bulk fugacities in the range 10 kPa < ft 

= f1 + f2 < 200 kPa, in which selectivity reversal takes place. The phenomenon of selectivity reversal has 

been confirmed in the experiments reported by Remy et al.50 for transient breakthroughs in a fixed bed 

adsorber packed with SAPO-34 (that has the same structural topology as CHA) and operating under 

conditions with bulk liquid phase mixtures; see Figure 12-11(a,b). The component that is eluted first 

from the adsorber is the alcohol with the longer chain length.  
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The reason for the poor agreement between the van Assche model and IAST estimates is primarily 

due to the fact that the entropic factor    calculated from equation (7-4) does not account for the 

influence of the occupancy contribution of component 2 to the Boltzmann re-arrangement statistics.  In 

order to underscore this point, Figure 7-1(b) compares the calculations of the entropy factor    from 

equation (7-4) with the corresponding calculations from IAST, using: 

2 2

1 1

1

1

1
1

b f

b f

x


 

 
 

 
(7-5)

In which the adsorbed phase mole fraction of component 1, 2 2

1 1

1

1

1
1

b f

b f

x


 

 
 

, is determined from 

equation (4-10). For total bulk fluid phase fugacities ft = f1 + f2 < 200 kPa, the entropy factor    

calculated from equation (7-4) is about 1 – 4 orders of magnitude lower than the corresponding IAST 

estimates using equation (7-5).  

Also, the accuracy of Equations (7-1), (7-2), (7-3), and (7-4) is poor for mixture adsorption 

calculations in which the bulk fluid phase compositions are not held constant at y1=0.5 but varied. As 

illustration, Figure 7-2(a) presents calculations using Equation (7-4) for the adsorbed phase mode 

adsorbed phase mole fraction of ethanol(1) for binary ethanol(1)/1-hexanol(2) mixture adsorption in 

CHA at 300 K and total fugacity ft =  f1 + f2 = 100 kPa, and varying mole fraction of ethanol (1) in the 

bulk fluid phase, y1. The estimations of the explicit model of van Assche et al.48  are extremely poor in 

the range 0 < y1< 0.5. The reason for this is that Equations (7-1), (7-2), (7-3), and (7-4) do not have the 

proper limiting behaviors for the component loadings, 1 1for 0q y  , and 2 2 for 0q y  . Witness the 

comparisons in the component loadings for ethanol, and 1-hexanol as estimated by the IAST and van 

Assche models in Figure 7-2(b,c). Figure 7-2(d) shows that the entropy factor    calculated from 

equation (7-4) is about 4 orders of magnitude lower than the corresponding IAST estimates using 

equation (7-5) when 1 0y  . 
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The accuracy of the use of the Equations (7-1), (7-2), (7-3), and (7-4) improves, albeit slightly, when 

the saturation capacities are closer together. As illustration, Figure 7-3(a) presents calculations of the 

adsorbed phase mode adsorbed phase mole fraction of 1-butanol(1) for binary 1-butanol(1)/1-hexanol(2) 

mixture adsorption in CHA at 300 K and total fugacity ft =  f1 + f2 = 100 Pa, and varying mole fraction 

of 1-butanol (1) in the bulk fluid phase, y1. The saturation capacity of 1-butanol as determined in the 

CBMC simulations of Krishna and van Baten,49 q1sat = 2 cage-1; the corresponding Langmuir binding 

constant, b1 = 0.45 Pa-1. For this mixture, for which 1

2

2sat

sat

q

q
 , the  deviations of the estimations using 

Equation (7-4) from the IAST are smaller than that witnessed in Figure 7-2(a), but the van Assche 

model remain of unacceptable accuracy for estimation of the molar loadings for the scenarios: 

1 1 for 0q y  , and 2 2 for 0q y  ; see Figure 7-3(b,c). Specifically, the estimations of the explicit model 

of van Assche et al.48  are extremely poor in the range 0 < y1< 0.4. Figure 7-3(d) shows that the entropy 

factor    calculated from equation (7-4) is about one order of magnitude lower than the corresponding 

IAST estimates using equation (7-5) when 1 0y  . 

 In order to address the problem of the improper limiting behaviors, van Assche et al.48 have 

suggested the loading be determined by averaging the results of equations (7-1) and (7-3); this approach 

appears to be arbitrary and there is no theoretical justification for this. 
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7.1 List of Figures for Explicit Mixture Adsorption Model of van Assche 

 

 

 

Figure 7-1. (a) CBMC simulations (indicated by symbols) for the adsorbed phase mole fraction of 

ethanol(1) for binary ethanol(1)/1-hexanol(2) mixture adsorption in CHA at 300 K; in these simulations 

the partial fugacities in the bulk phase are equal to each other, i.e. f1 = f2. The x-axis the bulk fluid phase 

fugacity of the mixture, ft = f1 + f2. Also shown are the estimates using the IAST (continuous solid line), 

and the explicit model of van Assche et al.48 (dashed line). (b) Calculations of the entropic factor    

using equation (7-4) with the corresponding IAST calculations.  
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Figure 7-2. (a) The adsorbed phase mode adsorbed phase mole fraction of ethanol(1), and (b, c) the 

component molar loadings for binary ethanol(1)/1-hexanol(2) mixture adsorption in CHA at 300 K and 

total fugacity ft =  f1 + f2 = 100 kPa, and varying mole fraction of ethanol (1) in the bulk fluid phase, y1. 

Two sets of calculations are presented: IAST (continuous solid line), and the explicit model of van 

Assche et al.48 (dashed line).  (d) Calculations of the entropic factor    using equation (7-4) with the 

corresponding IAST calculations.  
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Figure 7-3. (a) The adsorbed phase mode adsorbed phase mole fraction of 1-butanol(1), and (b, c) the 

component molar loadings for binary 1-butanol(1)/1-hexanol(2) mixture adsorption in CHA at 300 K 

and total fugacity ft =  f1 + f2 = 100 Pa, and varying mole fraction of 1-butanol (1) in the bulk fluid 

phase, y1. Two sets of calculations are presented: IAST (continuous solid line), and the explicit model of 

van Assche et al.48 (dashed line).  (d) Calculations of the entropic factor    using equation (7-4) with 

the corresponding IAST calculations.  
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8 Adsorption of n-alkanes in Manganese Formate (Mn-FA) 

We consider adsorption of linear alkanes in manganese formate (Mn-FA) framework.51 The Mn-FA 

structure consists of 1D zig-zag channels; see the pore landscapes in Figure 8-1. Figure 8-2 presents 

computational snapshots showing the location and conformation of propane (C3) and n-hexane (nC6) 

molecules within the zig-zag 1D channel segments of Mn-FA; one unit cell of Mn-FA contains four 

channel segments.   

8.1 Adsorption of C3/nC6 mixtures in Mn-FA 

Configurational-Bias Monte Carlo (CBMC) simulations 51 of the unary adsorption isotherms of C3 

and nC6 are presented in Figure 8-3(a). The saturation capacity for C3 is 4 molecules per unit cell (uc), 

corresponding to one molecule per channel segment; the length of each channel segment is 

commensurate with that of the propane molecule. Longer alkane molecules such as nC6 must straddle 

two channel segments; the length of the nC6 molecule is commensurate with the length of two channel 

segments. The saturation capacities of nC6 is restricted to 2 molecules uc-1. The unary isotherms can be 

described quantitatively by equations (6-8) of the 1D lattice model of Dávila et al.45 Since C3 (species k) 

adsorbs commensurately with one channel segment, we take k=1, M = 4/uc,  and , 4/uck sat

M
N

k
  . 

The linear hexane nC6 (species l) adsorbs commensurately with two channel segments, and so we take 

l=2, M = 4/uc, and , 2/ucl sat

M
N

l
  .  A good match between the 1D lattice model and CBMC 

simulations of the unary isotherms is obtained with the fitted binding constants are bk = 810-4 Pa-1, and 

bl = 410-2 Pa-1; see continuous solid lines in Figure 8-3(a). This implies that the unary isotherm is 

described by the Langmuir model 
 

;
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k k
k k
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kN
b f

M

 


 


. The isotherm for nC6 is described by the 
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model 
 2

1
2 2

;
1

l l

l
l l

l

lN
b f

M

 




  
   


; this model can be expressed as a quadratic equation in l , and an 

explicit expression of l  as a function of lb f  is derivable. 

Consider adsorption of C3(1)/nC6(2) mixtures. CBMC simulations of the component loadings for a 

mixture with equal partial fluid phase fugacities, f1= f2, are shown in Figure 8-3(b). When operating at 

total fugacities ft = f1+ f2 > 100 kPa, we note that the adsorbed phase composition is richer in the shorter 

alkane. Increase in ft beyond 100 kPa causes a progressive increase in the component loading of 

propane, with a concomitant decrease in the loading of nC6. For total fugacities ft = f1+ f2 > 1 MPa, the 

bulk mixture exists in the liquid phase (this has been determined by use of the Peng-Robinson equation 

of state). Operations at ft = f1+ f2 > 1 MPa, result in almost total exclusion of nC6 from the 1D channels. 

To elucidate, and quantify, the reasons behind the selectivity reversal that occurs at  ft  100 kPa, and 

also the total exclusion of nC6 for ft = f1+ f2 > 1 MPa, we apply equations (6-7) of the 1D lattice model 

of Dávila et al.45 The component loading of C3, in molecules per unit cell, is given by 
k

M
N kk  . The 

component loading of nC6, in molecules per unit cell, is given by 
l

M
N ll  . The calculations of the 

component loadings are indicated by the continuous solid lines in Figure 8-3(b). The lattice model is 

able to quantitatively capture the selectivity reversal phenomenon. It  was also verified that use of the 

IAST, along with the unary isotherms, 
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 for 

C3, and nC6, respectively, results in numerical results that are identical to the 1D lattice model of 

Dávila et al.45 

Figure 8-3(c) presents calculations of the dimensionless entropy per site 
Mk

S

B

, using equation (6-4), 

for a binary mixture of C3 (k=1), and nC6 (l=2) in 1D lattice as a function of the mole fraction of 
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propane in the adsorbed phase, 

k

k
k

k lk l

N kx
N N

k l



  
 

, for three different values of total occupancies, 

k l k l
mix

N N

M k l

  
    = 0.1, 0.3, and 0.5. At the lowest occupancy, mix = 0.1, the maximum in the 

Mk

S

B

 occurs at the adsorbed composition 0.5kx  . With increasing total occupancies,
 

mix , the 

maximum in the 
Mk

S

B

 occurs at values the adsorbed composition kx , that are significantly richer in 

propane, the shorter alkane. This is because the vacancies are more efficiently filled up by molecules 

with the shorter chain length. The precise composition of the adsorbed phase, corresponding to the 

maximum entropy can be determined by setting 0
k B

S

x k M

 
   

, and is described by equations (6-5), 

and (6-6). The continuous solid black line in Figure 8-3(d) presents a plot of the values of kx  

corresponding to the maximum entropy as a function of the total occupancy, mix . The corresponding 

calculations using equation (6-12) is shown by the continuous solid blue line; this line is in excellent 

agreement with the CBMC simulated values of kx . Entropy effects become increasingly significant for 

0.5mix  , causing total exclusion of the longer nC6 molecule as 1mix  . 

For entropy effects to be fully exploited and nC6 to be totally rejected, the operations must be under 

conditions such that pore saturation prevails; adsorption from mixtures in the liquid phase usually 

ensures prevalence of pore saturation conditions.  

8.2 Adsorption of nC4/nC5 mixtures in Mn-FA 

Configurational-Bias Monte Carlo (CBMC) simulations51 of the unary adsorption isotherms of nC4, 

and nC5 and nC6 in Mn-FA at 300 K are shown in Figure 8-4(a). The saturation capacities of nC4, and 

nC5 are, respectively, 4, and 2.67 molecules/uc. The unary isotherms can be described quantitatively by 

equations (6-8) of the 1D lattice model of Dávila et al.45 For nC4 (species k) adsorbs commensurately 
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with one channel segment, we take k=1, M = 4/uc, and , 4/uck sat

M
N

k
  . For the linear pentane nC5  

we take l=1.5, M = 4/uc,  and , 2.6667/ucl sat

M
N

l
  .  A good match between the 1D lattice model and 

CBMC simulations of the unary isotherms is obtained with the fitted binding constants are bk = 1.510-3 

Pa-1, and bl = 1.510-3 Pa-1; see continuous solid lines in Figure 8-4(a). It is noteworthy that the binding 

constants of the two molecules are equal to each other.  

For adsorption of  nC4/nC5 mixtures, CBMC simulations51 show that the longer alkane is virtually 

excluded from the channels at pore saturation conditions; see Figure 8-4(b). For a quantitative 

description we apply equations (6-7) of the 1D lattice model of Dávila et al;45 the numerical solution to 

the set of these two equations is represented by the solid lines in Figure 8-4(b). The 1D lattice model is 

able to provide near-quantitative description of the exclusion of the longer alkane at pore saturation.  

The symbols in Figure 8-4(c) are the CBMC simulated data on the adsorbed phase mole fractions kx  
 

plotted as function of the total occupancy, mix . For 0.7mix   these data are in excellent agreement with 

the calculations using equations (6-5), and (6-6), that are based on the maximization of entropy concept; 

this confirms that the separation is driven by entropic effects as pore saturation is approached. 
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Figure 8-3. (a) CBMC data51 (symbols) for unary isotherms of C3 and nC6 in Mn-FA at 300 K, 

compared with the fits of the 1D lattice model. (b) Comparison of the CBMC simulations for C3/nC6 

mixture adsorption with the estimations of the 1D lattice model. (c) Calculations of the dimensionless 

entropy per site 
B

S

k M
, as a function of the mole fraction of propane in the adsorbed phase, kx , for three 

different values of total occupancies,  mix
 
= 0.1, 0.3, and 0.5.  (d) Plot of the values of mole fraction of 

C3 in the adsorbed phase, kx , 
 
corresponding to the maximum entropy (by equations (6-5), and (6-6)), 

and minimum free energy (blue line, equation (6-12)), as a function of the occupancy, mix . Also shown 

by the symbols in (d) are the CBMC simulated values of kx .  
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9 Adsorption of n-alkanes in Cobalt Formate (Co-FA) 

Consider the adsorption of n-alkanes, with C numbers ranging from 1 to 7, in cobalt formate (Co-FA) 

framework.51 The Co-FA structure consists of 1D zig-zag channels; see the pore landscapes in Figure 

9-1. The network exhibits diamondoid connectivity and the overall framework gives rise to zig-zag 

channels along the b axis. The effective pore size of these one-dimensional channels is 5 – 6 Å; one unit 

cell of Co-FA comprises a total of four distinct channel “segments”; each channel segment forms part of 

the repeat zig-zag structure. The pore topology of Co-FA is analogous to that of Mn-FA. Figure 9-2 

presents computational snapshots of the conformations of adsorbed n-alkanes molecules within the zig-

zag 1D channel segments of Co-FA. One unit cell of Co-FA contains four channel segments. 

Configurational-Bias Monte Carlo (CBMC) simulations of the unary adsorption isotherms of C1, C2, 

C3, nC4, nC5, nC6, and nC7 alkanes are presented in Figure 9-3(a). The hierarchy of adsorption 

strengths for C1, C2 and C3 is as expected; increasing chain length results in higher adsorption strength. 

The saturation capacity for C1, C2, and C3 are found to be 4 molecules per unit cell (uc), corresponding 

to one molecule per channel segment. However, with increasing chain lengths beyond C3 we note an 

unusual adsorption hierarchy: C3 > nC4 > nC5;  the length of each channel segment is commensurate 

with that of the propane molecule and longer molecules such as n-pentane (nC5), and n-hexane (nC6) 

must straddle two channel segments. The length of the nC6 molecule is commensurate with the length 

of two channel segments, and further increase in chain length, results in the expected hierarchy, i.e. nC7 

> nC6 > nC5. The saturation capacities of nC5, nC6, and nC7 are restricted to 2 molecules uc-1.  

Due to commensurate-incommensurate adsorption, the hierarchy of adsorption strengths displays non-

monotonic characteristics in the plot of Henry coefficient vs C chain length; see Figure 9-3(b). The non-

monotonous adsorption characteristics, along with differences in saturation capacities can be exploited 

to achieve unusual separation possibilities.  
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9.1 Adsorption of C3/nC6 mixtures in Co-FA 

From the pure component adsorption isotherms in Figure 9-4(a) we note that at low pressures the 

adsorption strengths of C3 is nearly the same as that of nC6; this is evidenced also in Figure 9-3(b) 

wherein the Henry constants for C3 and nC6 are nearly equal to each other. However, the saturation 

capacity of C3 is twice that of nC6. We can devise a strategy for separating C3 from nC6 by exploiting 

the differences in the saturation capacities. CBMC simulations of the component loadings for a C3/nC6 

mixture with equal partial fluid phase fugacities, f1= f2, are shown in Figure 9-4(b). When operating at 

fugacities ft = f1+ f2 > 1 MPa, we note that the adsorbed phase contains practically no nC6 and 

predominantly loaded with C3. The preferential adsorption of C3 is due to entropy effects that favor the 

molecule with the higher saturation capacity, i.e. higher “packing efficiency”.  

To elucidate the reasons behind the exclusion of nC6 at fugacities ft > 1 MPa, we use the model of 

Dávila et al.45 for a 1D lattice. Since C3 (species k) adsorbs commensurately with one channel segment, 

we take k=1.The linear hexane (species l) adsorbs commensurately with two channel segments, and so 

we take l=2. To determine the component loadings in the units of molecules per unit cell, we take M = 

4. The component loading of C3, in molecules per unit cell, is given by 
k

M
N kk  . The component 

loading of nC6, in molecules per unit cell, is given by 
l

M
N ll  . 

The unary isotherms can be described quantitatively by equations (6-8) of the 1D lattice model of 

Dávila et al.45 Since C3 (species k) adsorbs commensurately with one channel segment, we take k=1, M 

= 4/uc, and , 4/uck sat

M
N

k
  . The linear hexane nC6 (species l) adsorbs commensurately with two 

channel segments, and so we take l=2, M = 4/uc, and , 2/ucl sat

M
N

l
  .  A good match between the 1D 

lattice model and CBMC simulations of the unary isotherms is obtained with the fitted binding constants 

are bk = 2.410-4 Pa-1, and bl = 2.410-4 Pa-1; see continuous solid lines Figure 9-4(a). This implies that 
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the unary isotherm is described by the Langmuir model 
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. The isotherm for 

nC6 is described by the model 
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l l
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; this model can be expressed as a quadratic 

equation in l , and an explicit expression of l  as a function of lb f  is derivable. 

To elucidate, and quantify, the reasons behind the total exclusion of nC6 for ft = f1+ f2 > 1 MPa, we 

apply equations (6-7) of the 1D lattice model of Dávila et al.45 The component loading of C3, in 

molecules per unit cell, is given by 
k

M
N kk  . The component loading of nC6, in molecules per unit 

cell, is given by 
l

M
N ll  . The calculations of the component loadings are indicated by the continuous 

solid lines in Figure 9-4(b). The lattice model is able to phenomena of entropic exclusion of nC6. It  was 

also verified that use of the IAST, along with the unary isotherms, 
  ,

;
1

k k k
k k

k k sat

q kN
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q M
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 for C3, and nC6, respectively, results in numerical results that are identical 

to the 1D lattice model of Dávila et al.45 

Figure 9-4(c) presents calculations of the dimensionless entropy per site 
Mk

S

B

, using equation (6-4), 

for a binary mixture of C3 (k=1), and nC6 (l=2) in 1D lattice as a function of the mole fraction of 

propane in the adsorbed phase, 

k

k
k

k lk l

N kx
N N

k l



  
 

, for three different values of total occupancies, 

k l k l
mix

N N

M k l

  
    = 0.1, 0.3, and 0.5. At the lowest occupancy, mix = 0.1, the maximum in the 

Mk

S

B

 occurs at the adsorbed composition 0.5kx  . With increasing total occupancies,
 

mix , the 
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maximum in the 
Mk

S

B

 occurs at values the adsorbed composition kx , that are significantly richer in 

propane, the shorter alkane. This is because the vacancies are more efficiently filled up by molecules 

with the shorter chain length. 

The symbols in Figure 9-4(d) are the CBMC simulated data on the adsorbed phase mole fractions kx  
 

plotted as function of the total occupancy, mix . Also plotted in Figure 9-4(d) are the calculations using 

equations (6-5), and (6-6), that are based on the maximization of entropy concept. For 0.5mix   the 

CBMC data are in excellent agreement with the calculations using equations (6-5), and (6-6), that are 

based on the maximization of entropy concept; this confirms that the separation is driven by entropic 

effects as pore saturation is approached. 

It is important to stress that the lattice model can only be applied if the unary isotherms are fitted 

using 
  ,

;
1

k k k
k k

k k sat

q kN
b f

q M
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 for C3, and nC6, respectively. 

The IAST can be applied to the unary isotherms fitted in any manner, and are not restricted to the 

foregoing forms. For example, if the unary isotherms for both C3 and nC6 are fitted with the 1-site 

Langmuir isotherm models: for C3 with bC3 = 310-4 Pa-1; C3,sat= 4 uc-1; for nC6, the Langmuir binding 

constant, bnC6 = 2.6510-4 Pa-1, nC6,sat= 2 uc-1. The IAST calculations with these isotherm fits are 

compared with the CBMC simulations in Figure 9-5.  
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Figure 9-3. (a) CBMC simulations of adsorption isotherms for C1, C2, C3, nC4, nC5, nC6 and nC7 in 

Co-FA at 300 K. (b) Henry coefficients for n-alkanes in Co-FA as a function of C number.  
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Figure 9-4. (a) CBMC data51 (symbols) for unary isotherms of C3 and nC6 in Co-FA at 300 K, 

compared with the fits of the 1D lattice model. (b) CBMC simulations for C3/nC6 mixture adsorption in 

Co-FA at 300 K with the estimations of the 1D lattice model. (c) Calculations of the dimensionless 

entropy per site 
B

S

k M
, as a function of the mole fraction of propane in the adsorbed phase, kx , for three 

different values of total occupancies,  mix
 
= 0.1, 0.3, and 0.5. (d) Plot of the mole fraction of C3 in the 

adsorbed phase, kx , corresponding to the maximum entropy (by equations (6-5), and (6-6)), as function 

of the mixture occupancy, mix . Also shown by the symbols in (d) are the CBMC simulated values of kx  
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Figure 9-5. CBMC simulations for C3/nC6 mixture adsorption in Co-FA at 300 K compared with the 

estimations of the IAST. In the IAST calculations, the unary isotherms for both C3 and nC6 are fitted 

with the 1-site Langmuir model. 
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10 Separating hexane isomers with MOR zeolite 

MOR zeolite (Mordenite) consists of 12-ring (7.0 Å  6.5 Å) 1D channels, connected to 8-ring (5.7 Å 

 2.6 Å) pockets; the pore landscapes and structural details are provided in Figure 10-1, and Figure 

10-2. 

Some representative snapshots 52 showing the siting and conformation of hexane isomers along one of 

the 12-ring channels, 8 unit cells long, are presented in Figure 10-2 for a total bulk fluid phase fugacity 

ft = 1 MPa. Within the same channel length we find five nC6 molecules, seven 2MP molecules and nine 

22DMB molecules. The higher loading with increased degree of branching is due to increased degree of 

compactness of the molecules, i.e. smaller footprint. The more compact the molecule, the higher the 

packing efficiency within the one-dimensional channels. This point is emphasized further by 

determining the projected lengths of the molecules of the hexane isomers on the z-axis for ft  = 1 MPa; 

the data on the distribution of molecular lengths are shown in Figure 10-3(a) The projected lengths are 

obtained by monitoring the positions of each of the pseudo-atoms in the alkane molecules and 

determining the maximum span of the molecule by projecting the positions of the pseudo-atoms along 

the direction of the 12-ring channels. The mean lengths of the hexane isomers are 5.2 Å, 4.3 Å and 3 Å 

for nC6, 2MP and 22DMB respectively. This data also explains why the saturation capacity for 22DMB 

is significantly higher (sat = 2 molecules uc-1), compared to that for 2MP (= 1.7 molecules uc-1) and 

nC6 (= 1.5 molecules uc-1); see CBMC simulations of the unary adsorption isotherms in Figure 10-3(b). 

CBMC simulations for nC6/22DMB mixture adsorption shows that for total fugacities, ft  = f2 + f2  > 

100 kPa, the selectivity is heavily in favor of the di-branched isomer and the linear isomer is virtually 

excluded from the 1D channels of MOR; see Figure 10-3(c,d). 
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10.1 1D Lattice model for nC6/22DMB mixture adsorption in MOR zeolite 

To elucidate the reasons for the selectivity reversal at bulk fluid fugacities ft > 50 kPa, we use the 

model of Dávila et al.45 for a 1D lattice. The ratio of the “effective lengths” of nC6 (species k) and 

22DMB (species l) is taken to be inversely proportional to the saturation capacities, i.e. 2:1.5.  We take 

k=1.333, and l=1. To determine the component loadings in the units of molecules per unit cell, we take 

M = 2. The component loading of nC6, in molecules per unit cell, is given by 
k

M
N kk  . The 

component loading of 22DMB, in molecules per unit cell, is given by 
l

M
N ll  . 

The unary isotherms can be described quantitatively by equations (6-8) of the 1D lattice model of 

Dávila et al.45 For nC6 (species k), we take k=1.333, M = 2/uc, and , 1.5/uck sat

M
N

k
  . For 22DMB, 

we take l=1, M = 2/uc, and , 2/ucl sat

M
N

l
  . A good match between the 1D lattice model and CBMC 

simulations of the unary isotherms is obtained with the fitted binding constants are bk = 410-4 Pa-1, and 

bl = 310-4 Pa-1; see continuous solid lines in Figure 10-4(a).  

To elucidate, and quantify, the reasons behind the selectivity reversal for ft  = f2 + f2  > 50 kPa, we 

apply equations (6-7) of the 1D lattice model of Dávila et al.45 The calculations of the component 

loadings are indicated by the continuous solid lines in Figure 10-4(b). The lattice model is able to 

capture the selectivity reversal in favor of 22DMB in a quantitative manner.  We also verified, that the 

IAST calculations with the unary isotherms described by equations (6-8), yields precisely the same 

component loadings as the Dávila model; this is to be expected. 

The symbols in Figure 10-4(c) are the CBMC simulated data on the adsorbed phase mole fractions of 

22DMB, 1l kx x  ,
 
plotted as function of the total occupancy, mix ; these data are in reasonably good 

agreement with the calculations using equation (6-12), shown by the continuous solid blue line. Also 

shown by the continuous solid black line are the calculations using equations (6-5), and (6-6), that are 

based on the maximization of entropy concept. The CBMC simulations for the adsorbed phase mole 
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fraction of 22DMB fall slightly below the solid black line because of the slightly stronger binding 

constant for nC6.  

The important advantage of the IAST over the lattice model is that the unary isotherms can be fitted to 

any model, and are not restricted to equations (6-8) used in the foregoing lattice model calculations. 

Figure 10-5 presents a comparison of the CBMC simulations (shown by symbols) for nC6/22DMB 

mixture adsorption with IAST estimations using the unary isotherms for nC6 and 22DMB that are both 

fitted with 1-site Langmuir parameters, as listed in Table 10-1. As expected, the IAST model captures 

the selectivity reversal quantitatively. 

10.2 Nitta multi-site model for nC6/22DMB mixture adsorption in MOR zeolite 

We now examine the applicability of the multi-site Langmuir model Nitta et al.43 to described nC6 

(component k)/22DMB (component l) mixture adsorption in MOR zeolite. The first step is the fitting of 

the unary isotherm data with equation (5-1). For nC6 (species k), we take k=1.333, M = 2/uc, and 

, 1.5/uck satq  . For 22DMB, we take l=1, M = 2/uc, and , 2/ucl satq  . The values of the fitting binding 

constants are bk = 610-4 Pa-1, and bl = 310-4 Pa-1; see Figure 10-6(a).  

A numerical solution of the set of equations (5-2) using the Given-Find solve block of MathCad 1541 

yields component loadings that are in good agreement with the CBMC simulated data; see Figure 

10-6(b). We also verified that the IAST model gives numerical results that are identical to the Nitta 

model, provided the unary isotherms are described by equation (5-1), In this case, the IAST calculations 

are more time intensive because the unary isotherm for nC6 are not explicit in the component loading.   
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10.3 List of Tables for Separating hexane isomers with MOR zeolite 

 

Table 10-1. 1-site Langmuir parameters for hexane isomers in MOR at 433 K. The fits correspond to 

CBMC simulations. Note that the saturation capacities are specified in molecules per unit cell.  Multiply 

these by 0.34673 to obtain the loading values in mol per kg framework.   

 

bf

bfsat





1

 
sat/molecules uc-1 b/Pa-1 

nC6 1.5 410-4 

2MP 1.7 410-4 

2DMB 2 310-4 
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 Figure 10-3. (a) Distribution of lengths of hexane isomers (ft = 1000 kPa, T = 433 K) along the z-

direction of MOR obtained from CBMC simulations. (b) CBMC simulations 52 of the unary sorption 

isotherms for pure hexane isomers nC6, 2MP, 22DMB in MOR at 433 K. (c) CBMC simulations52  for 

equimolar binary mixture nC6/22DMB in MOR at T = 433 K. (d) Plot of 22DMB/nC6 adsorption 

selectivity as a function of the total mixture occupancy, mix . 
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 Figure 10-4. (a) CBMC data for unary isotherms of nC6 and 22DMB in MOR zeolite, compared with 

the fits of the 1D lattice model. (b) Comparison of the CBMC simulations (shown by symbols) for 

nC6/22DMB mixture adsorption with the estimations of the 1D lattice model (shown by continuous 

solid lines). (c) Plot of the values of the adsorbed phase mole fractions of 22DMB 1l kx x   
 

corresponding to the maximum entropy (by equations (6-5), and (6-6)), and minimum free energy (blue 

line, equation (6-12)), as a function of the occupancy, mix . Also shown by the symbols in (c) are the 

CBMC simulated values of 1l kx x  . 
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 Figure 10-5. Comparison of the CBMC simulations (shown by symbols) for nC6/22DMB mixture 

adsorption with IAST estimations. For the IAST calculations, the unary isotherms for nC6 and 22DMB 

are both fitted with 1-site Langmuir parameters, as listed in Table 10-1. 
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Figure 10-6. (a) CBMC data for unary isotherms of nC6 and 22DMB in MOR zeolite at 433 K, 

compared with the fits of the Nitta model. (b) Comparison of the CBMC simulations (shown by 

symbols) for nC6/22DMB mixture adsorption in MOR at 433 K with the estimations of the Nitta model 

(shown by continuous solid lines).  
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11 Entropy effects for mixture adsorption in MFI zeolite 

11.1 Adsorption of alkanes in MFI 

MFI zeolite (also called silicalite-1) has a topology consisting of a set of intersecting straight 

channels, and zig-zag (or sinusoidal) channels of approximately 5.5 Å size. The pore landscapes and 

structural details are provided in Figure 11-1, and Figure 11-2. Snapshots showing the location and 

conformations of n-butane (nC4) and n-hexane (nC6) are shown in Figure 11-3(a,b); the length of an n-

hexane molecule is commensurate with the distance between intersections of MFI zeolite. CBMC 

simulations of the unary adsorption isotherms of C1, C2, C3, nC4, nC5, and nC6 alkanes at 300 K are 

shown in Figure 11-3(c).  The saturation capacities of the linear alkanes decrease progressively with 

increasing chain length. Due to commensurate adsorption of nC6, the saturation capacity of nC6 is 

precisely 8 molecules uc-1. Figure 11-3(d) presents CBMC simulation data for the adsorption selectivity 

of C1/C2 and C1/C3 mixtures.  For both these mixtures, there is a range of bulk fluid phase mixture 

fugacities, ft =   f1 + f2, for which the adsorption selectivity /
l k

l k
k l

N N
S

f f
  is constant; in this regime the 

separation selectivity is dictated by the ratio of binding constants.  However, as pore saturation is 

approached, there is a tendency for a reduction in /
l k

l k
k l

N N
S

f f
  in favor of the guest alkane with the 

shorter chain length, a clear manifestion of entropy effects. 

Due to configurational considerations, branched alkanes prefer to locate at the channel intersections 

because of the extra “leg room” that is available here. This is evident in Figure 11-4(a,b), showing 

snapshots of the location of iso-butane (iC4), and 2-methylpentane (2MP) within the intersecting 

channels of MFI. An extra “push” is required to locate these molecules within the channel interiors. This 

extra push results in an inflection in the pure component isotherms at a loading of 4 molecules per unit 
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cell.53-56 See CBMC simulation data for iso-butane (iC4), 2-methylpentane (2MP), and 

2,2dimethylbutane (22DMB) in Figure 11-4(c). Cyclic hydrocarbons, such as cyclohexane, Benzene 

(Bz), and ethylbenzene (EthBz) also prefer to locate at the intersections; the unary isotherm for benzene 

also exhibits a strong inflection at a loading,  = 4 molecules per unit cell.  

11.2 Adsorption of n-hexane/2-methylpentane mixtures in MFI zeolite 

Separations of hexane isomers with MFI are based on the exploitation of the differences in molecular 

configurations; we underscore the significance of configurational entropy effects in adsorption of 

nC6/2MP mixtures at 300 K. CBMC simulation data for the unary adsorption isotherms are presented in 

Figure 11-5(a). We use the square lattice model of Azizian and Bashiri,47 that is formally equivalent to 

the 1D lattice model of Dávila et al.45 The unary isotherms can be described quantitatively by equations 

(6-8). For nC6 (species k), we take k=1, M = 8/uc, and , 8/uck sat

M
N

k
  . For 22DMB, we take l=2, M 

= 8/uc, and , 4/ucl sat

M
N

l
  . A reasonably good match between equations (6-8) and the CBMC 

simulations of the unary isotherms is obtained with the choice bk = 1 Pa-1, and bl = 1.5 Pa-1; see Figure 

11-5(a). It is noteworthy that the binding constant of 2MP is slightly higher than that of nC6. 

The CBMC simulations of nC6/2MP mixture adsorption at 300 K are shown by the symbols in Figure 

11-5(b). Up to total hydrocarbons fugacities ft =  f1 + f2 = 2 Pa, the component loadings increase in an 

expected manner; increasing ft leads to a corresponding increase in the component loading. At ft = 2 Pa, 

the total loading t = 4/uc, signifying that 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. The CBMC mixture simulations are in good 

agreement with the experimental of Titze et al.57 determined by Infra-Red Microscopy (IRM). The IRM 

experiments offer direct experimental verification of the configurational entropy effects in mixture 

adsorption for nC6/2MP that was first observed on the basis of CBMC mixture simulations.54, 58  



Entropy effects for mixture adsorption in MFI zeolite 
   

79 
 

To elucidate, and quantify, the reasons behind the selectivity reversal for ft  = f2 + f2  > 2 Pa, we apply 

equations (6-7) of Dávila et al.45 The calculations of the component loadings are indicated by the 

continuous solid lines in Figure 11-5(b). The lattice model is able to capture the selectivity reversal in 

favor of nC6 in a quantitative manner.  

The symbols in Figure 11-5(c) are the CBMC simulated data on the adsorbed phase mole fractions of 

nC6, kx ,
 
plotted as function of the total occupancy, mix ; these data are in reasonably good agreement 

with the calculations using equation (6-12), shown by the continuous solid blue line. Also shown by the 

continuous solid black line are the calculations using equations (6-5), and (6-6), that are based on the 

maximization of entropy concept. The CBMC simulations for the adsorbed phase mole fraction of nC6 

fall slightly below the solid black line because of the slightly stronger binding constant for 2MP.  

MFI (silicalite) appears in the list of materials patented by Universal Oil Products (UOP) for 

separation of hexane isomers:59-61 “The adsorbent may be silicalite, ferrierite, zeolite Beta, MAPO-31, 

SAPO-31, SAPO-11, zeolite X ion exchanged with alkaline cations, alkaline earth cations, or a mixture 

thereof, and zeolite Y ion exchanged with alkaline cations….” Even though a vast number of zeolites 

are named in the patent, a careful examination of the separation performance of all zeolites8, 55, 62  

reveals the pulse chromatographic separation data, as presented in the UOP patents, and reproduced in 

Figure 11-6, is obtained with MFI zeolite. This chromatographic pulse data clearly shows the potential 

of MFI zeolite to separate a mixture of hexane isomers into three different fractions consisting of linear, 

mono-branched, and di-branched isomers.  The separation relies essentially on configurational entropy 

effects; mono-branched and di-branched isomers prefer to locate at the intersections of MFI, because 

these are too bulky to locate within the channels.3 

11.3 Nitta multi-site model for nC6/2MP mixture adsorption in MFI zeolite 

We now examine the applicability of the multi-site Langmuir model Nitta et al.43 to described nC6 

(component k)/2MP (component l) mixture adsorption in MFI zeolite. The first step is the fitting of the 

unary isotherm data with equation (5-1). For nC6 (species k), we take k=1, M = 8/uc, and , 8/uck satq  . 
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For 2MP, we take l=2, M = 8/uc, and , 4/ucl satq  .  The values of the fitting binding constants are bk = 1 

Pa-1, and bl = 4 Pa-1; see Figure 11-7(a).  

A numerical solution of the set of equations (5-2) using the Given-Find solve block of MathCad 1541 

yields component loadings that are in good agreement with the CBMC simulated data; see Figure 

11-7(b). We also verified that the IAST model gives numerical results that are identical to the Nitta 

model, provided the unary isotherms are described by equation (5-1),  

11.4 Explicit model of Bai-Yang for nC6/2MP mixture adsorption in MFI 

A cursory examination of the article by Bai and Yang titled “Thermodynamically Consistent 

Langmuir Model for Mixed Gas Adsorption” would lead the uninitiated reader to conclude that this 

model is suitable to describe nC6/2MP mixture adsorption in MFI zeolite.  We shall demonstrate that 

the Bai-Yang does not capture the entropy effects in mixture adsorption. 

For application of the Bai-Yang model, we consider the MFI zeolite to be made up of a total of 8 

adsorption sites per unit cell: (a) 4 interesection sites, and (b) 4 channel sites; see Figure 11-8(a). The 

linear nC6 can inhabit any of the intersection and channel sites, and has a saturation capacity of 8 

molecules per uc. The branched 2MP can only occupy the 4 intersection sites, and its saturation capacity 

is restricted ot 4 molecules per unit cell.  The CBMC simulation data for unary isotherms can be 

adequately described by the Langmuir model, taking bnC6 = 1 Pa-1 for nC6 and b2MP = 3 Pa-1 for 2MP, 

respectively; see Figure 11-8(b).  

According to the Bai-Yang model, the competition for mixture adsorption manifests only at the 

intereresection site because both nC6 and 2MP can adsorb at these sites.  The component loadings of 

nC6 and 2MP at the intersection sites for adsorption of mixtures with partial fugacities, f1, and f2 in the 

bulk fluid phase are: 

6 1 2 2
6,int sec 2 ,int sec

6 1 2 2 6 1 2 2

4 4
;

1 1
nC MP

nC er tion MP er tion
nC MP nC MP

b f b f
q q

b f b f b f b f
 

   
 (11-1)
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The branched 2MP cannot locate at the channel sites, and these sites are inhabited only by nC6; the 

component loading for adsorption of mixtures with partial fugacities, f1, and f2 in the bulk fluid phase 

are: 

6 1
6, 2 ,

6 1

4
; 0

1
nC

nC channel MP chanel
nC

b f
q q

b f
 


 (11-2)

Figure 11-8(c) compares the CBMC simulated data on the component loadings for mixture adsorption 

with the component loadings obtained by summing the contributions at the intersection sites, and 

channel sites, from equations (11-1), and (11-2); these calculations are shown by the continuous solid 

lines in Figure 11-8(c).  The entropic exclusion of 2MP is not catered for by the Bai-Yang model. 

For completeness, Figure 11-8(d) compares the IAST estimates of the component loadings for nC6 

and 2MP with CBMC simulated data; the IAST captures the entropic exclusion effects quantitatively 

and correctly. 

We conclude that explicit calculations of mixture adsorption do not capture the entropic re-

arrangement of mixture compositions of the adsorbed phase that signifies entropy effects. 
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Figure 11-6 Pulsed chromatographic separation of hexane isomers as reported in the patents assigned 

to Universal Oil Products (UOP).59-61 
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Figure 11-7. (a) CBMC data for unary isotherms of nC6 and 2MP in MFI zeolite at 300 K, compared 

with the fits of the Nitta model. (b) Comparison of the CBMC simulations (shown by symbols) for 

nC6/2MP mixture adsorption in MFI at 300 K with the estimations of the Nitta model (shown by 

continuous solid lines).  
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12 Entropy effects for mixture adsorption in CHA zeolite 

12.1 Adsorption of linear alkanes in CHA 

Let us examine the adsorption of n-alkanes in CHA zeolite, which is a cage type zeolite that consists 

of cages of volume 316 Å3, separated by 3.8 Å × 4.2 Å 8-ring windows. The pore landscapes and 

structural details are provided in Figure 12-1 and Figure 12-2.  

Figure 12-3 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 cages and, therefore, the cage capacity at saturation must be an integral number. 

Figure 12-4(a) presents CBMC simulation data64 on the unary isotherms for linear alkanes in CHA at 

300 K.The saturation capacity of methane is 6 molecules per cage. For ethane, the saturation capacity 

remains 4 cage-1 up to a fugacity of 1012 Pa, and increases to 5/cage on further increase of fugacity to 

1015 Pa. For propane, the saturation capacity remains 2/cage up to a fugacity of 1012 Pa, and increases to 

4 cage-1 on further increase of fugacity to 1015 Pa. For nC4, and nC5, the saturation capacities are 2 

cage-1. For nC6, nC7, and nC8, the saturation capacities are 1 cage-1. These saturation capacities, 

determined from CBMC simulations, are in good agreement with the experimental data of Daems et 

al.65 

Figure 12-4(b) presents CBMC simulation data64 of the adsorption selectivities for binary C1/C2, 

C2/C3, C3/nC6, nC4/nC6, and nC5/nC6 mixtures in CHA zeolite at 300 K; in these simulations the 

partial fugacities in the bulk phase are equal to each other, i.e. f1 = f2. For all five mixtures we observe 

two common characteristic features: (a) in the Henry regime of adsorption, the adsorption selectivities 

are practically constant, and independent of the total mixture fugacity ft = f1 + f2; (b) with increasing 

bulk fugacity, ft, the adsorption selectivity becomes increasingly in favor of the shorter alkane. The 

observed selectivity reversals are due to entropic effects that favor the shorter alkane; this has been 

confirmed by use of the 2D lattice model in earlier work.66 The same set of data are plotted in Figure 
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12-4(c), with the total mixture occupancy mix  as the x-axis. We note that selectivity reversals at cage 

occupancies 0.6mix  ; high cage occupancies are guaranteed when operating with the bulk phase in the 

liquid state. Figure 12-4(c) plots the CBMC mixture data using the mole fraction of the shorter alkane in 

the adsorbed phase as y-axis. Also plotted in Figure 12-4(c) are the calculations using the lattice model

kx  
 
corresponding to the maximum entropy (using equations (6-5), and (6-6)), as a function of the 

occupancy, mix . In the lattice model calculations, two scenarios are chosen: k=1, l=2, and k=1, l=4.  The 

conclusion to be drawn from Figure 12-4(c) is that the selectivity reversals are due to entropy effects 

that favors adsorption of the shorter alkane. 

Entropy effects for all five binary mixtures are quantitatively captured by use of the IAST; see Figure 

12-5. 

12.2 Adsorption of linear alcohols in CHA 

Figure 12-6(a) presents snapshots of the conformations of the 1-alcohols within the cages, at 

saturation conditions.  CBMC simulations of unary 1-alcohols with C atoms in the 1 – 6 range in CHA 

at 300 K, as reported in the work of Krishna and van Baten,49 are shown in Figure 12-6(b). The 

saturation capacities, decreases from 5.4 molecules cage-1 for methanol to 1 molecule cage-1 for 1-

hexanol; see Figure 12-6(c). Except for methanol, the saturation cage capacity has an integer value 

because 1-alcohol molecules cannot locate at the window regions. For 1-butanol, the cage capacity is 

restricted to 2 molecules cage-1; for 1-hexanol, the cage capacity is 1 molecule cage-1.  

This difference in the cage capacities can be exploited to separate binary mixtures of linear alcohols. 

The CBMC simulations for five different binary mixtures: (a) methanol/ethanol, (b) ethanol/1-propanol, 

(c) ethanol/1-hexanol, (d) 1-butanol/1-pentanol, (e) 1-butanol/1-hexanol, and (f) 1-pentanol/1-hexanol 

mixtures in CHA at 300 K are shown in Figure 12-7. The partial fugacities in the bulk fluid phase are 

taken to be equal, i.e. f1=f2. In all six cases, we note a tendency for selectivity to reverse in favor of the 

component with the higher saturation capacity. The shaded regions in Figure 12-7 indicate that the bulk 

fluid phase is in the liquid phase for the range of fugacities, ft. Operations with bulk liquid phase 
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mixtures ensures that the shorter 1-alcohol will be preferentially adsorbed. The dashed lines represent 

calculations of the IAST using dual-Langmuir-Freundlich fits of pure component isotherms; Table 12-1 

provides the pure component isotherm fit parameters. The IAST correctly, and quantitatively, 

anticipates selectivity reversals for all six mixtures.  

In Figure 12-8 the focus is on ethanol/1-propanol mixture adsorption.  The CBMC unary isotherms 

are shown in Figure 12-8(a). The CBMC mixture simulation data on the component loadings are 

compared with IAST estimates in Figure 12-8(b). In Figure 12-8(c,d) CBMC data on the adsorbed phase 

mole fraction of ethanol are compared with IAST estimates. The IAST is able to predict, quantitatively, 

the adsorbed phase mole fraction of ethanol as a function of the total bulk fluid fugacity, and the total 

mixture occupancy, mix . 

For adsorption of 1-butanol and 1-hexanol in CHA, we now demonstrate the applicability of the 

lattice model. We use the model of Azizian and Bashiri47 for a 2D lattice consisting of cages, with each 

cage containing 2 sites; k=1, l=2, M = 2. The CBMC simulations of the unary isotherms can be fitted 

reasonably with the choice bk = 410-1 Pa-1, and bl = 20 Pa-1; see the continuous solid lines in Figure 

12-9(a). With the fitted binding constants, the component loadings for mixture adsorption can be 

calculated using Equations (6-24). The lattice model calculations are shown by the continuous solid 

lines in Figure 12-9(b). The lattice model is able to quantitatively capture the phenomenon of 1-hexanol 

exclusion from CHA zeolite as the cages become increasingly occupied. Figure 12-9(c) plots the CBMC 

simulations (symbols) of the mole fractions of 1-butanol in the adsorbed phase as a function the 

occupancy, mix . Also plotted are the calculations using the lattice model of kx
 
corresponding to the 

maximum entropy (using equations (6-5), and (6-6)), and minimum free energy (using equation (6-12)). 

The plot clearly shows that entropy effects come into play at occupancies 0.6mix  . When the cages of 

CHA are saturated, i.e. 1mix  , the adsorbed phase mole fraction of 1-butanol 1kx   and 1-hexanol is 

excluded from the cages. 
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In Figure 12-10 the CBMC data on adsorption selectivities, and adsorbed phase mole fractions of the 

five different binary mixures are compared to one another. Figure 12-10(a) presents CBMC simulations 

of the adsorption selectivities for binary C1/C2, C2/C3, nC4/nC5, C2/nC6, and nC4/nC6 mixtures in 

CHA zeolite at 300 K.. For all five mixtures we observe two common characteristic features: (a) in the 

Henry regime of adsorption, the adsorption selectivities are practically constant, and independent of the 

total mixture fugacity ft = f1 + f2; (b) with increasing bulk fugacity, ft, the adsorption selectivity becomes 

increasingly in favor of the shorter 1-alcohol. The observed selectivity reversals are due to entropic 

effects that favor the shorter alkane; this has been confirmed by use of the 2D lattice model in earlier 

work.66 The same set of data are plotted in Figure 12-10(b), with the total mixture occupancy mix  as the 

x-axis. We note that selectivity reversals at cage occupancies 0.6mix  ; high cage occupancies are 

guaranteed when operating with the bulk phase in the liquid state. Figure 12-10(c) plots the CBMC 

mixture data using the mole fraction of the shorter alkane in the adsorbed phase as y-axis. Also plotted 

in Figure 12-10(c) are the calculations using the lattice model kx
 
corresponding to the maximum 

entropy (using equations (6-5), and (6-6)), as a function of the occupancy, mix . In the lattice model 

calculations, two scenarios are chosen: k=1, l=2, and k=1, l=4.  The conclusion to be drawn from Figure 

12-10(c) is that the selectivity reversals are due to entropy effects that favors adsorption of the shorter 

alcohol. 

Experimental confirmation of the selectivity reversal is observed in the experiments reported by Remy 

et al.50 for transient breakthroughs of ethanol/propanol, and ethanol/1-hexanol feed mixtures, in the 

liquid state, in a fixed bed adsorber packed with SAPO-34, that has the same structural topology as 

CHA; see Figure 12-11(a,b). The component that is eluted first from the adsorber is the alcohol with the 

longer chain length. The rationalization of these experimental data can be traced to the entropy effects 

that favor the shorter alcohols under pore saturation conditions. 
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12.3 List of Tables for Entropy effects for mixture adsorption in CHA zeolite 

Table 12-1. Dual-site Langmuir-Freundlich parameters for pure component water, and 1-alcohols in 

CHA at 300 K. The fit parameters are based on the CBMC simulations of pure component isotherms 

presented in earlier work.49  Note that the saturation capacities are specified in molecules per cage; 

multiply these by 1.387 to obtain the values in mol per kg framework.   

 Site A Site B 

A,sat 

Molecules 

 cage-1 

bA 

APa  

A 

dimensionless 

B,sat 

molecules 

cage-1 

bB 

BPa  

i,B 

dimensionless 

water 12 

 

7.8610-59 17 9 8.3210-6 1 

methanol 2.7 

 

6.7710-11 3.3 2.7 4.4510-4 1 

ethanol 2 

 

7.9310-5 0.87 2 3.610-3 1.14 

1-propanol 1 

 

1.2810-2 1.8 1 9.1110-2 1 

1-butanol 1 0.231 1.46 1 0.5066 1 

1-pentanol 0.5 

 

19.26 1.72 0.5 6.91 1 

1-hexanol 0.5 

 

2561 2.4 0.5 24.8 1 
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Figure 12-4. (a) CBMC simulations64 of pure component adsorption isotherms for n-alkanes in CHA 

at 300 K. (b, c, d) CBMC simulations of the adsorption selectivities for binary C1/C2, C2/C3, C3/nC6, 

nC4/nC6, and nC5/nC6 mixtures of n-alkanes in CHA zeolite at 300 K; in these simulations the partial 

fugacities in the bulk phase are equal to each other, i.e. f1 = f2. 
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Figure 12-5. Comparison of CBMC mixture simulations64 (symbols) for (a) C1/C2, (b) C2/C3, (c) 

C3/nC6, (d) nC4/nC6, and (e) nC4/nC6 in CHA at 300 K with the IAST predictions. The dashed lines 

represent calculations of the IAST,39 using 3-site Langmuir fits of pure component isotherms. The 

region of liquid phase operation is indicated by the colored bar; the transition between vapor and liquid 

bulk phase is determined using the Peng-Robinson equation of state. 
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Figure 12-7. CBMC mixture simulations for (a) methanol/ethanol, (b) ethanol/1-propanol, (c) 

ethanol/1-hexanol, (d) 1-butanol/1-pentanol, and (e) 1-butanol/1-hexanol mixtures in CHA at 300 K. 

The partial fugacities in the bulk fluid phase are taken to be equal, i.e. f1=f2. The dashed lines represent 

IAST calculations using dual-site Langmuir-Freundlich fits of pure component isotherms. Table 12-1 

provides the pure component isotherm fit parameters. 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. 
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Figure 12-8. (a) CBMC simulations of the unary isotherms of ethanol and 1-propanol in CHA at 300 

K. (b, c, d) CBMC simulations for adsorption of binary ethanol/1-propanol mixtures in CHA at 300 K. 

The partial fugacities in the bulk fluid phase are taken to be equal, i.e. f1=f2. The solid lines represent 

IAST calculations using dual-site Langmuir-Freundlich fits of pure component isotherms. Table 12-1 

provides the pure component isotherm fit parameters. 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. 
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Figure 12-9. (a) CBMC simulations of the unary isotherms of 1-butanol and 1-hexanol in CHA at 300 

K. (b) CBMC simulations of component loadings for adsorption of binary 1-butanol/1-hexanol mixtures 

in CHA at 300 K. The partial fugacities in the bulk fluid phase are taken to be equal, i.e. f1=f2. The solid 

lines represent the 2D square lattice model calculations. In the lattice model calculations, k=1, l=2.  (c) 

CBMC simulations (symbols) of the mole fractions of 1-butanol in the adsorbed phase as a function the 

occupancy, mix . Also plotted are the calculations using the lattice model of kx
 
corresponding to the 

maximum entropy (using equations (6-5), and (6-6)), and minimum free energy (using equation (6-12)).  

  

Bulk fluid phase fugacity, fi / Pa

10-3 10-2 10-1 100 101 102 103

Lo
ad

in
g 

/ m
ol

ec
ul

es
 p

er
 c

ag
e

0.0

0.5

1.0

1.5

2.0
lattice model
1-butanol
1-hexanol

CBMC simulations;
unary 1-alcohols; 
CHA; 300 K;

Bulk mixture fluid phase fugacity, ft  / Pa

10-2 10-1 100 101 102 103 104 105

C
om

po
ne

nt
 lo

ad
in

g 
/ m

ol
ec

ul
es

 p
er

 c
ag

e

0.0

0.5

1.0

1.5

2.0

lattice model
1-butanol
1-hexanol

CBMC;
1-butanol/
1-hexanol;
f1=f2 ; 300 K; 

CHA

1-butanol/1-hexanol adsorption in CHA zeolite

(c)

(a) (b)

Total mixture occupancy, mix

0.0 0.2 0.4 0.6 0.8 1.0m
ol

e 
fr

ac
tio

n 
of

 1
-b

ut
an

ol
 in

 a
ds

or
be

d 
ph

as
e,

 x
k

0.0

0.2

0.4

0.6

0.8

1.0
maximization of entropy
minimization of free energy
CBMC

1-butanol/1-hexanol 
mixture; CHA zeolite;
k=1; l=2

Selective to 
1-butanol



Entropy effects for mixture adsorption in CHA zeolite 
   

104 
 

 

 

Figure 12-10. (a, b, c) CBMC simulations for adsorption of binary C1/C2, C2/C3, nC4/nC5, C2/nC6, 

and nC4/nC6 mixtures of 1-alcohols in CHA zeolite at 300 K; in these simulations the partial fugacities 

in the bulk phase are equal to each other, i.e. f1 = f2. 
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Figure 12-11. (a, b) Transient breakthrough experimental data of Remy et al.50 for separation of (a) 

ethanol/1-propanol, and (b) ethanol/1-hexanol mixtures in a fixed bed adsorber packed with SAPO-34.
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13 Separating linear alkanes using TSC zeolite 

For separation of chain molecules with C numbers higher than say 20, as is required in the petroleum 

industry in lube oil processing, we need microporous host structures with sufficiently large cages. Of 

particular importance in this context is all-silica TSC zeolite, with a Tschörtnerite framework, that has 

the largest cage volume of any known zeolite;37 the pore landscape and structural details are provided in 

Figure 13-1, Figure 13-2, and Figure 13-3. Each unit cell of TSC has four “LTA type cages” of 743 Å3, 

and four “TSC supercages” of 2553 Å3; the cages are separated by two types of windows:  4.02 Å × 

4.17 Å, and 3.1 Å × 5.41 Å. Snapshots showing the conformations and location of nC21, nC22, nC23, 

nC24, and nC25 are shown in Figure 13-4, Figure 13-5, Figure 13-6, Figure 13-7, and Figure 13-8. 

Figure 13-9(a) presents CBMC simulations of pure component isotherms for n-alkanes nC21, nC22, 

nC23, nC24, and nC25 in TSC at 500 K; these data are from our previous work.49 The loadings 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 saturation capacities on the constituent species is larger.  

Figure 13-9(b,c) present CBMC simulation data49 for adsorption of binary nC1/nC25, and nC22/nC24 

mixtures. For both mixtures, as anticipated, adsorption from a liquid phase will yield adsorbate 

compositions that are considerably richer in the shorter n-alkane.  Figure 13-9(d) plots the nC25/nC21, 

and nC24/nC22 adsorption selectivities as a function of the mixture occupancy mix  in the cages. We 

note the selectivity reversals occur at cage occupancies 0.6mix  . 

Figure 13-9(e) present the same set of data, using the mixture occupancy mix  as x-axis and the mole 

fraction of the shorter alkane in the adsorbed phase, kx , as y-axis. We note that selectivity reversals at 

cage occupancies 0.6mix  ; high cage occupancies are guaranteed when operating with the bulk phase 

in the liquid state.  Also plotted in Figure 13-9(e) are the calculations using the lattice model, kx  
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corresponding to the maximum entropy (using equations (6-5), and (6-6)), as a function of the 

occupancy, mix . In the lattice model calculations, we tale k=1, l=2 as proper reflection of the 

differences in saturation cage capacities.  The conclusion to be drawn from Figure 13-9(d ,e) is that the 

selectivity reversals are due to entropy effects that favors adsorption of the shorter alkane. 
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Figure 13-9. (a) CBMC simulations of pure component adsorption isotherms for n-alkanes in TSC at 

500 K. (b, c, d, e) CBMC simulations of binary nC21/nC24, and  nC22/nC25 mixture adsorption in TSC 

at 500 K. The partial fugacities in the bulk fluid phase, f1=f2. 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. The x-axes in (d, e) represents the the total occupancy of the 

mixture, mix . 
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14 Separation of Mixtures of Aromatics 

14.1 Background information on separation of xylene isomers 

Mixtures of o-xylene, m-xylene, and p-xylene are most commonly obtained from catalytic reforming 

of naphtha. In a commonly used separation scheme used to recover p-xylene (cf. Figure 14-1), the 

xylenes rich stream from the bottom of the reformer splitter is routed to a xylenes splitter. Here, the 

heavier aromatics (C9+) are removed from the bottom of the column. The overhead stream from the 

xylenes splitter containing o-xylene, m-xylene, p-xylene, and ethylbenzene need to be separated for 

recovery of p-xylene, a valuable feedstock in the manufacture of polymers and fibres.  

Due to the very small differences in boiling points, p-xylene recovery form o-xylene/m-xylene/p-

xylene/ethylbenzene mixtures is not possible by use of distillation technology. There are, however, 

significant differences in the freezing points (see Figure 14-2) that allow fractional crystallization to be 

used for separations. The differences in the freezing points arise because of differences in the stacking 

efficiencies of molecules. Para-xylene has the highest freezing point because these molecules stack most 

efficiently; pure p-xylene crystals are the first to emerge from the solution upon cooling. However, the 

energy requirements for fractional crystallization are high because of the need to cool to temperatures of 

about 220 K. Selective adsorption of xylene isomers within the pores of ordered crystalline micro-

porous materials is an energy-efficient alternative to fractional crystallization. In currently used 

technology the separation is carried out in a Simulated Moving Bed (SMB) adsorption separation unit. 

An SMB unit consists of a set of interconnected columns in series; countercurrent flow of the solid and 

liquid phases is simulated by the periodic shifting of the inlets and outlets in the direction of the liquid 

flow. Commonly used SMB technologies are UOP’s Parex, Axens’ Eluxyl, and Toray’s Aromax.67, 68  

The typical composition of a mixed xylenes feed to a simulated moving bed (SMB) adsorber is 19% 

ethylbenzene, 44% m-xylene, 20% o-xylene, and 17% p-xylene. Since the adsorbent particles are in 
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contact with a mixture in the liquid phase, the pores of the adsorbent material are practically saturated 

with guest molecules. The hierarchy of adsorption strengths is dictated by molecular packing, or 

entropy, effects. Binding energies of guest molecules with the framework walls or non-framework 

cations do not solely determine the separation performance. As pointed out by Peralta et al.,69 

adsorbents selective to p-xylene are desirable for high productivities; they need to adsorb only ∼20% of 

the feed, whereas an adsorbent that rejects p-xylene would have to adsorb 80% of the feed. In current 

industrial practice the adsorbent used is BaX zeolite, that selectively adsorbs p-xylene. Typically, BaX 

zeolite also contains other cations such as K+. 

A common feature of all the aromatics separation is that the operation conditions are such that the 

pores are nearly saturated with guest molecules. Therefore, molecular packing and entropy effects are of 

primary importance in the separations. Aromatic molecules that pack, or stack, most efficiently within 

the zeolite or MOF channels are the ones that are selectively adsorbed. For any adsorbent material, the 

packing efficiencies of any aromatic molecule are dictated by a combination of two factors: (a) 

molecular dimensions, and (b) departures from planarity. 

The discovery of MOFs that are selective to p-xylene and have higher separation potential than BaX 

zeolite will result in lower recirculation flows of eluent, and solids in the SMB unit and this will result 

in significant economic advantages.  

The height and width of the C8 aromatic molecules are: o-xylene: 8 Å × 7.4 Å; m-xylene: 8.9 Å × 7.4 

Å; p-xylene: 9.3 Å × 6.7 Å; ethylbenzene: 9.5 Å × 6.7 Å; styrene: 9.3 Å × 7 Å; see dimensions provided 

in Figure 14-2. A further point to note is that xylene isomers are flat; these isomers can align themselves 

parallel to the channel walls, affording better van der Waals interactions with the framework atoms. By 

contrast, ethylbenzene is not a flat molecule; the ethyl branch is not in the same plane as the benzene 

ring. Styrene is also a flat molecule. Due to the differences in the molecular dimensions of the xylene 

isomers, the efficiencies with which the xylene isomers stack within the channels of different 

dimensions are different. We can deliberately choose an adsorbent material with a specified channel 
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dimension in order to allow the optimum stacking of one or other of the xylene isomers. Stacking 

xylenes within 1D channels of MOFs is analogous to stacking books within bookshelves.8, 70 

14.2 Exploiting entropy effects for separating xylenes 

Consider the separation of xylenes using AFI zeolite, that has 1D channels of approximately 7.3 Å; 

see structural details and pore landscapes in Figure 14-3, and Figure 14-4. Let us first examine the 

experimental data reported by Chiang et al.71 on the unary isotherms of o-, m-, and p-xylenes in 

aluminophosphate AlPO4-5 (with AFI zeolite topology); see Figure 14-4(a). The hierarchy of saturation 

capacities is o-xylene > p-xylene  m-xylene. CBMC simulations of Torres-Knoop et al.72 for the unary 

isotherms of C8 aromatics confirm the experimentally observed hierarchy of saturation capacities; see 

Figure 14-4(b). The higher saturation capacity of o-xylene can be rationalized on the basis of the 

computational snapshots72 in Figure 14-4(c).  For m-xylene, and p-xylene, either the “height” or “width” 

is too large to allow vertical alignment; the orientation of these isomers occurs at an inclination. By 

contrast, the molecular dimensions of o-xylene allow the molecules to be stacked vertically within the 

8.4 Å “grooves” of AFI zeolite; this face-to-face is akin to the packing of potato crisps in cylindrical 

tubes as marketed by Pringles. An important consequence of the differences in the orientation of 

isomers is that the “footprints” of o-xylene molecules is significantly shorter than the footprints of m-

xylene, and p-xylene molecules. Shorter footprints result in higher saturation capacities, as evidenced in 

the isotherm data in Figure 14-4(a, b).  

Differences in packing efficiencies can be exploited to adsorb the ortho isomer preferentially from a 

mixture of xylenes. CBMC simulations of the adsorption of 4-component o-xylene/m-xylene/p-

xylene/ethylbenzene mixtures in AFI zeolite at 433 K are shown in Figure 14-5(a,b); the partial 

fugacities in the bulk fluid phase, fi, are equal to one another. For mixture occupancies 0.6mix   

entropy effects cause the adsorbed phase to be predominatly occupied by o-xylene. Indeed, at pore 

saturation condtions, 1mix  , the adsorbed phase is almostly exclusively occupied by o-xylene.  Hu et 

al.73, 74 report transient breakthrough experiments to demonstrate that the breakthrough of o-xylene 
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occurs significantly later than that of either m-xylene or p-xylene, confirming the selectivity of AFI to 

o-xylene. It is also noteworthy that AlPO4-5 zeolite has been patented by Exxon Research & 

Engineering for o-xylene selective separation of aromatic mixtures.75 

Experimental data26, 76, 77 for MIL-47 and MIL-53 with 1D rhombohedric channels of 8.5 Å show that 

these MOFs are selective to adsorption of o-xylene when operating at conditions close to pore 

saturation. The computational snapshots70 in Figure 14-6, obtained from CBMC simulations, clearly 

show the optimal, commensurate, stacking of o-xylene within 8.5 Å channels of MIL-47.  

Within the one-dimensional 10 Å channels of MAF-X8, we have commensurate stacking of p-

xylene;70 see snapshots in Figure 14-7(a). CBMC simulations for mixture adsorption show that the 

adsorbed phase is significantly richer in the para-isomer, suggesting a good potential for replacement of 

BaX zeolite. 

Figure 14-8 presents snapshots of stacking of o-xylene, m-xylene, p-xylene, and ethylbenzene within 

the 1D zig-zag shaped channels of Co-CUK-1, which is comprised of cobalt(II) cations and the dianion 

of dicarboxylic acid [Co3(2,4-pdc)2(μ3-OH)2] (2,4-pdc = pyridine-2,4-dicarboxylic acid dianion); the 

synthesis of this MOF is described by Yoon et al.78  The p-xylene molecules can stack vertically, and 

this results in a higher saturation capacity for the para-isomer, as demonstrated by the experimental data 

on unary isotherms in Figure 14-8. IAST calculations of mixture adsorption, along with transient 

breakthrough simulations, show that the recovery of p-xylene is expected to be significantly superior to 

that of BaX zeolite. 78 

14.3 Entropy effects in ethylbenzene/styrene separations 

Alkylation of benzene with ethene produces ethyl benzene (cf. Figure 14-1), which is dehydrogenated 

to styrene, a monomer used in the manufacture of many commercial polymers and co-polymers The 

conversion of ethylbenzene to styrene is only partial, and the reactor product contains a large fraction, in 

the range of 20%-40%, of unreacted ethylbenzene. Due to the small, 9 K, difference in their boiling 
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points, the distillation separation of styrene and ethylbenzene has to be carried out in tall distillation 

columns operating under vacuum and at high reflux ratios; the energy demands are therefore very high. 

Maes et al.79 and Remy et al.80 have demonstrated that MIL-47 (V) and MIL-53 (Al) also have the 

potential for separation of mixtures of styrene and ethylbenzene. Styrene is a flat molecule; by contrast, 

ethylbenzene is not a flat molecule; the ethyl branch is not in the same plane as the benzene ring. Being 

flat, styrene molecules stack more efficiently within the 1D channels of MIL-47 (V) and MIL-53 (Al). 

The unary isotherms for MIL-47, determined from CBMC simulations, confirm that the saturation 

capacity of styrene is higher than that of ethylbenzene, due to commensurate stacking in the 1D 

channels; see Figure 14-9(a). Due to its higher packing efficiency of styrene, the mixture adsorption is 

strongly in favor of styrene; see CBMC simulations data for mixture adsorption in Figure 14-9(b, c, d). 

At pore saturation conditions, the pores are almost exclusively filled with styrene. 

14.4 Entropy effects in separation of trichlorobenzene isomers 

Torres-Knoop et al.72, 81 have also provided other examples in which optimum face-to-face stacking of 

aromatic molecules can lead to uncommonly effective separations. Within triangular channels of a 

structure such as Fe2(BDP)3, but with larger channel dimensions, 1,3,5 tri-chlorobenzene (TCB) can be 

selectively separated from the 1,2,3 and 1,2,4 TCB isomers; the preferential adsorption of the 1,3,5 

isomer is due to optimum face-to-face stacking; see computational snapshots in Figure 14-10. Figure 

14-11(a) shows  CBMC simulations for unary isotherms of 1,2,3 tri-chlorobenzene (TCB), 1,2,4 TCB, 

and 1,3,5 TCB in modified Fe2(BDP)3 at 433 K.  Due to optimal face-to-face stacking, the 1,3,5 isomer 

has the highest saturation capacity. For adsorption of ternary mixtures of the three TCB isomers under 

saturation conditions, the adsorbed phase is practically devoid of the 1,2,3 and 1,2,4 isomers due to 

entropy effects that favor of 135 TCB, the component with the smallest footprint; see Figure 14-11(b,c).   
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Figure 14-5. (a, b) CBMC simulations of the adsorption of 4-component o-xylene/m-xylene/p-

xylene/ethylbenzene mixtures in AFI zeolite at 433 K; the partial fugacities in the bulk fluid phase, fi, 

are equal to one another. In (a) the component loadings are plotted as a function of the total bulk fluid 

phase fugacity, ft. Also shown by the continuous solid lines are the IAST calculations using the unary 

isotherm fits. In (b) the component mole fractions in the adsorbed phase are plotted as a function of the 

total occupancy of the mixture, mix . 
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15 Separation of Mixture of Polar Compounds using CuBTC 

CuBTC (= Cu3(BTC)2 with BTC = 1,3,5-benzenetricarboxylate, also known as HKUST-1) framework 

is composed of copper atoms connected by benzene-1,3,5-tricarboxylate (BTC) linkers, which form a 

characteristic paddle-wheel structure: two copper atoms bonded to the oxygen atoms of four BTC 

linkers, generating four-connected square-planar vertexes; see Figure 15-1, and Figure 15-2. The 

framework contains two types of large cavities (9 Å diameter) and small cavities (of 5 Å diameter). The 

larger cavities (L2 and L3) are similar in size and shape but as a result of the paddle-wheel, the copper 

atoms are only accessible from the L3 cages. L2 and L3 cavities are connected through triangular-shaped 

windows. The small cavities (T1) are tetrahedral pockets enclosed by the benzene rings; these are 

connected to L3 cages by small triangular windows (3.5 Å in size), as shown in Figure 15-3.  

Figure 15-4 presents CBMC simulated unary isotherms46, 47 for water, methanol, ethanol, 1-propanol, 

and benzene in CuBTC at 298 K. These isotherms are not amenable to fitting by the simple Langmuir 

model; the continuous solid lines are the dual-site or 3-site Langmuir-Freundlich model fits; the unary 

isotherm fit parameters are specified in Table 15-1, and Table 15-2. The saturation capacities are: water 

= 54 mol kg-1; methanol = 19.9 mol kg-1; ethanol = 13 mol kg-1; 1-propanol = 10 mol kg-1; benzene = 

6.7  mol kg-1.   

Figure 15-5 presents CBMC simulations83, 84 of binary mixture adsorption in CuBTC at 298 K: (a) 

water/ethanol, (b) water/1-propanol, (c) methanol/ethanol, (d) methanol/benzene, (e) ethanol/benzene, 

and (f) water/benzene mixtures, with equal partial fugacities in the bulk fluid phase, f1=f2. The y-axes 

represent the mole fraction in the adsorbed phase of the component with the higher saturation capacity.  

The x-axes represent the total occupancy of the mixture 1 2

1, 2,
mix

sat sat

q q

q q
   .  For all six mixtures, the 

adsorption favors the component with the higher saturation capacity at mixture occupancies, mix  

approaching pore saturation. 
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15.1 List of Tables for Separation of Mixture of Polar Compounds using CuBTC 

Table 15-1. 3-site Langmuir-Freundlich isotherm fits for adsorption of water in CuBTC at 298 K. 

 Site A Site B Site C 

qA,sat / 

 mol kg-1 

bA / 

iAPa  

A qB,sat / 

 mol kg-1 

bB / 

iBPa  

B  qC,sat /  

mol kg-1 

bC / 

CPa  

C 

water 22 5.48 

10-4 

1 22 6.24 

10-32 

10 10 2.51 

10-4 

0.6 

 

Table 15-2. Dual-site Langmuir-Freundlich parameters for adsorption of methanol, ethanol, and 

benzene at 298 K in CuBTC.  

Adsorbate Site A Site B 

qA,sat 

mol kg-1
 

bA 

APa  

A 

dimensionless 
qB,sat 

mol kg-1 
bB 

BPa  

B  

dimensionless 

methanol 8.4 

 

3.8210-4 1.03 11.5 

 

9.310-16 6.5 

ethanol 5 

 

2.2910-3 0.97 8 

 

6.4110-7 3.2 

1-propanol 8 

 

4.8310-4 2.7 2 

 

2.0710-2 0.5 

benzene 4.6 

 

2.7610-6 3.1 2.1 

 

3.9610-3 1 
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Figure 15-2. Structural details of CuBTC. 

  

CuBTC pore dimensions

CuBTC
a /Å 26.343

b /Å 26.343

c /Å 26.343

Cell volume / Å3 18280.82

conversion factor for  [molec/uc] to [mol per kg Framework] 0.1034

conversion factor for  [molec/uc] to [kmol/m3] 0.1218

 [kg/m3] 878.8298

MW unit cell [g/mol(framework)] 9674.855

, fractional pore volume 0.746

open space / Å3/uc 13628.4

Pore volume / cm3/g 0.848

Surface area /m2/g 2097.0

DeLaunay diameter /Å 6.23

The CuBTC structure consists of two types of “cages” and two types of 
“windows” separating these cages. Large cages are inter-connected by 9 Å 
windows of square cross-section. The large cages are also connected to 
tetrahedral-shaped pockets of ca. 6 Å size through triangular-shaped windows of 
ca. 4.6 Å size
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Figure 15-5. CBMC simulations83, 84 of binary mixture adsorption in CuBTC at 298 K: (a) 

water/ethanol, (b) water/1-propanol, (c) methanol/ethanol, (d) methanol/benzene, (e) ethanol/benzene, 

and (f) water/benzene mixtures, with equal partial fugacities in the bulk fluid phase, f1=f2. The y-axes 

represent the mole fraction in the adsorbed phase of the component with the higher saturation capacity.  

The x-axes represent the total occupancy of the mixture 1 2

1, 2,
mix

sat sat

q q

q q
   . 
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16 Nomenclature 

Latin alphabet 

A  surface area per kg of framework, m2 kg-1 

b  binding constant, 1Pa   

bk  binding constant of k-mer, 1Pa   

bl  binding constant of l-mer, 1Pa   

bA  dual-Langmuir-Freundlich constant for species i at adsorption site A, iPa   

bB  dual-Langmuir-Freundlich constant for species i at adsorption site B, iPa   

fi  partial fugacity of species i, Pa 

ft  total fugacity of bulk fluid mixture, Pa 

F  Helmholtz free energy, J mol-1  

k  number of identical units occupied by k-mer, dimensionless 

kB  Boltzmann constant, 1.3810-23 J molecule-1 K-1 

l  number of identical units occupied by l-mer, dimensionless 

M number of sites on lattice, dimensionless 

Nk number of k-mers, dimensionless  

Nl number of l-mers, dimensionless  

n number of species in the mixture, dimensionless 

0
iP    sorption pressure, Pa 

qi  component molar loading of species i, mol kg-1 

qt  total molar loading for mixture adsorption, mol kg-1 

qi,sat  molar loading of species i at saturation, mol kg-1 
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R  gas constant, 8.314 J mol-1 K-1  

S  entropy, J mol-1 K-1 

T  absolute temperature, K  

W  probability (= Wahrscheinlichkeit), dimensionless 

xi  component mole fraction in adsorbed phase, i, dimensionless 

xk  mole fraction of k-mer in adsorbed phase, dimensionless 

xl  mole fraction of l-mer in adsorbed phase, dimensionless 

yi  component mole fraction in bulk fluid phase, i, dimensionless 

 

Greek alphabet 

i  molar chemical potential of component i, J mol-1 

    spreading pressure, N m-1 

i  fractional occupancy of component i, dimensionless 

k  fractional occupancy of k-mer, dimensionless 

l  fractional occupancy of l-mer, dimensionless 

mix   occupancy of adsorbed mixture,
 

k l
mix k l

    , dimensionless 

i  loading of species i, molecules per unit cage, or per unit cell 

i,sat  saturation loading of species i, molecules per unit cage, or per unit cell 

t  total mixture loading, molecules per unit cage, or per unit cell 

  exponent in dual-Langmuir-Freundlich isotherm, dimensionless 

  framework density, kg m-3 

Ω  entropy factor, dimensionless 

 

Subscripts 
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1  referring to component 1 

2  referring to component 2 

i  referring to component i 

k  referring to component k 

l  referring to component l 

t  referring to total mixture 
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