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ABSTRACT: The selective removal of water from mixtures with
methanol, ethanol, and 1-propanol is an important task in the processing
industries. With the aid of configurational-bias Monte Carlo simulations
of unary and mixture adsorption, we establish the potential of CuBTC for
this separation task. For operations close to pore saturation conditions,
the adsorption is selective to water that has a significantly higher
saturation capacity compared to that of 1-alcohols. The water-selective
separation relies on subtle entropy effects that manifest near pore
saturation conditions. A further distinguishing feature is that mixture
adsorption is determined to be strongly nonideal, and the activity
coefficients of the constituent components deviate strongly from unity as
pore saturation is approached. The predictions of the ideal adsorbed
solution theory (IAST), though qualitatively correct, do not predict the

component loadings for mixture adsorption with adequate accuracy. Consequently, the activity coefficients, after appropriate
parametrization, have been incorporated into the real adsorbed solution theory (RAST). Transient breakthrough simulations,
using the RAST model as a basis, demonstrate the capability of CuBTC for selective adsorption of water in fixed-bed adsorption

devices operating under ambient conditions.

B INTRODUCTION

In the processing industries, distillation is the most common
technology for separation of mixtures containing water and
alcohols."” The separation task is often rendered difficult
because of azeotrope formation. The separation of azeotropic
mixtures requires the addition of an additional component to the
mixture, called entrainers, that alters the vapor/liquid equili-
brium in a favorable manner in order to effect the desired
separation in distillation columns. The recovery of the entrainer
requires an additional distillation processing step, placing
additional energy demands because of vapor/liquid phase
transformations in condensers, reboilers, and solvent recovery
sections.

Microporous materials such as zeolites, metal—organic
frameworks (MOFs), and zeolitic imidazolate frameworks
(ZIFs) offer the potential for separation of mixtures of water
and alcohols.”* A lot of the research work has been devoted to
separation of dilute aqueous streams which require the selective
adsorption of the desirable alcohols using hydrophobic
adsorbents such as ZIF-8.%° Our focus is on the selective
adsorption of water from mixtures containing 1-alcohols. This
task is relevant, for example, for separating water/ethanol and
water/1-propanol mixtures that have the azeotropic composi-
tions, respectively, of 11%/89% and 57%/43%. Water-selective
separations are currently carried out using LTA-3A, LTA-4A, and
LTA-5A zeolites; the separation principle is based primarily on
the significantly larger diffusivity of water molecules across the
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narrow windows that are approximately 4 A in size. Diffusion-
selective separation of water/methanol mixtures is also the
underlying mechanism for the separations using Ln-MOF with
pyrazine-2,5-dicarboxylate ligands as linkers.” Uchida and
Mizuno® report uptake data for water, methanol, and ethanol
in zeotype polyoxometalate-macrocation ionic crystal, whose
channels are not large enough to allow methanol and ethanol to
enter. While diffusion-selective separations can be exploited in
membrane constructs, its use in fixed-bed adsorbers results in
distended breakthrough characteristics with attendant lowering
in the productivity.” For these reasons, we direct our attention at
water-stable, hydrophilic, MOF adsorbents with “open struc-
tures” that are suitable for use in fixed-bed units.

The novelty of the current investigation resides in the
exploitation of the differences in the saturation capacities of
water and 1-alcohols. Exploitation of differences in saturation
capacities would necessarily require operation under conditions
such that the pores of the adsorbent material are saturated; under
such conditions, the separations of mixtures are dictated by
molecular packing effects which are expected to favor the smaller
water molecules."’

For mixtures of l-alcohols, the adsorption of the smaller
alcohol can be achieved at high selectivity by operating at pore
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saturation conditions in CHA,"! SAPO-34,'> ZIF-8>° and
ZIF-68."% The molecular simulation data for water/methanol
and water/ethanol mixtures in ZIF-71 indicate that water can be
selectively adsorbed near pore saturation conditions.'* However,
subsequent experimental investigationss’15 do not support the
results anticipated from molecular simulations. In particular, the
uptake of water is significantly lower than that of the alcohols,
suggesting that ZIF-71 has hydrophobic characteristics similar to
ZIF-8 and ZIF-68.°

In this work, we choose CuBTC (=Cu,(BTC), with BTC =
1,3,5-benzenetricarboxylate, also known as HKUST-1) as
adsorbent primarily because of its high affinity for water.'®"”
The primary objective of our article is to demonstrate the
significant potential of CuBTC for selective adsorption of water
from mixtures containing methanol, ethanol, and 1-propanol. We
use configurational-bias Monte Carlo (CBMC) simulations to
generate the required information on unary and mixture
isotherms in order to quantify their separation capability.

2. CBMC SIMULATION METHODOLOGY

The CuBTC framework is composed of copper atoms connected
by BTC linkers, which form a characteristic paddle-wheel
structure: two copper atoms bonded to the oxygen atoms of four
BTC linkers. The framework consists of two types of large 9 A
cavities (L, and L,) and small 5 A tetrahedral pockets (T;) (see
Figure 1). The larger cavities (L, and L) are similar in size and

5A
tetrahedral
pocket

Figure 1. Pore landscape and cage connectivity of the CuBTC
framework.

shape, but as a result of the paddle-wheel, the copper atoms
are only accessible from the L; cages. L, and L; cavities are
connected by windows. The small cavities (T,) are tetrahedral
pockets enclosed by the benzene rings. They are connected to L
cages by 4.6 A triangular windows.

Water is modeled using TIPSP-E'® which has proven to be the
most suitable model for water in Cu-BTC.” Furthermore,
recently, Peng et al.* have found that at least a four-site model is
needed to reproduce the right orientation of the water molecules
in metal organic frameworks containing open metal sites. The
alcohol molecules are modeled using TraPPE.>' The Cu-BTC
framework is modeled as a rigid structure based on the
crystal structure of Chui et al.** with the atoms fixed in their
crystallographic position. We removed the axial oxygen atoms
weakly bonded to the copper atoms that correspond to water
ligands. Lenard-Jones parameters for the atoms were taken from
the DREIDING?>® force field except those for copper atoms that
were taken from the UFF** force field (see Table S2, Supporting
Information). Additionally, partial charges obtained from
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Figure 2. (a) Comparison of the CBMC simulations of water isotherm
with experimental data.'®?*?° (b) CBMC simulated isotherms for
1-alcohols. (c) The fractional occupancy within the pores, 8, for each of
the four guest molecules as a function of the bulk fluid phase fugacity, f..

Castillo et al."® were added to the model. The unit cell of our
model is a cubic cell of a = b = ¢ = 26.34 A. The computed void
fraction is 0.76, the pore volume 0.85 cm®/g, and the surface area
2100 m*/g. The framework density is p = 879 kg m™>.

Monte Carlo (MC) simulations were performed in the grand
canonical (GC) ensemble, and the configurational bias Monte
Carlo (CBMC) technique was used for the insertion and deletion
of molecules in and from the system. We employed Lennard-
Jones and electrostatic cutoffs at 12.0 A. Coulombic interactions
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Figure 3. CBMC simulations for equimolar (a) water/methanol, (b) water/ethanol, (c) water/1-propanol, (d) water/methanol/ethanol/1-propanol,
and (e) methanol/ethanol mixtures in CuBTC at 298 K. (f) Comparison of adsorption selectivities for binary mixtures.

were computed using the Ewald summation technique with a
relative precision of 107°. The code and most of the force fields
and models used in this work have been extensively tested and

validated with a large number of experimental and simulation
data>>™*

3. UNARY ISOTHERMS

The water isotherm shows marked inflections (see Figure 2a).
The origin of these inflections can be traced to the location of
water molecules within the tetrahedral pockets (about nine

molecules can be accommodated in T;) and within the larger
cages (L, and L;). The three-site Langmuir—Freundlich model is
used to properly capture the inflections

b Uy b Up b e
Af 17 + qB Bf 14 + q Cf 1 Z
1+bAfA ,Sat1+beB C,Sat1+bcf(j
(1)
The CBMC simulations are in reasonable agreement with
published experimental data.'®*®*° The steep portion of the

0
9 = qA,sat
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water isotherm is correctly reproduced; this corresponds to the
occupation of the larger cages of CuBTC.

The unary isotherms for methanol, ethanol, and 1-propanol
are adequately described using the dual-Langmuir—Freundlich
model (see Figure 2b). Particularly noteworthy are the dif-
ferences in the saturation capacities of the various guest mole-
cules: water = 54 mol kg™'; methanol = 19.9 mol kg™'; ethanol =
13 molkg™; l-prc;panol =10 mol kg™". The experimental data of
van Assche et al.'” for unary isotherms of water and alcohols in
CuBTC at 323 K indicate a similar hierarchy of saturation
capacities.

Let us define the fractional pore occupancy within the pores, 8,
for each of the four guest molecules

Hi = qo/qsat (2)
where q° is the molar loading of species i that is determined
from the Langmuir—Freundlich fits. The variation of the pore
occupancies with bulk fluid phase fugacity, f;, is shown in
Figure 2c. We note that the pore occupancies are close to unity
for operation at ambient conditions of 100 kPa and 298 K. The
“driver” for mixture separations is the large differences in satura-
tion capacities of water and partner 1-alcohols. It needs to be
stressed that the interactions of the guest molecules with the
unsaturated Cu atoms is not relevant to the achieved separations
at pore saturation.

4. MIXTURE ADSORPTION AND NONIDEALITIES

Figure 3, panels a, b, ¢, d, and e, presents the CBMC data for
adsorption of (a) water/methanol, (b) water/ethanol, (c) water/
1-propanol, (d) water/methanol/ethanol/1-propanol, and (e)
methanol/ethanol mixtures in CuBTC. In all five cases, we note a
reversal in the hierarchy of component loadings as conditions
approach pore saturation. For binary mixtures, adsorption
selectivities are shown in Figure 3f. For water/1-alcohol mixtures,
the selectivity is in favor of water at conditions close to 100 kPa
(see Figure 3f). For methanol/ethanol mixtures, the adsorption
is in favor of the shorter alcohol at f, = f; + f, > 10 kPa; the
preferential adsorption of shorter 1-alcohols has been observed
also for CHA,'' SAPO-34,'? ZIF-8,>° and ZIF-68."°

We now examine whether the ideal adsorbed solution theory
(IAST) of Myers and Prausnitz>° provides a quantitative
representation of mixture adsorption. Briefly, the IAST is the
analogue of Raoult’s law for vapor—liquid equilibrium, i.e.

f=Px; i=1,2.,n 3)
where x; is the mole fraction in the adsorbed phase
X, = qi/(q1 +4q, + . qn) (4)

and P! is the pressure for sorption of every component i, which
yields the same spreading pressure, 7, for each of the pure
components, as that for the mixture

APP qIOJEf)dfz fOPS 0, (f) af= fOP?
()

f
where ¢)(f) is the pure component adsorption isotherm
described by the Langmuir—Freundlich fit (eq 1). The units of
the spreading pressure 7 are the same as that for surface tension,
ie, N m™'; indeed the spreading pressure is the negative of the
surface tension.*® The quantity A is the surface area per kilogram
of framework, with units of m* kg™'; the units of (zA/RT)

A _
RT

4. (f)
d
7 If
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are mol kg™". The values of P}, P}, and P§ that satisfy each of the
equalities in eq S can be determined using suitable numerical
techniques. The adsorbed phase mole fractions x; are then
determined from

x=f/P i=1,2 .,n (6)
The total amount adsorbed can be calculated
_ 1
4 =9, + q, - + 9, = —=x 2 x,
q®)  q®) T q®) 7)

Figure 4a compares the IAST calculations with CBMC data for
water/methanol mixtures. The agreement between IAST and

(a) [ IAST water
- e |AST methanol go®
2 10t B  water %om
° f @ methanol
IS [
R
g 16
el E
3 £
g A of
S 01 IAST vs CBMC;
£ E 5 equimolar
8 ¥ water/methanol mixture;
[ CuBTC; 298 K
0.01 -
100 10 102 108 104 108
Total fluid phase fugacity, £,/ Pa
water
(b) e methanol
e cthanol
@ 1-propanol
m  water
@® methanol
A ethanol i
10 v  1-propanol

©
=

IAST calculations;
equimolar mixture;
CuBTC; 298 K

Component loading, g,/ mol kg‘1

0.01

100 10° 102 108 104 108

Total fluid phase fugacity, 7,/ Pa
Figure 4. Comparison of CBMC simulations for (a) water/methanol

and (b) water/methanol/ethanol/ 1-propanol mixtures with IAST
predictions of component loadings.

CBMC is excellent for f, < 50 Pa; this should be expected in the
Henry regime of adsorption. For f, > 50 Pa, there are significant
quantitative departures between CBMC and IAST predictions.
The reasons for the deviations can be attributed to the influence
of hydrogen bonding between water and methanol and
consequent clustering, as explained in earlier work.!

For water/methanol/ethanol/1-propanol mixtures, the hier-
archy of component loadings near pore saturation is correctly
anticipated by the IAST, but the quantitative agreement is poor
(see Figure 4b). The inadequacy of IAST to accurately predict
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and (d) methanol/ethanol mixtures in CuBTC at 298 K.

the component loadings near pore saturation conditions holds
for the other investigated mixtures (see Figures S9 and S10,
Supporting Information).

For further analysis, we follow the approach of Myers and
Prausnitz>® and account for nonidealities by introducing activity
coefficients y; into eq 3

f, = Pixiy, (8)

The CBMC mixture simulations provide information on the
mole fractions of the adsorbed phase, x, but the activity
coefficients y; are not known a priori; these need to be backed out
from the CBMC data. Using the Gibbs adsorption equation for
mixture adsorption as starting point (cf. equation 3.52 of
Ruthven®®), we can write the differential of the spreading
pressure as follows

Adn

RT =q1dlnf1 +112¢11nf2

©)
Integrating eq 9 from O to f; and f,

ik f.
L Gqdmg +qdimg) = [+ q)ding
(10)

The integral in eq 10 can be determined using an appropriate
quadrature formula. The approach we use here is to fit the water
loadings g, and the total mixture loading g, = g, + g, as functions,

A

RT
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respectively, of the partial fugacities, f;, and total mixture fugacity
fi- The P! can be determined for each of the two components by

setting the equalities
A /ft p P
™ _ +q)dInf = / df= /
RT 0 (g, + g,)dInf 0 f 0 f
(11)

Equation 11 can be solved to determine P and P9 as a function
of the total mixture fugacity f,. Combining the obtained values of
P} and P) with eq 8, we can determine the activity coefficients ¥
as a function of the total mixture fugacity f,. The fitting procedure
for CBMC mixture simulation data, along with a detailed step-by-
step methodology for calculation of the activity coeflicients, is
provided in the Supporting Information.

Figure S, panels a, b, ¢, and d, presents data on the activity
coefficients y; for equimolar (a) water/methanol, (b) water/
ethanol, (c) water/1-propanol, and (d) methanol/ethanol
mixtures calculated in the manner detailed above. For water/
methanol mixtures, we note that at a total bulk fluid phase
fugacity f, = f; + f, < 200 Pa the activity coefficients of each
component are approximately unity. The small departures from
unity at low pressures are a consequence of the numerical fitting
procedure employed in the calculations of the activity co-
efficients; the fundamentally correct limiting value of the activity
coefficient y; — 1; f, = 0 cannot be prescribed in the adopted
methodology. With increasing values of f,, the activity coefficient

a’(f)

a,(f)
d
7 If
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of water increases, whereas that of methanol decreases. For
water/ethanol and water/1-propanol mixtures, similar trends are
observed, but the threshold values are lower, about 10 Pa in each
case. For methanol/ethanol mixtures, the activity coeflicients
deviate significantly from unity only for f, = f; + f, > 10 kPa. From
the results presented in Figure S, it appears that nonidealities are
much more significant for water/alcohol mixtures than for
methanol/ethanol mixtures. These deviations are most likely
correlated with the hydrogen bonding effects that are stronger
between water and alcohol molecules than between pairs of
alcohol molecules; a quantitative justification is provided in our
earlier work.”"

The analysis of CBMC mixture simulation data for water/
alcohol mixtures in FAU and DDR zeolites yield activity
coefficients whose characteristics are quite similar to those
witnessed in Figure S; see Supportin§ Information for details.

Following the work of Calleja et al. * we use the Wilson model
to describe the variation of the activity coefficients with the
composition of the adsorbed mixtures

x, A
In(y) =1 — In(x, + x,A,) — ! - 221
xp + 27 %y + 21 Ay;
x x, A
In(}/z) =1 —In(x, + x,A;)) — 2 - e =
xy + x5, X+ x, A\,

(12)

The choice of A}, = Ay, = 1 in eq 12 reduces eq 8 to eq 3. The
parameters A, and A,;; can be fitted to match the CBMC
mixture simulations; Table S10 (Supporting Information) lists
the Wilson parameters A, and A,;. With this parametrization of
the activity coefficients y,, the resulting real adsorbed solution
theory (RAST) provides an adequate representation of the
mixture adsorption characteristics under conditions near pore
saturation (see Figures 6a and 6b for water/methanol and
methanol/ethanol mixtures).

An important shortcoming of the RAST implementation of
Calleja et al.*® is that the correct limiting behavior of activity
coefficients y;, = 1; f, = 0is not prescribed. Consequently, RAST
predictions of mixture adsorption are not accurate in the limit of
low fugacities. One approach to redress this problem is to adopt
the strategy suggested by Talu and Myers***> and Siperstein and
Myers.*® Essentially, their strategy involves introducing the
correction factor (1 — exp(—CzA/RT)) into the right members
of eq 12; this correction is dependent on the spreading pressure.
The constant C, with the units kg mol™ ! needs to be determined
from measured experimental data using the procedure described
in Siperstein and Myers.36 As pore saturation conditions are
approached, this correction factor tends to unity, ie, (1 —
exp(—CrmA/RT)) — 1; calculations to demonstrate this are
provided in the Supporting Information. Since our primary focus
is on separations under pore saturation conditions, we have not
implemented this correction factor in the calculations reported in
this article.

5. TRANSIENT BREAKTHROUGH SIMULATIONS

Fixed beds, packed with microporous adsorbent materials, are
commonly operated in a transient mode. The compositions of
the bulk fluid phase and component loadings within the crystals
vary with both position and time. During the initial stages of the
transience, the pores are loaded up gradually, and only toward
the end of the adsorption cycle are conditions corresponding to
pore saturation achieved. Consequently, separations in fixed-bed
adsorbers are influenced by both the Henry regime of adsorption
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as well as the conditions corresponding to pore saturation.
Separations in fixed-bed adsorbers reflect the “integral” of the
component loading for the entire range of fugacities 0—f,.” The
foregoing arguments lead us to conclude that in order to properly
demonstrate the potential of CuBTC to selectively adsorb water
we cannot rely solely on RAST calculations. We therefore carried
out transient breakthrough simulations using the methodology
described in our earlier works;”'® the salient details are provided
in the Supporting Information. For presenting the breakthrough
simulation results, we use the dimensionless time (z = tu/(Le)),
obtained by dividing the actual time, t, by the characteristic time
(Le/u), where L is the length of adsorber, u the superficial fluid
velocity, and ¢ the bed voidage. For all the simulations reported
in this article we choose L = 0.3 m, u = 0.04 m s™%, and ¢ = 0.4.

Figure 7, panels a, b, ¢, and d, presents data on transient break-
throughs in a fixed-bed adsorber packed with CuBTC and fed
with equimolar (a) water/methanol, (b) water/ethanol, (c)
water/1-propanol, and (d) water/methanol/ethanol/ 1-propanol
mixtures at f, = 100 kPa and 298 K. In order to gain a proper
appreciation of the transient nature of breakthroughs, video
animations showing the time progression of the fluid-phase
concentrations along the length of the adsorber are available as
Web Enhanced Objects in the HTML version of the paper (see
movie 1, movie 2, movie 3, movie 4, and movie S). In all cases,
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Figure 8. Transient breakthroughs for a four-component mixture in a
fixed bed of equimolar water/methanol/ethanol/1-propanol mixture at
ft = 1 kPa and 298 K. These simulations use IAST for adsorption
equilibrium.

water elutes the adsorber at the end of the cycle, and the partner
alcohol species are rejected into the bulk fluid phase during the
early stages of the transience. For the four-component mixture,
the elution sequence is 1-propanol, ethanol, methanol, and water
that follows the increasing hierarchy of saturation capacities. For
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this 4-component mixture, simulations using f, = 1 kPa yield the
sequence of breakthroughs, water, methanol, ethanol, and
1-propanol, that follows the hierarchy of adsorption strengths
in the Henry regime (see Figure 8). This provides a clear
demonstration of the potency of molecular packing effects to
reverse the elution hierarchy with increasing pore occupancy.

6. CONCLUSIONS

The following major conclusions emerge from our investigations.

(1) Adsorption separations of mixtures at conditions close to
pore saturation are significantly influenced by differences in
saturation capacities. The saturation capacities are a direct
reflection of the efficiencies by which molecules pack within the
microporous channels. Higher packing efficiencies are obtained
with smaller molecules.

(2) The CBMC mixture simulations underscore the
limitations of the IAST to provide quantitative estimations of
the component loadings. Activity coeflicients need to be
explicitly accounted for, and the RAST affords a pragmatic and
practical approach to quantify mixture adsorption.

(3) Selective adsorption of water from water/alcohol mix-
tures can be achieved with CuBTC by choosing conditions
close to pore saturation. Our data indicate that operating at
ambient pressure and temperature conditions assures pore
saturation.

DOI: 10.1021/jp512853w
J. Phys. Chem. C 2015, 119, 3658—3666


http://dx.doi.org/10.1021/jp512853w

The Journal of Physical Chemistry C

(4) For mixtures of 1-alcohols, molecular packing effects can
be exploited in CuBTC to selectively adsorb the shorter alcohol.

In view of the promising results obtained on the basis of
molecular simulations, breakthrough experiments need to be
performed to confirm the potential of CuBTC use in practice.
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H NOTATION

surface area per kg of framework, m* kg™

by Langmuir—Freundlich constant for adsorption site A, Pa™*
by  Langmuir—Freundlich constant for adsorption site B, Pa™"
bc  Langmuir—Freundlich constant for adsorption site C, Pa™¢
C  constant used in the correction factor, kg mol™

¢;  molar concentration of species i in gas mixture, mol m™>
molar concentration of species i in gas mixture at inlet to
adsorber, mol m™3

partial fugacity of species i, Pa

total fugacity of bulk fluid mixture, Pa

length of packed bed adsorber, m

number of species in the mixture, dimensionless

P sorption pressure, Pa

q°  pure component loading, mol kg™

g;  component molar loading of species i, mol kg™’

g total molar loading for mixture adsorption, mol kg™*
Gisa molar loading of species i at saturation, mol kg™

R gas constant, 8.314 ] mol ' K™

t time, s

T  absolute temperature, K

u  superficial gas velocity in packed bed, m s™*

v interstitial gas velocity in packed bed, m s~

Greek Letters

e voidage of packed bed, dimensionless

y; activity coefficient of component i in adsorbed phase,
dimensionless

v exponent in multisite-Langmuir—Freundlich isotherm,
dimensionless

n  spreading pressure, N m™'

A; Wilson parameters defined by eq 12, dimensionless

T time, dimensionless
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Subscripts

i referring to component i
t referring to total mixture
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1. Preamble

This ESI accompanying our manuscript Selective Adsorption of Water from Mixtures with 1-Alcohols
by Exploitation of Molecular Packing Effects in CuBTC provides (a) structural details of CuBTC, (b)
Configurational-Bias Monte Carlo (CBMC) simulation methodology with specification of force fields,
(c) snapshots showing the location of adsorbed molecules within CuBTC framework, (d) 2-site and 3-
site Langmuir-Freundlich fit parameters for unary isotherms, (¢) details of the methodology used to
calculate activity coefficients from CBMC mixture simulations, (f) details of IAST and RAST
calculation procedures, and (g) simulation methodology for transient breakthroughs.

For ease of reading, this ESI is written as a stand-alone document; as a consequence, there is some
overlap of material with the main manuscript. Researchers who are interested in specific sections can
use the Table of Contents to skip to that specific section, without the need to wade through the entire

material that is presented here.

2. Introduction

In the processing industries, distillation is the most common technology for separation of mixtures
containing water and alcohols."” * The separation task is often rendered difficult because of azeotrope
formation. The separation of azeotropic mixtures requires the addition of an additional component to the
mixture, called entrainers, that alter the vapor/liquid equilibrium in a favorable manner in order to effect
the desired separation in distillation columns.* * The recovery of entrainer requires an additional
distillation processing step, placing additional energy demands because of vapor/liquid phase
transformations in condensers, reboilers and solvent recovery sections. The energy consumption for
distillation accounts for about 50% of the total energy consumption for all separations. The largest
opportunities for energy reduction are offered by replacing distillation with (a) low-energy demanding
separation systems such as adsorbers or membranes, or (b) hybrid systems that combine distillation with

adsorption or membranes.” In many cases, the hybrid processing option is easier to implement

3



technically because adsorption and membrane separations often cannot produce products with the purity
levels that are achievable with distillation. The success of such replacement strategies is crucially
dependent on development of suitable microporous materials that can be used in fixed bed adsorption
devices or as thin layers in membrane permeation units.

Microporous materials such as zeolites, metal-organic frameworks (MOFs) and zeolitic imidazolate
frameworks (ZIFs) offer the potential for separation of mixtures of water and alcohols.” ” A lot of the
research work has been devoted to separation of dilute aqueous streams which require the selective
adsorption of the desirable alcohols using hydrophobic adsorbents such as ZIF-8. *°

Our focus is on the problem of the selective adsorption of water from mixtures containing 1-alcohols.
For example, this task is relevant for separating water/ethanol mixtures with the azeotropic composition
11%/89%. Water-selective separations are currently carried out using LTA-3A, LTA-4A, and LTA-5A
zeolites; the separation principle is based primarily on the significantly larger diffusivity of water
molecules across the narrow windows that are approximately 4 A in size. Williams and Lawton'® have
evaluated a variety of desiccants, such as LTA-3A, silica, and alumina for the drying of a wide variety
of organic solvents such as tetrahydrofuran (THF), toluene, dichloromethane (DCM), acetonitrile,
methanol, and ethanol. Diffusion—selective separation of water/methanol mixtures is the underlying
mechanism with Ln-MOF with pyrazine-2,5-dicarboxylate ligands as linkers.!' Uchida and Mizuno'
report uptake data for water, methanol, and ethanol in zeotype polyoxometalate-macro-cation ionic
crystal, whose channels are not large enough to allow methanol and ethanol to enter. While diffusion-
selective separations can be exploited in membrane constructs, its use in fixed bed adsorbers results in
distended breakthrough characteristics with attendant lowering in the productivity.'® For these reasons,
we direct our attention at water-stable, hydrophilic, MOF adsorbents with “open structures” that are
suitable for use in fixed bed units.

The novelty of the current investigation resides in the exploitation of the differences in the saturation
capacities of water and 1-alcohols. Exploitation of differences in saturation capacities would necessarily

require operation under conditions such that the pores of the adsorbent material are saturated; under



such conditions, the separations of mixtures are dictated by molecular packing effects which are
expected to favor the smaller water molecules.’

Several recent investigations have demonstrated the exploitation of molecular packing effects for a
wide variety of separations, as discussed below. For mixtures of 1-alcohols, the adsorption of the shorter
alcohol can be achieved at high selectivity by operating at pore saturation conditions in CHA,'* SAPO-
34,'5 ZIF-8, ZIF-68,'° and UCY-5."" For mixtures of 1-alkanes, molecular packing effects at pore
saturation can be exploited using CHA, ERI, LTA, and TSC to selectively adsorb the shorter 1-alkane
component.'* '* For the separation of hexane isomers, necessary for octane enhancement of gasoline,
molecular packing effects dictate the separations in AFI, ATS, CFI, and MFI zeolites.""** The
adsorption characteristics of xylene isomer mixtures within one-dimensional (1D) channels of AFI,
MIL-47, MIL-53, MAF-X8, CAU-13, and MOF-CJ3 are primarily dictated by the efficiencies with
which each isomer can be “stacked”.” *>** The separation of chlorofluorocarbons with MFI zeolite
relies on exploiting subtle configurational differences that lead to significantly different packing
efficiencies.*

The molecular simulations of Nalaparaju et al.”> for water/methanol and water/ethanol mixtures in
ZIF-71 indicate that water can be selectively adsorbed near pore saturation conditions. However,
subsequent experimental investigations™ >® do not support the results from the molecular simulations. In
particular the uptake of water is significantly lower than that of the alcohols, suggesting that ZIF-71 has
similar hydrophobic characteristics as ZIF-8, and ZIF-68."

The approach we adopt here is to select the hydrophilic CuBTC (=Cu3(BTC), with BTC = 1,3,5-
benzenetricarboxylate, also known as HKUST-1) as adsorbent. The primary objective of our article is to
demonstrate the significant potential of CuBTC for selective adsorption of water from mixtures
containing methanol, ethanol, and 1-propanol. We use Configurational-Bias Monte Carlo (CBMC)
simulations to generate the required information on unary and mixture isotherms. The separation
performance of CuBTC in fixed bed adsorbers is demonstrated by use of transient breakthrough

simulations.



3. Vapor and liquid phase transitions

It is essential to gain an understanding of vapor/liquid phase transitions for water, and 1-alcohols.
Figure 1a presents calculations of the molar densities of water, methanol, ethanol, and 1-propanol as a
function of the bulk fluid phase fugacity using the Peng-Robinson equation of state. For fugacities
below about 100 kPa, each of the components is in the gaseous phase. For fugacities in excess of 2
MPa, each of the substances water, methanol and ethanol is predominantly in the liquid state with molar
densities in the range of 20 — 55 mol L. For fugacities in the range of 700 kPa to 2 MPa, both vapor
and liquid phases co-exist. A similar scenario holds for equimolar water/ethanol mixtures; see Figure
1b.

The important message we wish to draw from the calculations in Figure 1 is that care needs to be
taken when interpreting unary isotherms of water and 1-alcohols, to be presented later. In our molecular
simulations, we consistently use fugacities rather than “pressures” when plotting unary adsorption
isotherms. This is vital because the bulk fluid phase could be either in the vapor phase, in the liquid

phase, or a mixture of vapor and liquid phases.

4. CBMC simulation methodology

The structural information for CuBTC have been taken from Chui et al. *” and Yang and Zhong.”® The
crystal structure of Chui et al.’’ includes axial oxygen atoms weakly bonded to the Cu atoms, which
correspond to water ligands.

The CuBTC 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. The framework
contains two types of large cavities (9 A diameter) and small cavities (of 5 A diameter). The larger
cavities (L, and L3) are similar in size and shape but as a result of the paddle-wheel, the copper atoms
are only accessible from the L; cages. L, and L; cavities are connected by windows. The small cavities
(T,) are tetrahedral pockets enclosed by the benzene rings. They are connected to L; cages by small

triangular windows as shown in Figure 2.



The tetrahedral pockets can accommodate about 9 molecules of water, but only about 1 molecule of 1-
propanol; see Table 1.
Water is modeled using TIP5P-E* which has proven to be the most suitable model for water in Cu-

1*! have found that at least a four sites model is needed to

BTC.* Furthermore, recently, Peng ef a
reproduce the right orientation of the water molecules in metal organic frameworks containing open
metal sites. The alcohol molecules are modeled using TraPPE.* The Cu-BTC framework is modeled as

137 with the atoms fixed in their

a rigid structure based on the crystal structure of Chui et a
crystallographic position. We removed the axial oxygen atoms weakly bonded to the copper atoms that
correspond to water ligands. Lenard Jones parameters for the atoms were taken from DREIDING®
force field except these for copper atoms that were taken from UFF* force field (Table 2). Additionally
partial charges from Castillo ef al.** were added to the model. The unit cell of our model is a cubic cell
of a=b = c¢=26.34 A. The computed helium void fraction is of 0.76, the pore volume 0.85 cm’/g and
the surface area 2100 m*/g. The framework density, p = 879 kg m™.

Water adsorption in CuBTC has also been investigated by Zang et al.* with the aid of molecular
simulations.

Monte Carlo (MC) simulations were performed in the Grand Canonical (GC) Ensemble and
Configurational Bias Monte Carlo (CBMC) technique was used for the insertion and deletion of
molecules in and from the system. We used Lennard-Jones and electrostatic cutoffs of 12.0 A.
Coulombic interactions were computed using the Ewald summation technique with a relative precision
of 10°°.

Simulations were performed using the RASPA code developed by D. Dubbeldam, S. Calero, D. E.
Ellis, and R.Q. Snurr. The code and most of the force fields and models used in this work have been

extensively tested and validated with a large number of experimental and simulation data.*®**

5. Fitting of unary isotherms of water and 1-alcohols in CuBTC
Let us first consider the adsorption isotherms for water, plotted as a function of the fluid phase

fugacity ranging to 10 MPa; see Figure 3.



The pure component isotherm data for water show marked inflections. The reason for these inflections
can be traced to the location of water molecules within the tetrahedral pockets, and within the larger
cages. In order to correctly capture these inflections the unary isotherm data of water were fitted with
the 3-site Langmuir-Freundlich model:

bt kS bef

1
1+ bAfVA qB,sat 1+ beVB QC,sat 1+ bCfVC ( )

0 _
q _QA,SLIZ

The saturation capacities gs,, Langmuir constants b, and the Freundlich exponents v, are provided in
Table 3. The superscript 0 emphasizes that the loadings are for pure component water.

Figure 3 presents a comparison of the CBMC simulations for water adsorption in CuBTC with 3-site
Langmuir-Freundlich model. Also shown are the experimental isotherm data of Zhao et al.,* Yazaydin
et al.,”* and Kiisgens et al.”' measured at 298 K. Our CBMC simulations are in reasonable agreement
with the experimental data; in particular, the steep portion of the isotherm is correctly reproduced. This
corresponds to the filling up of the larger cages of CuBTC.

The unary isotherms for methanol, ethanol, 1-propanol were fitted with good accuracy with the dual-
Langmuir-Freundlich model

b ™
1+b, "

by f™

L+b, [ @

0 _
q - QA,Sat + qB,sat

with the fits parameters as specified in Table 4.

Figure 4a provides a comparison of the CBMC simulated isotherms for water, methanol, ethanol, and
1-propanol with 3-site, and 2-site Langmuir-Freundlich fits. The accuracy of the fits is excellent for all
four guest molecules. Particularly noteworthy are the differences in the saturation capacities,

Gsar = Disar T 9550 + 9c s » OF the various guest molecules: water = 54 mol kg™'; methanol = 19.9 mol

kg™ ethanol = 13 mol kg™'; 1-propanol = 10 mol kg™



The experimental data of van Assche et al.” for unary isotherms of water, and alcohols in CuBTC at
323 K are shown in Figure 4b. The experimental data also show a similar hierarchy of component
loadings as observed in the CBMC data.

We will see later that the “driver” for mixture separations is the large differences in saturation
capacities of water and other 1-alcohols.

Let us define the fractional pore occupancy within the pores, &, for each of the four guest molecules

g =9 3)
qsat

where ¢ is the molar loading of species i that is determined from the mult-site Langmuir-Freundlich

fits. The variation of the pore occupancies with bulk fluid phase fugacity, fi, are shown in Figure 5. We
note that the pore occupancies are close to unity for operation at ambient conditions of 100 kPa and 298
K.

Most commonly, industrial separations are anticipated to operate with bulk liquid mixtures; this
ensures that pore saturation conditions are reached.” This is an important aspect of this work, because

the separations are dictated by molecular packing effects that manifest at pore saturation conditions.

6. CBMC simulations of mixture adsorption

Figure 6 shows the average occupation profiles (AOP) of alcohols and water in the Cu-BTC. The data
correspond to the quaternary water/methanol/ethanol/1-propanol mixture at 50 kPa. The AOP are
superposed on to the iso-contour picture of energy landscape of the Cu-BTC framework.

Figure 7 presents the results for CBMC simulations of the component loadings for adsorption of
equimolar (a) water/methanol, (b) water/ethanol, (c) water/1-propanol, (d) water/methanol/ethanol/1-
propanol, and (e) methanol/ethanol mixtures in CuBTC at 298 K.

Figure 8 presents the calculations of the adsorption selectivties for equimolar (a) water/methanol, (b)
water/ethanol, (c) water/1-propanol, (d) water/methanol/ethanol/1-propanol, and (e) methanol/ethanol

mixtures in CuBTC at 298 K.



In all cases, we note a reversal in the hierarchy of component loadings as conditions approach pore
saturation. In all five cases, we note that at conditions close to pore saturation, the adsorption is in favor
of the component with the higher saturation capacity. For water-bearing mixtures, the selectivity is in
favor of water at conditions close to 100 kPa. For methanol/ethanol mixtures, the adsorption is in favor
of the shorter alcohol as pore saturation is approached.

We now examine whether the IAST theory provides a quantitative representation of mixture

adsorption.

7. Summary of IAST calculation methodology
Briefly, the basic equation of Ideal Adsorbed Solution Theory (IAST) theory of Myers and Prausnitz™

is the analogue of Raoult’s law for vapor-liquid equilibrium, i.e.
/i :Pioxl.; i=12,.n 4)

where x; is the mole fraction in the adsorbed phase

PUSI /R )
9,49, +..49,

and P’ is the pressure for sorption of every component i, which yields the same spreading pressure, 7

for each of the pure components, as that for the mixture:
L P o P o
RT 5 f 0 S 0 S

where R is the gas constant (= 8.314 J mol™ K", and q;(f) is the pure component adsorption isotherm

given by Equations (1) or Equation (2). The molar loadings ¢’ (f) are expressed in the units of moles

adsorbed per kg of framework, i.e. mol kg". The units of the spreading pressure 7 is the same as that
for surface tension, i.e. N m™; indeed the spreading pressure is the negative of the surface tension.”

The quantity 4 on the left side of Equation (6) is the surface area per kg of framework, with units of m?

kg"'. The units of il are mol kg™
RT

10



Each of the integrals in Equation (6) can be evaluated analytically. For the 3-site Langmuir-

Freundlich isotherm, the integration yields

P 0
/j 0 g j(ff ) daf = qu In(1+5,P" )+qs—’:’ln(l+bBPvB )+‘%“’1n(1 +b,P*) (7)

The right hand side of equation (7) is a function of P. For multicomponent mixture adsorption, each of

the equalities on the right hand side of Equation (6) must satisfied. These constraints may be solved
using a suitable root-finder, to yield the set of values of B’, P, P/,.. P’, all of which satisfy Equation

(6). The corresponding values of the integrals using these as upper limits of integration must yield the

same value of RT for each component; this ensures that the obtained solution is the correct one.

The adsorbed phase mole fractions x; are then determined from

X, =%; i=12,.n (8)

The total amount adsorbed is calculated from

1
=q,+¢,..+q, = 9
q9,=49,*+9,--+q, X . X )

—+ ot 5
@ (R 4,(P) 4,(F))

The set of equations (1), (2), (4), (5), (6) (7), and (9) need to be solved numerically to obtain the

loadings, g; of the individual components in the mixture.

8. Mixture adsorption equilibrium: CBMC vs IAST

Figures 9 and 10 compares the IAST calculations with CBMC simulations of component loadings of
equimolar (a) water/methanol, (b) water/ethanol, (c) water/1-propanol, (d) water/methanol/ethanol/1-
propanol, and (e) methanol/ethanol mixtures. The same data is plotted in Figures 9 and 10, using linear
y-axes, and logarithmic y-axes, respectively. For methanol/ethanol mixtures, the agreement between the

IAST and CBMC simulations is excellent for f; < 10 kPa. For water/methanol mixtures, the agreement
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between the IAST and CBMC simulations is excellent for f; < 100 Pa. For water/ethanol mixtures, the
agreement between the IAST and CBMC simulations is excellent for f; < 50 Pa. For water/1-propanol
mixtures, the agreement between the IAST and CBMC simulations is excellent for f; < 10 Pa. For
water/methanol/ethanol/1-propanol mixtures, the agreement between the IAST and CBMC simulations
is excellent for f; < 15 Pa. For f; higher than the values indicated in the foregoing, there are significant
quantitative departures between CBMC simulations and IAST predictions. The reasons for the
deviations can be attributed to the influence of hydrogen bonding, as explained in our earlier work.>*
However, the TAST correctly anticipates that the adsorption is favorable to water as saturation
conditions are approached. However, the quantitative agreement between the CBMC mixtures
simulations and IAST is not of sufficient accuracy near saturation conditions to be used in the transient
breakthrough calculations presented later.

The failure of the IAST to accurately represent the component loadings at pore saturation conditions

has been underscored also for DDR zeolite. >*

9. Calculation of activity coefficients using CBMC mixture simulations

It is clear from the results presented in Figures 9 and 10 that the assumption of an ideal/ adsorbed
phase breaks down as saturation conditions are approached. Let us quantify these deviations by
introducing activity coefficients following Myers and Prausnitz.”

To account for non-ideality effects in mixture adsorption, we introduce activity coefficients y, into
Equation (4).
fi=P'xy, (10)
The CBMC mixture simulations provide information on the mole fractions of the adsorbed phase, x;,
but the activity coefficients y, are not known a priori.

We discuss a procedure by which the activity coefficients ¥, can be determined using as data inputs,

the CBMC simulated component loadings in the mixture as a function of the partial fugacities, f;, in the

bulk fluid phase. We illustrate this procedure for a binary mixture.
12



Using the Gibbs adsorption equation for mixture adsorption as starting point (cf. Equations (3.52) of

Ruthven®), we can write the differential of the spreading pressure as

Adr (11

F=qldlnfl +q2d11'1f2

Integrating equation (11) from 0 to f;, and f,

74 fiofa /.
EZJ‘O (Q1d1nf1+q2dlnf2):_|:) (%"'%)dlnfz (12)

The integral in equation (12) can be determined using an appropriate quadrature formula. The
approach we use here is to fit the water loadings ¢,, and the total mixture loading ¢, =¢q, +¢q, as
functions, respectively, of the partial fugacities, f;, and total mixture fugacity f;.

The P’ can be determined for each of the two components by setting the equalities:

% I(q1+q2)dlnf Iql(f)df qu(f) (13)

Equation (13) can be solved to determine P°, and P’ as a function of f;, and 5. Combining the
obtained values of B’, and P’ with Equation (10), we can determine the activity coefficients 7, as a

function of the partial fugacities f;, and f,, For this purpose, the CBMC mixture simulations in
combination with Equation (5) allow calculations of the adsorbed phase, x;, as function of f; = f; + f>.

The adopted procedure is illustrated, step-by-step, for the CBMC water/ethanol mixture data reported
in Figure 7b.

Step 1. We first fit the component water loadings ¢,, and the total mixture loading ¢, = ¢, +¢, as

functions, respectively, of the partial fugacities, f;, and total fugacity f; using the Dual-Langmuir-

Freundlich model. The fit parameters are specified in Table 5. To demonstrate the goodness of the fits,

Figure 11 compares the CBMC mixture simulation data with the fits for water loadings ¢,, and the total

mixture loading ¢, = g, + g, with fitted model. The fits are of excellent accuracy.
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From these fits, we can determine the mole fraction of water in the adsorbed phase, x;. The mole

fraction of ethanol in the adsorbed phase, x, = 1 —x.
Step 2. We determine the value of % by analytic integration of the first right member of Equation

(13). The formula for analytic integration is as follows

7iA i 9 4,50 v 45.sa v
=l @ ramy, :#m(nb/,f, A)+%ln(l+b3f, ‘) (14)

In determining the right member of equation (14) we use the DLF fit parameters for the mixture

loadings as specified in Table 5.
Step 3. We determine Ro(ﬂ'), and P’ (7[) as a function of f; by using an appropriate root-finder

routine.

Step 4. The activity coefficient of water in the adsorbed phase is calculated from

S

=t 15
i Py, (15)
In evaluation of equation (15), we calculate x; from the DLF fits of CBMC data:
' (16)
49,
The activity coefficient of water in the adsorbed phase is calculated from
/>
= J2 17
"R .

Figure 12 presents the activity coefficients y, for equimolar (a) water/methanol, (b) water/ethanol, (c)

water/1-propanol, and (d) methanol/ethanol mixtures.
For water/methanol mixtures, we note that at a total bulk fluid phase fugacity f;, = f; + f> < 200 Pa, the
activity coefficients of each component is approximately unity. The small departures from unity at low

pressures is a consequence of the numerical fitting procedure employed in the calculations of the
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activity coefficients; the fundamentally correct limiting value of the activity coefficient

. > 1; f, =0 cannot be prescribed. With increasing values of f;, the activity coefficient of water

increases whereas that of methanol decreases. For water/ethanol and water/1-propanol mixtures, similar
trends are observed but the threshold values are lower, about 10 Pa in each case.

For methanol/ethanol mixtures, the activity coefficients deviate significantly from unity only for f; = f;
+ f2> 10 kPa.

From the results presented in Figure 12 and Figure 13, using linear, and logarithmic y-axies, it
appears that non-idealities are much more significant for water/alcohol mixtures than for
methanol/ethanol mixtures. These deviations are most likely correlated with the hydrogen bonding
effects that are stronger between water and alcohol molecules than between pairs of alcohol molecules;

T . . . . . . . 54
a quantitative justification is provided in our earlier work.

10. Non-ideality effects for mixture adsorption in FAU, DDR, MFI, and
LTA-4A zeolites

Using published data on CBMC mixture simulations we shall examine the non-ideality effects for
mixture adsorption in thre different zeolites, FAU, DDR, and MFI. Also included in this analysis are

1.° for water/ethanol adsorption in LTA-4A.

the experimental data of Pera-Titus et a

Let us consider the adsorption of water/methanol, and water/ethanol mixtures in all-silica FAU zeolite
that consists of 786 A’ cages, that are separated by 7.3 A size windows. Figure 14 shows CBMC
simulations of Krishna and van Baten™ for pure component adsorption isotherms for water, methanol,
and ethanol in all-silica FAU zeolite at 300 K. Above fluid phase fugacities of 10* Pa, pore saturation is
reached and the hierarchy of saturation capacities water >> methanol > ethanol is a reflection of the size
of the molecules.

Figures 15a, and 15b present CBMC simulations for adsorption of equimolar (fi=f,) (a)
water/methanol, and (b) water/ethanol in FAU zeolite at 300 K. In the Henry regime of adsorption, the

water loading is significantly below that of the alcohol. However, we note that at total bulk fluid phase

fugacities, f; = fi+f> > 2x10" Pa, the adsorption is in favor of water, a consequence of entropy effects.
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IAST calculations are able to provide a reasonably good description of mixture adsorption equilibrium
for both water/methanol and water/ethanol mixtures for fi+/; < 1x10° Pa. For fi+f; > 1x10* Pa, there are
significant quantitative deviations between IAST calculations and CBMC mixture simulations.

Figures 15c, and 15d presents the calculations of the activity coefficients ¥, of individual components
in the mixture as a function of the total fluid phase fugacity, fi+f>. The trends in the values of activity
coefficients ¥ are similar to that observed for the corresponding mixtures in CuBTC.

Figure 16a presents CBMC simulations for adsorption of water/methanol mixtures in FAU zeolite at
300 K at a constant total fugacity of 1000 Pa. The continuous solid lines are the IAST calculations
using the pure component fits in Table 6. The agreement between the IAST calculations and CBMC
mixture simulations is not perfect; this is reflected also in the departures in the values of the activity
coefficients ¥ from unity; see Figure 16b.

Consider the adsorption of water/methanol, and water/ethanol mixtures in all-silica DDR zeolite that
consists of 278 A® cages, that are separated by 3.65 A x 4.37 A size windows. Figure 17 shows CBMC
simulations of Krishna and van Baten>* for pure component adsorption isotherms for water, methanol,
and ethanol in DDR at 300 K. Above fluid phase fugacities of 10° Pa, pore saturation is reached and the
hierarchy of saturation capacities water >> methanol > ethanol is a reflection of the size of the
molecules.

Figures 18a, and 18b present CBMC simulations for adsorption of equimolar (fi=f) (a)
water/methanol, and (b) water/ethanol mixtures in DDR zeolite. In the Henry regime of adsorption, the
water loading is significantly below that of the alcohol. However, we note that at total bulk fluid phase
fugacities, f; = fi+f» > 10° Pa, the adsorption is in favor of water. The predictions of IAST are not
quantitatively adequate and this is reflected also in the departures in the values of the activity
coefficients ¥ from unity; see Figures 18c, and18d.

Consider the adsorption of water/methanol, and water/ethanol mixtures in all-silica MFI zeolite that
consists of intersecting channels of 5.5 A. Figure 19 shows CBMC simulations of Krishna and van

Baten™ for pure component adsorption isotherms for water, methanol, and ethanol in MFI at 300 K.
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Above fluid phase fugacities of 10° Pa, pore saturation is reached and the hierarchy of saturation
capacities water >> methanol > ethanol is a reflection of the size of the molecules.

Figures 20a, and 20b present CBMC simulations for adsorption of equimolar (fi=f2) (a)
water/methanol, and (b) water/ethanol mixtures in MFI zeolite. In the Henry regime of adsorption, the
water loading is significantly below that of the alcohol. However, we note that at total bulk fluid phase
fugacities, f; = fi+f> > 10° Pa, the adsorption is in favor of water. This is due to entropy effects. IAST
calculations are able to provide a reasonably adequate description of mixture adsorption equilibrium for
both water/methanol and water/ethanol mixtures.

Let us consider the LTA zeolite for which the all-silica form (i.e. without cations, also called ZK-4)
consists of 743 A’ cages that are separated by windows of approximately 4.1 A x 4.7 A. Figure 21
presents snapshots showing the location of cations in the industrially important LTA-4A (96 Si, 96 Al,
96 Na', Si/Al=1), and LTA-5A (96 Si, 96 Al, 32 Na", 32 Ca"", Si/Al=1) zeolites. In LTA-4A, some of

761 thereby effectively reducing the aperture size

the Na" cations partially block the window regions,
that is available for inter-cage hopping of molecules. The Na” and Ca"" cations in LTA-5A, on the other
hand, do not locate near the window regions and there is no blocking. This implies that diffusional
influences are much stronger in LTA-4A than in LTA-5A zeolite. The presence of bulkier K cations in
LTA-3A (96 Si, 96 Al, 96 K", Si/Al=1) causes the window blocking effect to be significantly enhanced,
when compared to LTA-4A. For this reason, LTA-3A zeolite is used for selective removal of water
from gaseous streams (dehumidification) and water/alcohol mixtures (dehydration) mixtures.* It has to
be mentioned that it is common to find information in the published literature that suggest that 3A, 4A,
and 5A zeolites have window apertures, respectively, of 3 A, 4 A, and 5; this is not precisely correct.
The degree of blocking (by the cations Na' or K) of the window apertures of the pristine framework
with 4.1 A x 4.7 A decreases in the order as we progress from 3A, and 4A, to 5A.

Let us examine the experimental data on the pure component isotherms for water and ethanol in LTA-

4A published by Pera-Titus et al;’® see Figure 22. We note that the saturation capacity of water is

considerable higher than that of ethanol. The experimental data for adsorbed phase component loadings
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from vapor phase water/ethanol mixtures at 2.1 kPa are shown in Figure 23. The experimental data for
adsorbed phase component loadings from vapor phase water/ethanol mixtures are in reasonably good

agreement with IAST calculations.

11. CBMC mixture simulations vs RAST calculations

63
L,

Following the work of Calleja et al.,”” we have used the Wilson model to describe the variation of the

activity coefficients with the composition of the adsorbed mixtures

X x, A
In =1-In(x, +x,A,)— ! -2
) (x, +x,A,) Py ———

(18)

Xy _ XA,

In =1-In(x, +x,A,,)—
(}/2) ( 2 1 21) x2+xlA21 x1+x2A12

The choice of Aj; = Ay; = 1 in Equation (18) reduces equation (10) to equation (4). The parameters
A2 and Ay can be fitted to match the CBMC mixture simulations. Table 10 lists the Wilson non-
ideality parameters Aj, and A, fitted in this manner for mixtures of water and 1-alcohols.

Figure 24a,b,c,d,e compare the RAST estimations with CBMC simulations of component loadings of
the five different mixtures. We observe a reasonably good agreement between CBMC simulation data

and RAST calculations for conditions nearer pore saturation.

For mixture adsorption, let us define the fractional occupancy within the pores, 6

n

g,=y -1 (19)

i=l qi,sat

where ¢; is the molar loading of species i in the mixture, and g, 1S its saturation capacity. Figure 25
shows the fractional pore occupancy 6 for adsorption of equimolar water/methanol/ethanol/1-propanol

mixtures as a function of the bulk fluid phase fugacity, ;. We note that the pores are saturated when the

bulk fluid phase fugacity exceeds about 10 kPa.
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12. Comments on the shortcomings of the Calleja implementation of the
RAST model

An important shortcoming of the RAST implementation of Calleja et al.”® is that the correct limiting

behavior of activity coefficients ¥, = 1; f, = 0 is not prescribed. Consequently, RAST predictions

of mixture adsorption are not accurate in the limit of low fugacities. One approach to redress this

64, 65

problem, is to adopt the strategy suggested by Talu and Myers and Siperstein and Myers.®

Essentially, their strategy involves introducing the correction factor (1 - exp(— C %D into the right

members of Equation (18) as follows

ln(}/l)z(l—ln(xl+x2A12)— N %fy j(1—exp(—cﬁjj
21

X +xA, x,+xA RT
In(7,)=| 1-In(x, +x A, ) ——2 Ao l—exp(—Cﬁj
X, +x, Ay x +x,A, RT

The constant C, with the units kg mol™, needs to be determined from measured experimental data

(20)

using the procedure described in Siperstein and Myers.®® Alternatively, the constant C can be

determined from the CBMC mixture simulation data by attempting to match RAST predictions using

equation (20) with CBMC simulated data. The introduction of (1 — exp[— C %D imparts the correct
limiting behaviors 7, = 1; f, — 0 for the activity coefficient in the Henry regime. As pore saturation
conditions are approached, this correction factor tends to unity | I —exp| —C RT —1. To illustrate

this, we present calculations of the correction factor for water/1-propanol mixtures using the fits of

CBMC mixture simulations that were used to determine the activity coefficients; see Figure 26. These
calculations are based on the equation (20) taking A, = 2; A= 300; C = 0.1 kg mol™. These values
were obtained by matching the RAST calculations of component loadings with CBMC mixture

simulations.
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In the work presented here we have not implemented the correction (1 - exp(— C%n because this

factor impacts the characteristics of the Henry regime, but its influence on the RAST predictions near

pore saturation is of lesser importance.

13. Simulation methodology for transient breakthrough in fixed bed
adsorbers

What we have established so far is that for operations close to pore saturation conditions, CuBTC
favors the adsorption of the species with the highest saturation capacity. For example, at f; = 100 kPa for
water/methanol/ethanol/1-propanol mixtures, the results presented in Figures 9 and 10 indicate the
adsorption hierarchy water > methanol > ethanol > 1-propanol. Whereas for operations at low pore
occupancies, at say f; = 10 Pa the adsorption is strongly in favor of 1-propanol.

However, IAST or RAST calculations on their own cannot be used as indicators of the separations
achievable in fixed bed adsorbers, as we explain below.

Fixed bed, packed with crystals of microporous materials, are commonly used for separation of
mixtures (see schematic in Figure 27). Such adsorbers are commonly operated in a transient mode, and
the compositions of the gas phase, and component loadings within the crystals, vary with position and
time. During the initial stages of the transience, the pores are loaded up gradually, and only towards the
end of the adsorption cycle are conditions corresponding to pore saturation achieved. Put another way,
separations in fixed bed adsorbers are influenced by both the Henry regime of adsorption as well as the
conditions corresponding to pore saturation. In essence the history of component loadings within the
crystals follows the entire trajectory, from left to right, of the data presented in Figures 9 and 10. Put
another way, the separations in fixed bed adsorbers reflect the “integral” of the component loading for
the range 0 - f;. > %

We describe below the simulation methodology used to perform transient breakthrough calculations

that are presented in this work. This simulation methodology is the same as that used in our previous

published work;'? a brief summary is provided here for completeness.
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Assuming plug flow of an n-component gas mixture through a fixed bed maintained under isothermal
conditions, the partial pressures in the gas phase at any position and instant of time are obtained by

solving the following set of partial differential equations for each of the species i in the gas mixture.®®

J;@Ngm:_J;&Wmﬂﬂﬁﬂﬂ_ﬁ—dp&%“J% i=12,.n 1)
RT & RT o € 2

In equation (21), ¢ is the time, z is the distance along the adsorber, p is the framework density, £is the
bed voidage, v is the interstitial gas velocity, and gi (t,z) is the spatially averaged molar loading within

the crystallites of radius 7., monitored at position z, and at time ¢. The framework density of CuBTC p is
= 878.83 kg m™ has been used in the simulations.
At any time ¢, during the transient approach to thermodynamic equilibrium, the spatially averaged

molar loading within the crystallite 7, is obtained by integration of the radial loading profile

- 3 7. 2

q,(t) == [ q,(r, 00 dr (22)
v,

For transient unary uptake within a crystal at any position and time with the fixed bed, the radial
distribution of molar loadings, ¢i, within a spherical crystallite, of radius 7., is obtained from a solution
of a set of differential equations describing the uptake

oq,(r,t) 119,
e U AL PR 23
o1 pﬁ&Gl) @)

The molar flux N; of component i is described by the simplified version of the Maxwell-Stefan
equations in which both correlation effects and thermodynamic coupling effects are considered to be of

negligible importance'

g,
N, =-pb, — 24
=P, 24)

Summing equation (22) over all n species in the mixture allows calculation of the fotal average molar

loading of the mixture within the crystallite
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4,62)=24,t.2) 25)

The interstitial gas velocity is related to the superficial gas velocity by

(26)

u
v=—
£

In industrial practice, the most common operation is with to use a step-wise input of mixtures to be

separation into an adsorber bed that is initially free of adsorbates, i.e. we have the initial condition
t=0; ¢,0,2)=0 27)

At time, ¢ = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-component gas
mixture and this step input is maintained till the end of the adsorption cycle when steady-state

conditions are reached.
t20; Pi(O,f)ZP,-o; u(0,1)=u (28)
where u is the superficial gas velocity at the inlet to the adsorber.

D, . . . . .
If the value of —- is large enough to ensure that intra-crystalline gradients are absent and the entire
v

c

crystallite particle can be considered to be in thermodynamic equilibrium with the surrounding bulk gas

phase at that time ¢, and position z of the adsorber
q,(t,2)=4,(1,2) (29)

The molar loadings at the outer surface of the crystallites, i.e. at = r., are calculated on the basis of
adsorption equilibrium with the bulk gas phase partial pressures p; at that position z and time 7. For
CuBTC, we do not expect intra-crystalline diffusion resistances to be significant, and therefor equation
(29) is invoked in all the transient breakthroughs presented here. Validation of this conclusion is
provided in earlier works.®” " For inlet fugacities f; = 100 kPa, the adsorption equilibrium can be
calculated on the basis of the Real Adsorbed Solution Theory (RAST) of Myers and Prausnitz with the

Wilson parameters specified in Table 10.
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For presenting the breakthrough simulation results, we use the dimensionless time, 7 = tu/(Le),
obtained by dividing the actual time, ¢, by the characteristic time, L&/u, where L is the length of

adsorber, u is the superficial fluid velocity, €is the bed voidage.®” For all the simulations reported in this

article we choose L=03m;u=0.04ms"; £=0.4.

14. Transient breakthrough simulation results

Figure 28 presents transient breakthroughs for equimolar (a) water/methanol, (b) water/ethanol, (c)
water/1-propanol, (d) water/methanol/ethanol/1-propanol, and (e) methanol/ethanol mixtures in CuBTC
at 298 K and total fugacity of 100 kPa. In the four cases (a), (b), (c) and (d), we note that water elutes
the adsorber at the end of the cycle and the partner alcohol species are rejected into the bulk fluid phase
during the early stages of the transient breakthroughs. For breakthroughs with the 4-component mixture,
the elution sequence is 1-propanol, ethanol, methanol, and water; this sequence is primarily dictated by
the hierarchy of saturation capacities. For methanol/ethanol mixtures (cf. Figure 28e), the shorter
alcohol is adsorbed preferentially, and the longer alcohol elutes first. Similar characteristics for
ethanol/1-propanol and ethanol/1-hexanol mixtures in a fixed bed adsorber packed with SAPO-34, have
been experimentally observed in the breakthrough experiments reported by Remy et al;'>  their
experiments confirm that the shorter 1-alcohol is preferentially adsorbed and elutes last in the sequence.

In order to underscore the phenomenon of selectivity reversal, Figure 30a presents transient
breakthroughs for equimolar water/ethanol mixtures in CuBTC at 298 K, and total fluid phase fugacity
of 1 kPa. At the total fugacity, the adsorption is in favor of ethanol that elutes last.

Figure 3la presents a comparison of the transient breakthroughs for equimolar
water/methanol/ethanol/1-propanol mixtures in CuBTC at 298 K, and total fluid phase fugacity of (a) 1
kPa, and (b) 100 kPa. For f; =1 kPa, the sequence of breakthroughs is water, methanol, ethanol, and 1-
propanol; this sequence reflects the hierarchy of adsorption strengths in the Henry regime. However, for
ft = 100 kPa the elution sequence is 1-propanol, ethanol, methanol, and water that is dictated by

saturation capacities.
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The simulation data presented in Figure 31 demonstrate that it is possible to selectively adsorb water
from equimolar mixtures with alcohols. The question arises whether the selective water adsorption
would also manifest for mixtures with only small amounts of water. In order to address this question we
carried out transient breakthrough simulations for binary (a) water/methanol, (b) water/ethanol, and (c)
water/1-propanol mixtures with 8% water in the feed; the results are presented in Figure 29. We note
that CuBTC is also effective in adsorbing small quantities of water from alcohol-rich feed mixtures.

Let us compare water/ethanol separations using CuBTC with those realized with LTA-4A zeolite.
Figure 32a shows the transient breakthroughs for equimolar water/ethanol mixtures in LTA-4A zeolite
at 298 K. The breakthrough calculations for LTA-4A are performed using fitted pure component
experimental data of Pera-Titus"® as reported in Table 9. The breakthrough calculations for LTA-4A are
performed using IAST, in view of the results presented in Figure 23. For a fair comparison of the two
MOFs, we also ignore intra-crystalline diffusion influences in LTA-4A zeolite. Comparison of the
results in Figure 32a with those in Figure 32b shows that the breakthrough times with CuBTC are
significantly longer; this is because of higher saturation loadings of all guest molecules. Longer
breakthrough times are desirable because it leads to longer cycle times and higher productivities. For

separations in fixed bed adsorbers, CuBTC appears to be superior to LTA-4A.
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15. Notation

A surface area per kg of framework, m” kg™
ba Langmuir-Freundlich constant for adsorption site A, Pa™
bg Langmuir-Freundlich constant for adsorption site B, Pa™*
bc Langmuir-Freundlich constant for adsorption site C, Pa™"
C constant used in equation (20), kg mol™
G molar concentration of species i in gas mixture, mol m™
Cio molar concentration of species i in gas mixture at inlet to adsorber, mol m>
b; Maxwell-Stefan diffusivity, m? s
fi partial fugacity of species i, Pa
fi total fugacity of bulk fluid mixture, Pa
L length of packed bed adsorber, m
n number of species in the mixture, dimensionless
N; molar flux of species 7, mol m?2s!
P’ sorption pressure, Pa
qgi component molar loading of species i, mol kg™
gt total molar loading for mixture adsorption, mol kg™
Gisat molar loading of species i at saturation, mol kg'1
e radius of crystallite, m
R gas constant, 8.314 J mol” K!
t time, s
T absolute temperature, K
u superficial gas velocity in packed bed, m s™
v interstitial gas velocity in packed bed, m s™
Greek letters
£ voidage of packed bed, dimensionless
Yi activity coefficient of component i in adsorbed phase, dimensionless
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3

=

Subscripts
1

t

exponent in multi-site-Langmuir-Freundlich isotherm, dimensionless
spreading pressure, N m™

Wilson parameters defined by Equation (18), dimensionless
fractional occupancy for mixture adsorption, dimensionless

time, dimensionless

referring to component i

referring to total mixture
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Table 1. Number of molecules that can be located in the tetrahedral pockets.

f Loading Loading in T1 cages/ | Tetrahedral
/molec uc” | molec uc™ molec/T1 cage
kPa
Methanol 10000 202 29 3-4
Ethanol 50 125 21 2-3
1-Propanol 30000 98 8 1
Water 30000 512 72 9

Table 2. Lennard Jones parameters and point charges for the Cu-BTC and adsorbates.

Epsilon/kg Sigma
Atom types harge (e
Adsorbates

CH;_C_ol 98.0 3.75 -
CH;_O ol 98.0 3.75 0.265

CH, C ol 46.0 3.95 -
CH, O ol 46.0 3.95 0.265
O_ol 93.0 3.02 -0.7
H_ol - - 0.435

O_water 89.516 3.097 -
H_water - - 0.241
Dummy_water - - -0.241

Cu-BTC

MOF-Cu 2.518 3.114 1.248
MOF-O 48.19 3.03 -0.624
MOF-C1 47.86 3,47 0.494
MOF-C2 47.86 3.47 0.13
MOF-C3 47.86 3.47 -0.156
MOF-H 7.65 2.85 0.156
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Table 3. 3-site Langmuir-Freundlich isotherm fits for adsorption of water in CuBTC at 298 K.

Site A Site B Site C
qA,sat/ bA / Va gB,sat / bB/ VB qC,sat/ bC/ Ve
mol kg'1 Pa "« mol kg'1 Pa " mol kg'l Pa"c
water 22 5.48 1 22 6.24 10 10 2.51 0.6
X107 x107? X107

Table 4. Dual-site Langmuir-Freundlich parameters for adsorption of methanol, ethanol, and 1-

propanol, at 298 K in CuBTC.

Adsorbate Site A Site B

g A sat bAO Va qBsat bBO 1%:

mol kg Pa™"" dimensionless | mol kg Pa s dimensionless
methanol 8.4 3.82x10* | 1.03 11.5 93x10° | 6.5
ethanol 5 2.29%10° | 0.97 8 6.41x107 | 3.2
1-propanol 8 4.83x10* | 2.7 2 2.07x102 | 0.5
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Table 5. Dual-site Langmuir-Freundlich parameters for water/ethanol mixture adsorption at 298 K in

CuBTC.
Adsorbate Site A Site B
g A sat bAO Va 4B sat bBO 153
mol kg Pa™" dimensionless | mol kg Pa™"* dimensionless
water 25 5.39x107 | 0.8 5 93x107° | 35
Total loading of water | 21 7.55x10* | 0.76 13 1.16x107 | 3.6

and ethanol
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Table 6. Dual-site Langmuir-Freundlich parameters for adsorption of water, methanol, and ethanol at

300 K in all-silica FAU zeolite. The fit parameters are based on the CBMC simulations of pure

component isotherms presented in earlier work.”*

Adsorbate Site A Site B
g A sat bAO VA (B sat bBO 1 %:)
mol kg'! Pa" dimensionless | mol kg’ Pa" dimensionless
water 16 1.54x10"?" | 33 4.6 624x10° | 1
methanol 3.4 6.36x107"° 4.6 5.8 1.68x10* | 1
ethanol 2.5 3.19x10" | 4.9 2.9 1x107 1.05
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Table 7. Dual-site Langmuir-Freundlich parameters for pure component water, methanol, and ethanol at
300 K in all-silica DDR zeolite. The fit parameters are based on the CBMC simulations of pure
component isotherms presented in earlier work.™ Note that the saturation capacities are specified in

molecules per cage; multiply these by 0.832157 to obtain the values in mol per kg framework.

Site A Site B
O A sat bia Via O B sat bip ViB
dimensionless
Molecules Pa™" dimensionless | molecules Pa™"
cage'1
cage"1
water 8.083 3.85x107"¢ |4 2.667 1.73x10° |1
methanol 2.1667 1.49%10™ 1.25 1.9167 6x10™ 0.77
ethanol 1.8167 7.66x10° |1 0.775 8.59x10° |1
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Table 8. Dual-site Langmuir-Freundlich parameters for adsorption of water, methanol, and ethanol at

300 K in all-silica MFI zeolite. The fit parameters are based on CBMC simulations of Krishna and van

Baten.>*
Adsorbate Site A Site B

g A sat bAO VA (B sat bBO 1 %:)

mol kg'! Pa" dimensionless | mol kg’ Pa" dimensionless
water 6.7 6.37x10%* 6.2 3.6 1.09x10° | 1.04
methanol 2.4 1x10* 1.64 1.4 1.92x10° | 0.7
ethanol 1.1 2.82x10™ 2.7 1.7 1.91x102% | 0.9
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Table 9. Dual-Langmuir-Freundlich fits of the isotherms of water, and ethanol in LTA-4A zeolite. The

isotherm fits are based on the experimental data of Pera-Titus et al.”®

Va

b,p;
1+b,p

byp)* .
B st 8P with T -dependent parameters b, and bg
1+ byp)”

q = qA,sat

E E
b,y =b, eXP(R_;} by = by, eXp(R_;j

The isotherm fitting details are provided in our earlier work. ”'

Site A Site B

g A sat bAO EA Va gB,sat bBO EB B

mol kg Pa™" kJ mol” dimensionless | mol kg™ Pa ™" kImol" | dimensionless
water 2.1 2.1x10°% | 269 7.26 9.7 5.81x10°% | 33 0.83
ethanol 1.85 5.24x10™1 | 43.3 1.9 1.4 2.65x1071° | 40 1.7
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Table 10. Wilson non-ideality parameters for mixtures of water and 1-alcohols in CuBTC at 298 K.

A Ay
water/methanol 2 20
water/ethanol 3 60
water/1-propanol 4 80
methanol/ethanol 2 4
methanol/1-propanol 2 6
ethanol/1-propanol 4 6
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17.  Caption for Figures

Figure 1. (a) Molar densities of pure water, methanol, ethanol, and 1-propanol as a function of the bulk
fluid phase fugacities. (b) Molar densities of equimolar water/ethanol mixtures as a function of the bulk

fluid phase fugacity, f;. These calculations are based on the Peng-Robinson equation of state.

Figure 2. Cage connectivity of CuBTC framework.

Figure 3. Comparison of the CBMC simulations for water adsorption in CuBTC with 3-site Langmuir-
Freundlich model. Also shown are the experimental isotherm data of Zhao et al.,*’ Yazaydin et al.,”® and

Kiisgens et al.”! measured at 298 K.

Figure 4. (a) Comparison of the CBMC simulations for adsorption of water, methanol, ethanol, and 1-
propanol in CuBTC with multi-site-Langmuir-Freundlich model. (b) Experimental data of van Assche et

al.> for unary isotherms of water, and alcohols in CuBTC at 323 K.

Figure 5. The fractional occupancy within the pores, &, for each of the four guest molecules as a

function of the bulk fluid phase fugacity, f;.
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Figure 6. Average occupation profiles (AOP) of alcohols and water in the Cu-BTC. The data correspond
to the quaternary water/methanol/ethanol/1-propanol mixture at 50 kPa. The AOP are superposed to the

iso-contour picture of energy landscape of the Cu-BTC framework.

Figure 7. CBMC simulations for equimolar (a) water/methanol, (b) water/ethanol, (c) water/1-propanol,

(d) water/methanol/ethanol/1-propanol, and (e) methanol/ethanol mixtures in CuBTC at 298 K.

Figure 8. Adsorption selectivties for equimolar binary mixtures in CuBTC at 298 K.

Figure 9. Comparison of CBMC simulations for equimolar (a) water/methanol, (b) water/ethanol, (c)
water/1-propanol, (d) water/methanol/ethanol/1-propanol, and (e) methanol/ethanol mixtures in CuBTC
at 298 K with TAST calculations. In these plots the component loadings are represented on the linear y-

axes.

Figure 10. Comparison of CBMC simulations for equimolar (a) water/methanol, (b) water/ethanol, (c)
water/1-propanol, (d) water/methanol/ethanol/1-propanol, and (e) methanol/ethanol mixtures in CuBTC
at 298 K with IAST calculations. In these plots the component loadings are represented on the

logarthmic y-axes.

Figure 11. (a) Comparison of the CBMC simulation data for component loading, g, of water in

water/ethanol mixture with dual-Langmuir fits using the parameters specified in Table 5. (b)
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Comparison of the CBMC simulation data for total mixture loading, ¢;, with dual-Langmuir fits using

the parameters specified in Table 5.

Figure 12. Activity coefficients of the components in the adsorbed phase for equimolar (a)
water/methanol, (b) water/ethanol, (c) water/1-propanol, and (d) methanol/ethanol mixtures in CuBTC

at 298 K. Plotted on linear y-axis.

Figure 13. Activity coefficients of the components in the adsorbed phase for equimolar (a)
water/methanol, (b) water/ethanol, (¢) water/1-propanol, and (d) methanol/ethanol mixtures in CuBTC

at 298 K. The plots using logarithmic y-axis.

Figure 14. CBMC simulations of pure component adsorption isotherms for water, methanol, and ethanol
in all-silica FAU zeolite at 300 K. The CBMC data are from Krishna and van Baten.* The continuous

solid lines are the Dual-Langmuir-Freundlich fits using the parameters specified in Table 6.

Figure 15. (a, b) CBMC simulations for adsorption of equimolar (f;=f;) (a) water/methanol, and (b)
water/ethanol in FAU zeolite at 300 K. The continuous solid lines are the IAST calculations using the
pure component fits in Table 6. (c, d) Activity coefficients ¥, for (c) water/methanol and (d)

water/ethanol mixtures.
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Figure 16. (a) CBMC simulations for adsorption of water/methanol mixtures in FAU zeolite at 300 K at
a constant total fugacity of 1000 Pa. The continuous solid lines are the IAST calculations using the pure

component fits in Table 6. (b) Activity coefficients ¥, in the mixture.

Figure 17. CBMC simulations of pure component adsorption isotherms for water, methanol, and ethanol
in all-silica DDR zeolite at 300 K. The CBMC data are from Krishna and van Baten.”* The continuous

solid lines are the Dual-Langmuir-Freundlich fits using the parameters specified in Table 7.

Figure 18. (a, b) CBMC simulations for adsorption of equimolar (f;=f2) (a) water/methanol, and (b)

water/ethanol in DDR zeolite at 300 K. The continuous solid lines are the IAST calculations using the
pure component fits in Table 6. (c, d) Activity coefficients %, for (c) water/methanol and (d)

water/ethanol mixtures.

Figure 19. CBMC simulations of pure component adsorption isotherms for water, methanol, and ethanol
in all-silica MFI zeolite at 300 K. The CBMC data are from Krishna and van Baten.”* The continuous

solid lines are the Dual-Langmuir-Freundlich fits using the parameters specified in Table 8.

Figure 20. (a, b) CBMC simulations for adsorption of equimolar (f;=f;) (a) water/methanol, and (b)
water/ethanol in MFI zeolite at 300 K. The continuous solid lines are the IAST calculations using the

pure component fits in Table 8.

Figure 21. Snapshots showing the location of cations in LTA-5A, and LTA-4A.

42



Figure 22. (a,b) Experimental data of Pera-Titus et al. >° for pure component isotherms of (a) water, and
(b) ethanol in LTA-4A zeolite at various temperatures. The continuous solid lines are the dual-

Langmuir-Freundlich fits of the isotherms using the parameters reported in Table 9.

Figure 23. Comparison of the experimental data of Pera-Titus et al. >° for component loadings in
water/ethanol mixtures in LTA-4A zeolite at 333 K as a function of the vapor phase mole fraction of
water. The total pressure in the experiments is 2.1 kPa. The continuous solids lines are IAST

calculations using the parameters reported in Table 9.

Figure 24. Comparison of CBMC simulations for equimolar (a) water/methanol, (b) water/ethanol, (c)
water/1-propanol, (d) water/methanol/ethanol/1-propanol, and (e) methanol/ethanol mixtures in CuBTC

at 298 K with RAST calculations.

Figure 25. RAST calculations of total pore occupancy, @&, for adsorption of equmolar

water/methanol/ethanol/1-propanol mixtures in CuBTC at 298 K.

Figure 26. Correction factor (1 - exp(— C %D for water/1-propanol mixture adsorption in CuBTC at

298 K. These calculations are based on the equation (20) taking Ajx = 2; A= 300; C = 0.1 kg mol™.
These values were obtained by matching the RAST calculations of component loadings with CBMC

mixture simulations.
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Figure 27. Schematic of a packed bed adsorber.

Figure 28. Transient breakthroughs for equimolar (a) water/methanol, (b) water/ethanol, (c) water/1-
propanol, (d) water/methanol/ethanol/1-propanol, and (e) methanol/ethanol mixtures in CuBTC at 298
K, and total fluid phase fugacity of 100 kPa. The y-axis represents the concentrations of each
component in the exiting fluid phase, normalized with respect to the concentrations in the inlet feed

stream. All these simulations use RAST for calculation of mixture adsorption equilibrium.

Figure 29. Transient breakthroughs for 8/92 (a) water/methanol, (b) water/ethanol, and (c) water/1-
propanol mixtures in CuBTC at 298 K, and total fluid phase fugacity of 100 kPa. The y-axis represents
the concentrations of each component in the exiting fluid phase, normalized with respect to the
concentrations in the inlet feed stream. All these simulations use RAST for calculation of mixture

adsorption equilibrium.

Figure 30. Comparison of the transient breakthroughs for equimolar water/ethanol mixtures in CuBTC
at 298 K, and total fluid phase fugacity of (a) 1 kPa, and (b) 100 kPa. For the simulations at 1 kPa, the

mixture adsorption equilibrium is determined using the IAST. For 100 kPa operations, we use RAST.

Figure 31. Comparison of the transient breakthroughs for equimolar water/methanol/ethanol/1-propanol

mixtures in CuBTC at 298 K, and total fluid phase fugacity of (a) 1 kPa, and (b) 100 kPa. For the
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simulations at 1 kPa, the mixture adsorption equilibrium is determined using the IAST. For 100 kPa

operations, we use RAST.

Figure 32. Comparison of transient breakthroughs for equimolar water/ethanol mixtures in (a) LTA-4A
zeolite at 298 K, and (b) CuBTC. For LTA-4A, the dual-site Langmuir-Freundlich isotherm fit
parameters based on re-fitting the experimental data of Pera-Titus’®, are provided in Table 9; further
details of the isotherm fits are available in our earlier work.”' The mixture adsorption equilibrium for

LTA-4A is calculated using IAST. For CuBTC, the calculations are based on RAST.

45



—
Q
~

Molar density of fluid phase / mol L’

Figure S1

Molar densities of fluids

F liquid
B , phase T
L pure fluids; r—
298K o
10 g
1
I water
0.1 g gﬁZs e cthanol
- e methanol
L e 1-propanol
0.01 Ml oLl Lol
10 108 108 107

Bulk fluid phase fugacity, f/ Pa

(b)

Molar density of fluid phase / mol L™

. liquid
r phase
10
Te
0.1 £ gas equimolar
g phas§ water/ethanol
r mixture;
L 298K
001 Ll Lol Lol
104 10° 108 107

Bulk fluid phase fugacity, f,/ Pa



Figure S2

CuBTC framework
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Figure S3
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Figure S4

Unary isotherms: water, and 1-alcohols in CuBTC
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Figure S6

Average occupation profiles (AOP) of alcohols and water in the Cu-BTC. The data correspond to the quaternary mixture at 50 kPa.
The AOP are superposed to the isocontour picture of energy landscape of the Cu-BTC framework.
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CBMC mixture simulations: Selectivitie$

Adsorption selectivity
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Water, alcohols isotherms in FAU Figure S14
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Water/alcohols mixture adsorption in FAU
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Water/alcohols mixture adsorption in FAU Figure S16
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Water, methanol, ethanol isotherms in DDR Figure S17
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Water/alcohols separations in DDR
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Water, methanol, ethanol isotherms in MFI
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Water/alcohols separations in MFI
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LTA landscape; cation positions Figure S21

There are 8 cages per unit cell.

The volume of one LTA cage is 743 A3,
intermediate in size between a single
cage of ZIF-8 (1168 A3) and of DDR (278
A3).
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Water, ethanol isotherms in LTA-4A
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Water/ethanol mixture adsorption in LTA-4A Figure S23
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RAST vs CBMC mixture
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Fractional pore occupancies
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Figure S26

Correction factor for spreading pressure
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Fixed bed adsorber

L = length of packed bed

Figure S27
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Figure S28

Transient Breakthrough Simulations
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Dimensionless concentration at outlet, ¢, /c,,

Figure S29

Transient Breakthrough Simulations
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Dimensionless concentration at outlet, ¢, /c,,
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Operations at 1 kPa vs 100 kPa
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(a)

Dimensionless concentration at outlet, ¢, /c;,

Figure S31

Operations at 1 kPa vs 100 kPa
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Dimensionless concentration at outlet, ¢, /c;,
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LTA-4A vs CuBTC at 100 kPa
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