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ABSTRACT: Microporous crystalline porous materials such as zeolites, metal−organic frameworks, and zeolitic
imidazolate frameworks (ZIFs) have potential use for separating water/alcohol mixtures in fixed bed adsorbers and
membrane permeation devices. For recovery of alcohols present in dilute aqueous solutions, the adsorbent
materials need to be hydrophobic in order to prevent the ingress of water. The primary objective of this article is to
investigate the accuracy of ideal adsorbed solution theory (IAST) for prediction of water/alcohol mixture
adsorption in hydrophobic adsorbents. For this purpose, configurational bias Monte Carlo (CBMC) simulations
are used to determine the component loadings for adsorption equilibrium of water/methanol and water/ethanol
mixtures in all-silica zeolites (CHA, DDR, and FAU) and ZIF-8. Due to the occurrence of strong hydrogen bonding between water
and alcohol molecules and attendant clustering, IAST fails to provide quantitative estimates of the component loadings and the
adsorption selectivity. For a range of operating conditions, the water loading in the adsorbed phase may exceed that of pure water by
one to two orders of magnitude. Furthermore, the occurrence of water−alcohol clusters moderates size entropy effects that prevail
under pore saturation conditions. For quantitative modeling of the CBMC, simulated data requires the application of real adsorbed
solution theory by incorporation of activity coefficients, suitably parameterized by the Margules model for the excess Gibbs free
energy of adsorption.

1. INTRODUCTION
Due to the formation of azeotropes, distillation of a water/
alcohol mixture is energy-intensive. The use of membrane
pervaporation devices in hybrid distillation-membrane process-
ing schemes offers energy-efficient alternatives in production of
purified alcohols.1−5 The membranes may be constructed as
thin films of zeolites (e.g., CHA,3,6 DDR,7,8 LTA,9 MFI10,11) or
zeolitic imidazolate frameworks (ZIFs).12 The permeation
selectivity of membrane constructs, Sperm, is dictated by a
combination of the adsorption selectivity, Sads, and the diffusion
selectivity, Sdiff.

13−15 The alcohol/water adsorption selectivity,
Sads, is defined by
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where q1 and q2 are the molar loadings of the water and alcohol,
respectively, in the adsorbed phase in equilibrium with a bulk
fluid phase mixture with partial fugacities f1 and f 2 and
composition y1 = 1 − y2. Due to the narrow 3.8−4.1 Å window
sizes of CHA, DDR, and LTA zeolites, the diffusion selectivity,
Sdiff, favors water transport.

5,16 For water-selective dehydration
of feed streams of near-azeotropic composition, hydrophilic
LTA-4A (= NaA) membranes are applied on a commercial
scale.17 Hydrophobic membranes made of materials such as all-
silicaMFI and ZIF-8 are suitable for enrichment of feedmixtures
that are dilute in alcohol.11,18

In the production of bioalcohols by fermentation of biomass,
the desired products such as bioethanol and biobutanol are
available in low concentrations in the fermentation broth;

consequently, distillation separations are infeasible. One
separation strategy is to use fixed bed adsorption devices packed
with hydrophobic microporous materials, such as all-silica MFI
(also called silicalite-1), ZIF-8, ZIF-71, and MOFs.18−22 The
separation efficacy of fixed bed adsorbers is dictated by a
combination of mixture adsorption equilibrium and intracrystal-
line diffusion of guest molecules.
For estimation of the component loadings q1 and q2 and

selectivity, Sads, it is common to use ideal adsorbed solution
theory (IAST)23 that requires the unary isotherm data as inputs.
The IAST approach has been used in a number of published
works for evaluating and screening adsorbents for a wide variety
of mixture separations.18,24−29

For adsorption of water/alcohol mixtures in all-silica MFI
zeolite, molecular simulations have established the occurrence of
molecular clusters engendered by hydrogen bonding between
water and alcohol molecules.11,30−37 Such molecular clustering
results in significantly enhanced water ingress that is not
anticipated by IAST.11,31 For adsorption of mixtures of water/
ethanol mixtures of constant composition, y1, in MFI zeolite, the
molecular simulation data of Goḿez-Álvarez et al.33 also showed
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that the ethanol/water selectivity decreases with increasing pore
occupancy.
The primary objective of this article is to demonstrate that the

enhanced water ingress, as evidenced by MFI zeolite in
published works, is a common characteristic of other all-silica
zeolites and also hydrophobic ZIFs. Toward this end, configura-
tional bias Monte Carlo (CBMC) simulations of water/
methanol and water/ethanol mixture adsorption equilibrium
were performed for three all-silica zeolites (CHA, DDR, and
FAU) and ZIF-8. The secondary objective is to elucidate the
reasons behind the failure of the IAST to provide quantitatively
accurate predictions of mixture adsorption. The tertiary
objective is to show how the nonidealities in mixture adsorption
can be quantified and modeled.
The CBMC simulation methodology used in this article

follows published works.14,38−41 All host materials are
considered to be rigid in the simulations, performed at a
temperature T = 300 K. The force field implementation follows
earlier publications.7,35,37,42 Water is modeled using the
Tip5pEw potential.43 The alcohols are described with the
TraPPE force field.44 Intramolecular potentials are included to
describe the flexibility of alcohols, while the water molecules are
kept rigid. The bond lengths are fixed for all molecules. Bond
bending potentials are considered for methanol and ethanol, and
a torsion potential is used for ethanol.44 Further details,
including force field parameters, are provided in the Supporting
Information accompanying this publication.

2. RESULTS AND DISCUSSION
2.1. IAST Prescriptions and Origins of Nonidealities. In

the Myers−Prausnitz development of IAST,23 the partial
fugacities in the bulk fluid mixture are related to the mole
fractions xi in the adsorbed phase mixture

x q q q q q i/ ; ; 1, 2i i t t 1 2= = + = (2)

by the analogue of Raoult’s law for vapor−liquid equilibrium, i.e.

f x P i n; 1, 2, ...i i i
0= = (3)

where Pi
0 is the pressure for sorption of every component i, which

yields the same spreading pressure, π for each of the pure
components, as that for the mixture:
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In eq 4, A represents the surface area per kilogram of
framework and qi

0( f) is the pure component adsorption
isotherm. Since the surface area A is not directly accessible
from experimental data, the adsorption potential πA/RT, with
the unit mol kg−1, serves as a convenient and practical proxy for
the spreading pressure π. For binary mixture adsorption, each of
the equalities on the right-hand side of eq 4 must be satisfied.
These constraints may be solved using a suitable equation solver
to yield the set of values of P1

0, and P2
0, both of which satisfy eq 4.

The corresponding values of the integrals using these as upper
limits of integration must yield the same value of A

RT
π for each

component; this ensures that the obtained solution is the correct
one.
The applicability of the Raoult law analog, eq 3, mandates that

all of the adsorption sites within the microporous material are
equally accessible to each of the guest molecules, implying a

homogeneous distribution of guest adsorbates within the pore
landscape, with no preferential locations of any guest
species.45,46 This prescription is fulfilled for adsorption of
mixtures of nonpolar guest molecules in relatively “open” host
materials. As an illustration, Figure 1a compares IAST estimates

of Sads with CBMC data for equimolar CH4/C3H8 mixtures in
cation-exchanged NaX zeolite. Noteworthily, IAST quantita-
tively predicts the decrease in C3H8/CH4 selectivity with
increasing bulk fugacity, f t; this decrease is engendered by
entropy effects that favor the smaller methane molecule that has
the higher saturation capacity.24,47 However, for adsorption of
CO2/C3H8 mixtures in NaX zeolite, IAST overestimates the
CO2/C3H8 selectivity because the CO2 molecules tend to
congregate around the Na+ cations, thereby reducing the
competition between the two guest species;45,46,48 see Figure 1b.
A further key assumption of IAST is that the enthalpies and

surface areas of the adsorbed molecules do not change upon
mixing.23 If the total mixture loading is qt, the area covered by
the adsorbed mixture is A

qt

with a unit of m2 (mole mixture)−1.

Therefore, the assumption of no surface area change due to
mixture adsorption translates as

Figure 1. CBMC simulation data for (a) CH4/C3H8 and (b) CO2/
C3H8 mixture adsorption in NaX zeolite (106 Si, 86 Al, 86 Na+, Si/Al =
1.23) at 300 K, with equal partial fugacities, f1 = f 2, in the bulk fluid
phase mixture. The dashed lines are the IAST calculations of the
component loadings. Further information on the data inputs and
calculations are provided in the Supporting Information accompanying
this publication.
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The occurrence of molecular clustering due to hydrogen
bonding should be expected to invalidate the use of eq 5 in the
IAST calculations of qt.
2.2. Evidence of Hydrogen Bonding for Water/Alcohol

Mixture Adsorption. In order to demonstrate the occurrence
of hydrogen bonding in water/methanol and water/ethanol
mixtures, CBMC simulation data on the spatial locations of the
guest molecules were sampled to determine the O···H distances
of various pairs of molecular distances. By sampling a total of 106

simulation steps, the radial distribution functions (RDFs) of O···
H distances were determined for water−water, water−alcohol,
and alcohol−alcohol pairs. Figure 2a shows the RDF of O···H
distances for molecular pairs of water(1)/methanol(2) mixture
adsorption in CHA zeolite at 300 K. The partial fugacities of
components 1 and 2 are f1 = 2.5 kPa and f 2 = 7.5 kPa. We note
that the first peaks in the RDFs occur at a distance less than 2 Å,
which is characteristic of hydrogen bonding.35,49 The heights of
the first peaks are a direct reflection of the degree of hydrogen
bonding between the molecular pairs. We may conclude
therefore that for water/methanol mixtures, the degree of H
bonding between water−methanol pairs is significantly larger,
by about an order of magnitude, than for water−water and
methanol−methanol pairs. An analogous set of conclusions can
be drawn for water/ethanol mixtures, for which the RDF data
are presented in Figure 2b: that is, the degree of H bonding
between water−ethanol pairs is larger than for water−water and
ethanol−ethanol pairs. For comparison purposes, the RDF data
for adsorption of methanol/ethanol mixtures are shown in
Figure 2c. The magnitudes of the first peaks for methanol−
ethanol, methanol−methanol, and ethanol−ethanol pairs are
significantly lower than those of the water−alcohol peaks in
Figure 2a,b. Therefore, the H-bonding effects should be
expected to be of lesser importance for methanol/ethanol
mixture adsorption in CHA than for water/methanol and water/
ethanol mixtures.
Analogous results are obtained for the RDFs in DDR, MFI,

and ZIF-8; see Figures S15−S22 of the Supporting Information.
2.3.Water/AlcoholMixture Adsorption; CBMCvs IAST.

Figure 3a compares CBMC simulations of unary water
isotherms in different microporous host materials, plotted as a
function of the fugacity of water in the bulk fluid phase. The plot
clearly shows the difference between various hydrophobic hosts
(all-silica zeolites, ZIF-8, ZIF-71) and hydrophilic host CuBTC;
for hydrophobic hosts, the bulk fluid phase fugacity needs to be
at least 1 kPa before significant water uptake is realized.
Two types of mixture adsorption simulation campaigns were

conducted. In campaign A, the bulk fluid phase mixture is
equimolar, f1 = f 2, and the bulk fluid phase fugacity f t = f1 + f 2 was
varied over a wide range from the Henry regime of adsorption, f t
= 1 Pa, to near pore saturation conditions, typically f t>50 kPa. In
campaign B, the bulk fluid phase fugacity f t = f1 + f 2 was held at a
constant value of 10 kPa, and the bulk fluid phase mixture
composition was varied, 0<y1<1. The obtained results for both
sets of campaigns in the different host materials are presented in
Figures S24−S50 of the Supporting Information.
As an illustration, Figure 3b presents the CBMC data for

campaign A of water/ethanol mixture adsorption in DDR. The
component loadings in the adsorbed mixture (filled symbols)
are compared with CBMC simulations of unary isotherms (open
symbols) at the same partial fugacity, f i, in the bulk phase. For f i

< 10 kPa, the ethanol loading in the mixture is practically
identical to that of the unary isotherm while the water loading in
themixture is considerably larger than that of pure water. For f i <
10 kPa, the IAST calculations (indicated by the dashed lines) do
not anticipate the substantially enhanced water ingress from the
mixture because the influence of molecular clustering is not
catered for in the theoretical development of IAST. From a close

Figure 2. RDF of O···H distances for molecular pairs of (a) water(1)/
methanol(2), (b) water(1)/ethanol(2), and (c) methanol(1)/
ethanol(2) mixture adsorption in CHA zeolite at 300 K. For all three
sets of mixtures, the partial fugacities of components 1 and 2 are f1 = 2.5
kPa and f 2 = 7.5 kPa. The y-axes are normalized in the same manner,
and therefore, the magnitudes of the first peaks are a direct reflection of
the degree of hydrogen bonding between the molecular pairs.
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examination of Figure 3b, it is also noteworthy that water
loading from the IAST calculations also exceeds the unary water
loading, albeit to a minor extent as indicated by the shaded area.
This increase in the loading of the lighter component in the
mixture is a common characteristic of mixtures in which the
lighter component (with higher saturation capacity) exhibits a
much steeper unary isotherm than that of the heavier
component (with lower saturation capacity). For adsorption
of ethanol/1-butanol mixtures in ZIF-8, the experiments of
Claessens et al.20 demonstrated that the ethanol loading in the

mixture may exceed that of pure ethanol over a certain limited
range of bulk fugacities; see Figure 3b. These authors have
dubbed this phenomenon as “co-operative adsorption” and have
further demonstrated that IAST is capable of describing such
effects. By contrast, for water/ethanol adsorption in DDR, the
CBMC data for enhancement in the water loading far exceeds
the IAST value. To put it another way, hydrogen bonding effects
tend to significantly amplify the “co-operative adsorption” effect.
By dividing the CBMC data on water loadings in the mixture

by the corresponding loading determined from the unary water
isotherm, the enhancement in the water loading can be
determined. These data are summarized in Figure 4a,b for

water/methanol and water/ethanol mixtures in different host
materials; the data sets include those for hydrophilic CuBTC
and hydrophobic ZIF-71, culled from the published liter-
ature.50−52 For a range of bulk fluid phase fugacities, the
enhancement in the water loadings may range from 10 to 500.

Figure 3. (a) Comparison o CBMC simulations of unary water
isotherms in different microporous host materials, plotted as a function
of the fugacity of water in the bulk fluid phase. (b) CBMC simulation
data for water(1)/ethanol(2) mixture adsorption in DDR at 300 K with
equal partial fugacities, f1 = f 2, in the bulk fluid phase mixture. The
component loadings in mixture (filled symbols) are compared with
CBMC simulations of unary isotherms (open symbols), both plotted as
a function of the partial fugacity f i in the bulk fluid phase mixture. The
dashed lines are the IAST calculations of the component loadings.
Further information on the data inputs and calculations are provided in
the Supporting Information accompanying this publication. (c) IAST
calculations of the component loadings for ethanol/1-butanol mixture
adsorption in ZIF-8 are compared with the unary isotherm data fits
reported by Claessens et al.20

Figure 4. Enhancement of water loading in (a) water(1)/methanol(2)
and (b) water(1)/ethanol(2) mixtures, determined from CBMC
simulations for mixture adsorption in various host materials at 300 K
with equal partial fugacities, f1 = f 2, in the bulk fluid phase mixture. The
x axis represents the bulk fluid phase fugacity f t = f1+ f 2. Also included
are the data for ZIF-7152 and CuBTC.50,51 Further information on the
data inputs and calculations are provided in the Supporting Information
accompanying this publication.
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Figure 5a,b summarizes the CBMC data for methanol/water
and ethanol/water selectivities, Sads, in different host materials.

In all cases, the selectivity reverses in favor of water as pore
saturation conditions are approached, typically for f t > 50 kPa.
Water is preferentially adsorbed due to size entropy effects that
favor the smaller molecule due to improved packing within the
pore landscape.24,47 For hydrophobic all-silica CHA and FER
zeolites, the experiments of Arletti et al.53 and Confalonieri et
al.54 provide confirmation that adsorption of water/ethanol
mixtures is water-selective at high pore occupancies.
In Figure 6a, the CBMC data for ethanol/water selectivity in

DDR, Sads, are compared with IAST estimates. IAST takes due
account of entropy effects and selectivity reversals, but the
quantitative agreement with the CBMC data is not adequate
because the IAST development does not account for molecular
clustering; IAST essentially portrays an exaggerated influence of
entropy effects. For f t < 20 kPa, Sads is overestimated because
IAST ignores water uptake induced by hydrogen bonding. For f t
> 50 kPa, cluster formation tends to moderate entropy effects,

causing the IAST calculations for alcohol/water selectivity to fall
below those determined from CBMC. Precisely analogous
results are obtained for deviations of IAST from CBMC
simulation results for water/ethanol/ZIF-8 and water/meth-
anol/CHA; see Figure 6b,c. Comparisons of the CBMCdata Sads

Figure 5. CBMC simulation data for alcohol/water adsorption
selectivity for (a) water(1)/methanol(2) and (b) water(1)/ethanol(2)
mixtures in various host materials at 300 K with equal partial fugacities,
f1 = f 2, in the bulk fluid phase mixture. The x axis represents the bulk
fluid phase fugacity f t = f1+ f 2. Also included are the data for ZIF-7152

and CuBTC.50,51 Further information on the data inputs and
calculations are provided in the Supporting Information accompanying
this publication.

Figure 6. CBMC simulation data for the alcohol/water selectivity for
water(1)/alcohol(2) mixture adsorption in (a) DDR, (b) ZIF-8, and
(c) CHA at 300 K with equal partial fugacities, f1 = f 2, in the bulk fluid
phase mixture. The dashed lines are the IAST calculations of the
component loadings. The continuous solid lines are the RAST
calculations using the Margules model. Further information on the
data inputs and calculations are provided in the Supporting Information
accompanying this publication.
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with IAST estimates for all investigated mixture/host combina-
tions are available in Figures S24−S50 of the Supporting
Information. They all show common characteristics that are
illustrated in Figure 6a−c for three different cases.
Molecular dynamics simulation data for mixture diffusion

have shown that cluster formation tends to reduce the
diffusivities of both water and alcohol molecules;5,33,35,42,55−58

this mutual slowing-down phenomena is a corollary to the
moderation of entropy effects in mixture adsorption.
For methanol/ethanol adsorption in CHA, Figure 7a

compares the CBMC simulation data for Sads with IAST

estimates. There is good agreement between the two data sets
for bulk phase fugacities f t < 10 kPa because hydrogen bonding
effects are smaller than for water/alcohol systems, as witnessed
in Figure 2. The entropy-driven selectivity reversal in favor of
methanol is correctly predicted by IAST. For f t > 50 kPa, as pore
saturation conditions are approached, IAST tends to under-
estimate the ethanol/methanol selectivity due to moderation of
entropy effects as a result of some degree of molecular clustering

that prevail at pore saturation. Analogous results are obtained for
methanol/ethanol adsorption in hydrophilic CuBTC; see Figure
7b.
Figure 8a presents CBMCdata for ethanol/water selectivity in

DDR zeolite for campaign B, in which the bulk fluid composition
is varied. The CBMC data show that for water-rich mixtures,

Figure 7. CBMC simulation data for ethanol/methanol adsorption
selectivity for methanol(1)/ethanol(2) mixtures with equal partial
fugacities, f1 = f 2, in (a) CHA and (b) CuBTC. The x axis represents the
bulk fluid phase fugacity f t = f1+ f 2. The dashed lines are the IAST
calculations of the component loadings. The continuous solid lines are
the RAST calculations using the Margules model. Further information
on the data inputs and calculations are provided in the Supporting
Information accompanying this publication.

Figure 8. (a) Comparisons of CBMC data for Sads with IAST (dashed
line) and RAST calculations (continuous solid line) for water/ethanol
adsorption in DDR for f t = f1+ f 2 = 10 kPa. (b) CBMC simulation data
for alcohol/water adsorption selectivities, Sads, in CHA and DDR
zeolites at 300 K; the bulk fluid phase is maintained at a constant
fugacity f t = f1+ f 2 = 10 kPa, and the mole fraction of water in the bulk
mixture y1 is varied. (c) Enhancement of water loading for water/
alcohol mixture adsorption in CHA and DDR for f t = f1+ f 2 = 10 kPa.
Further information on the data inputs and calculations are provided in
the Supporting Information accompanying this publication.
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y1>0.5, the adsorption is ethanol-selective; this is desired of
adsorbents in recovery of bioethanol from fermentation broths.
However, for feed mixtures that are richer in ethanol, y1<0.5, the
adsorption is water-selective; this is a desirable feature for use of
DDR in membrane constructs for water-selective pervaporation
processes.7 The narrow 8-ring windows of DDR, with
dimensions of 3.65 Å × 4.37 Å, ensure that the diffusion
selectivity Sdiff also favors water.16,35,37,42 IAST (dashed line)
anticipates ethanol-selective adsorption over the entire range of
y1. Analogous results are obtained for water/alcohol mixture
adsorption in CHA; see Figure 8b. Adsorption of alcohol-rich
feed mixtures in CHA is water-selective; therefore, CHA
membranes are used for purification of alcohols by membrane
pervaporation because diffusion through 3.8 Å × 4.2 Å 8-ring
windows of CHA also favors water.6,16,35,37,42

For rationalization of these results, Figure 8c plots the
enhancement in the water loading as a function of y1. We note
that for dilute aqueous alcohol solutions with y1<0.2, the
enhancement in the water loading is about one to two orders of
magnitude. Each water molecule has a greater probability of
forming O···H bonds with alcohols due to the preponderance of
alcohol molecules that are present.
There is evidence that molecular clustering effects induced by

hydrogen bonding also cause failure of IAST to provide

quantitative description of adsorption equilibrium for meth-
anol/benzene, ethanol/benzene, acetone/benzene, methanol/
n-hexane, 1-propanol/toluene, and 1-butanol/p-xylene mixtures
in CuBTC and cation-exchanged zeolites;36,50,51,59−61 detailed
analyses are provided in Figures S37−S44 and S55−S57.

2.4. RAST Modeling of Thermodynamic Nonidealities.
To account for nonideality effects in mixture adsorption,
engendered by hydrogen bonding, we need to introduce activity
coefficients γi into eq 3

f x Pi i i i
0γ= (6)

The implementation of the activity coefficients is termed as
real adsorbed solution theory (RAST). Following the
approaches of Myers, Talu, and Sieperstein,62−64 we model
the excess Gibbs free energy for binary mixture adsorption as
follows

G
RT

x xln( ) ln( )
excess

1 1 2 2γ γ= +
(7)

A variety of models such as Regular solution,64 Wilson,45,46,48

NRTL,65 SPD,63 and Margules11 have been used for describing
the composition dependence of γi. Here, we employ the
Margules model, which is particularly suitable for water/alcohol
mixtures,11 expressed in the following form

Figure 9. (a) RAST calculations of activity coefficients γi for water/ethanol adsorption in DDR zeolite at 300 K with equal partial fugacities, f1 = f 2, in
the bulk fluid phase mixture, plotted as a function of the adsorption potential, πA/RT. (b, c) RAST calculations of the ratio of activity coefficients γ1/γ2
for (b) water/methanol and (c) water/ethanol mixtures in different hosts. (d) RAST calculations of the ratio of activity coefficients γ1/γ2 for CO2(1)/
C3H8(2)/NaX, CO2(1)/CH4(2)/NaX, nC4(1)/iC4(2)/MFI, and nC6(1)/2MP(2)/MFI. Further information on the data inputs and calculations
are provided in the Supporting Information accompanying this publication.
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In eq 8, C is a constant with the unit kg mol−1. The

introduction of( )( )C1 exp A
RT

− − π imparts the correct limiting

behaviors 1; 0i
A

RT
γ → →π for the activity coefficients in the

Henry regime, f 0; 0A
RTt → →π . As pore saturation con-

ditions are approached, this correction factor tends to unity
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The parameters A12, A21, C can be fitted to match the CBMC
data on mixture adsorption. Further details of the RAST model
calculations, fitting methodology, and values of the fitted
Margules parameters are provided in the Supporting Informa-
tion. As an illustration, Figure 9a presents RAST calculations of
activity coefficients γi for water/ethanol adsorption in DDR
zeolite, plotted as a function of the adsorption potential, πA/RT.
The water activity coefficient exhibits a deep minimum for
conditions under which significant enhancement in the water
ingress is caused by hydrogen bonding. Analogous character-
istics are found for other guest/host combinations as evidenced
in Figure 9b,c in which the ratio of activity coefficients γ1/γ2 is
plotted for (a) water/methanol and (b) water/ethanol mixtures
in different host materials. The non-monotonic variation of γ1/
γ2 with increasing πA/RT is a distinguishing and common
characteristic of nonidealities induced by hydrogen bonding; in
sharp contrast, for nonidealities engendered by congregation/
segregation effects,45,46,48 the variation of γ1/γ2 with increasing
πA/RT is monotonic; see Figure 9d. In the range of πA/RT
values for which γ1/γ2<1, IAST overestimates Sads because of
enhanced water ingress, indicated by the cyan shaded areas in
Figure 6a−c. In the range of πA/RT values for which γ1/γ2>1,
IAST underestimates Sads because of moderation of entropy
effects, indicated by the yellow shaded areas in Figure 6a−c.
The continuous solid lines in Figures 6−8 are the RAST

calculations of Sads; the improvement over the corresponding
IAST estimation is significant, as should be expected.

3. CONCLUSIONS
Two different CBMC campaigns, A and B, for water/methanol
and water/ethanol adsorption in hydrophobic CHA, DDR,
FAU, and ZIF-8 were undertaken to investigate the accuracy of
IAST estimates of component loadings and adsorption
selectivities.
For CBMC simulation campaign A with equimolar bulk fluid

mixtures, f1 = f 2, the increase of f t = f1 + f 2 from 1 Pa to about 10
kPa shows that the water ingress in the host material is
significantly higher than that anticipated from the pure water
isotherm data. The enhancement in the water ingress is induced
by the formation of water/alcohol clusters due to hydrogen

bonding; this enhanced water ingress is not anticipated by IAST.
When pore saturation conditions are approached, typically f t>50
kPa, the CBMC simulations show selectivity reversal in favor of
water; this selectivity reversal is driven by size entropy effects
that favor water to pack more efficiently. The formation of
water/alcohol clusters has a moderating influence on size
entropy effects. Since molecular clustering is not recognized in
the IAST development, the entropy effects are exaggerated;
consequently, IAST estimates of Sads are more water-selective
than that observed in the CBMC data.
The CBMC simulations following campaign B in which the

bulk fluid phase fugacity is held constant, f t = 10 kPa, show that
for CHA and DDR, the adsorption of alcohol-rich mixtures is
water-selective and suitable for use in membrane pervaporation
processes for alcohol purification. For water-rich mixture, the
adsorption is alcohol-selective and therefore suitable for use in
the recovery of bioalcohols.
The quantitative modeling of water/alcohol mixture

adsorption in hydrophobic adsorbent requires use of RAST,
with appropriate parametrization of the model to describe
activity coefficients. For all hydrophobic adsorbents, the
variation of the activity coefficients with the spreading pressure
displays common characteristics as evidenced in Figure 9b,c.
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■ NOMENCLATURE

Latin alphabet
A surface area per kg of framework, m2 kg−1

A12, A21 Margules parameters, dimensionless
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C constant used in eq 8, kg mol−1

f i partial fugacity of species i, Pa
f t total fugacity of bulk fluid mixture, Pa
Gexcess excess Gibbs free energy, J mol−1

n number of species in the mixture, dimensionless
Pi
0 sorption pressure, Pa

qi molar loading of species i, mol kg−1

qt total molar loading of mixture, mol kg−1

R gas constant, 8.314 J mol−1 K−1

Sads adsorption selectivity, dimensionless
Sdiff diffusion selectivity, dimensionless
Sperm permeation selectivity, dimensionless
T absolute temperature, K
xi mole fraction of species i in the adsorbed phase,

dimensionless
yi mole fraction of species i in the bulk fluid mixture,

dimensionless

Greek alphabet
γi activity coefficient of component i in the adsorbed phase,

dimensionless
π spreading pressure, N m−1
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