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ABSTRACT: The pervaporation of binary alcohol/water mixtures across
polymeric membranes is modeled by combining the Maxwell—Stefan (M-S)
diffusion formulation with the Flory—Huggins (F-H) description of sorption
equilibrium. The combined M-S/F-H model shows that the flux of each
penetrant species is coupled to the driving force of its partner penetrant. Two
types of coupling contributions can be distinguished: (i) coupling arising out
of correlated motions of penetrants in the polymer matrix and (ii)
thermodynamic coupling. The focus of this article is on the contribution of
thermodynamic coupling, which is quantified by the set of coeflicients
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57 ¢ o,
fractions ¢, of both penetrants in the polymeric membrane. Detailed
analyses of published experimental data for pervaporation of ethanol/water
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feed mixtures of varying compositions in both hydrophobic (poly(dimethylsiloxane)) and hydrophilic (cellulose acetate,
polyimide, and polyvinyl alcohol/polyacrylonitrile composite) membranes show that in all cases, the cross-coefficients I'; (i # j)
are negative and may attain large magnitudes in relation to the diagonal elements I';. The net result is that the permeation fluxes
of each penetrant are suppressed by its partner, resulting in mutual slowing down of permeation fluxes. If thermodynamic

coupling effects are ignored, significantly higher fluxes are anticipated than those that are experimentally observed.

B INTRODUCTION

Separations of alcohol/water mixtures by pervaporation across
polymeric membranes are of industrial interest because of the
high separation selectivities that are achievable.'~” Alcohol-
selective separations are achievable with hydrophobic mem-
branes such as poly(dimethylsiloxane) (PDMS).*”>'* With
hydrophilic membranes (e.g, cellulose acetate (CA), poly-
imide, and poly(vinylalcohol)/polyacrylonitrile (PVA/PAN)
composites), the separations are selective to water.”' ' 71
Water-selective separations are also achieved by exploiting size
exclusion in hydrophobic perfluorinated polymer mem-
branes.'»"> For process development and design purposes,
robust and accurate models are necessary for calculation of the
permeation fluxes.

Chemical potential gradients, du,;/dz, are the fundamentally
correct driving forces for transport of penetrants across
polymeric membranes.”'°™'® The chemical potentials of the
penetrants in the polymer matrix are most conveniently
described by the Flory—Huggins (F-H) model that relates the
component activities a; to the volume fractions, ¢! For
ternary mixtures of two penetrants (1, 2), and the polymer
matrix (m), there are three interaction parameters in the F-H
description of phase equilibrium: yy,, ¥, and y,,. The F-H
model for the component activities of the penetrants is written

2,8,19,21
as follows
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In eq 1, V; are the partial molar volumes, and we define

R
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In the Maxwell—Stefan (M-S) diffusion formulation, which
is firmly rooted in the theory of irreversible thermodynamics,

Received: July 21, 2019
Accepted: August 22, 2019
Published: September S, 2019

DOI: 10.1021/acsomega.9b02255
ACS Omega 2019, 4, 15255-15264


http://pubs.acs.org/journal/acsodf
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.9b02255
http://dx.doi.org/10.1021/acsomega.9b02255
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html

ACS Omega
the volumetric permeation fluxes, NY, expressed in m®m2s7},
are related to the chemical potential gradients ag'é 18
v
_hdn _ @N - ND) 4N,
RT dz Py b,
v v v
L duy _ @ = 0N 4N
RT dz oM by, )

Detailed derivations of eq 2 are provided in the Supporting
Information. Essentially, in the M-S model, the chemical
potential driving force acting on a penetrant species (left
member) is balanced by (i) friction with partner penetrant
(first right member = 1—2 friction) and (ii) friction between
the penetrant and the polymer matrix (second right
member).'® The molar flux of component i, expressed in

-2 -1 . molar N,'V
mol m™ s, is N; ==

expressed as kg m™2 57}, is N™ = pENY = MN™", where p is
the liquid-phase mass density of the pure component i, with
molar mass M,

The M-S diffusivities for penetrant—membrane interactions,
D}, are often strongly influenced by the volume fractions of

penetrants due to swellinglﬁlé,ls

. The mass flux of component i,

=

Dl\r]n = B;:n(o)exp(‘?u% + 512¢2)5
b, = Dz‘fn(O)exp(quSl + end,) (3)

In eq 3, €;y, €1 &1, €1 are termed plasticization coeflicients.

More detailed discussions on the interpretation of the
. . . . . 2,3,22,2

magnitude, and signs, of g; are available in the literature.”™*” 3

The M-S diffusivities D), and D,| = Dl\;% quantify the
2

extent to which the mobilities of the penetrants are correlated
to each other; correlation effects have the effect of slowing
down the transport of the more mobile partners due to
correlation motions with tardier partners in the polymer
matrix.' "'

Let us define a 2 X 2 dimensional matrix [A] whose
elements are given by
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The ratios D—‘;" and D—Z;“ quantify the degrees of correlations; only
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one of these is independent because —% = —% —*—-. We may
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estimate D), using the Vignes interpolation formula® for

diffusion in binary liquid mixtures, adapted as follows'’

P2/ W) = (Py1/W)
= (1, T)" Wy, SR O (s)

with the limiting scenarios

¢,—>0,D,=Dby; ¢ —0, Dy=D,, (6)

N
21

match experimental data on mixture permeation.'®
In the limiting scenario in which correlation effects are
considered to be of negligible importance, i.e.,

\4
Alternatively, the degree of correlations % may be fitted to

v A%
Bbl{}' - 0; % — 0, the matrix [A] simplifies to yield
v
Ay Ap 1 by, 0
Ay Ay ¢.10 Dz\:n (7)

Strictly speaking, we should expect eq 7 to hold when the
volume fractions of both penetrants in the membrane are
negligibly small.

The parameters on the left-hand side of eq 2 may be
expressed in terms of gradients in the volume fractions by
introducing a 2 X 2 dimensional matrix of thermodynamic
correction factors [I']

2
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RT dz ' dz 5 "dz ' ¢ong
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The four elements I'; can be determined by the analytic
differentiation of eq 1.

Combining eqs 2, 4, and 8, we derive an explicit expression
for the volumetric fluxes as functions of the gradients in the
volume fractions

o,

va _ Ay A ||T T dz
NZV Ay Ap ||l In %
dz )

Under steady-state conditions, and assuming that the volume
fraction profiles for both penetrants across the membrane layer
are linear, the permeation fluxes across a membrane of
thickness & may be calculated explicitly as follows' "

All A12
A21 A22

%
Nl I—il FIZ

FZI I_‘22

Ag,
Ny 0 Ad, (10)

In eq 10, A, = ¢y — ¢is; i = 1,2, where ¢,y and ¢ are,
respectively, the volume fractions at the upstream (subscript 0)
and downstream (subscript §) faces of the membrane; the
volume fractions are in equilibrium with the bulk fluid mixtures
in the contiguous compartments, determined from solution of
the F-H equations as detailed in the Supporting Information.
In the linearized approach, the elements of each of the two
matrices [A], and [I'] are evaluated at the arithmetic averaged
_ B+

volume fractions ¢ >

The accuracy of the
linearized eq 10 has been established in an earlier work."®
Except in the scenario in which the volume fractions of both
penetrants are vanishingly small, i.e.,, ¢; = 0, each of the two
square matrices [A] and [I'] on the right-hand side of eq 10
will have significant off-diagonal elements; consequently, the
flux of a penetrant is coupled to the driving force of its partner

species. From eq 10, it is evident that there are two distinct and
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separate contributions to coupled transports: (i) correlation
effects, embodied in the off-diagonal elements of [A] and (ii)
thermodynamic coupling engendered by the off-diagonal
elements of [I']. The significance of correlation effects has
been highlighted in earlier published works.”'*'°™'® The main
focus of this article is on the significance of thermodynamic
coupling effects in alcohol/water pervaporation.

As an illustration, Figure la presents calculations of Fij for
the ternary mixture ethanol(1)/water(2)/PDMS(m) at 313 K
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Figure 1. (a) Flory—Huggins calculations of the thermodynamic
correction factors, I'; for sorption equilibrium of ethanol (1) and
water (2) in PDMS (m) at 313 K, plotted as a function of the mass
fraction of ethanol in the liquid feed mixture in the upstream
compartment @Y. (b) The ratio of driving forces (I';; A, + T',Adh,)/
(Ty,A¢, + TyAd,), and Agh,/Agh, plotted as a function of }. For
the calculations in (b), the elements I; are calculated at the averaged
volume fractions ¢,,, = (¢ + ¢i5)/2, taking ¢s ~ 0. The F-H
parameters and calculation details are provided in Table S2 of the
Supporting Information.

for varying mass fractions of ethanol in the liquid feed mixture
in the upstream compartment of the membrane, @}. Both the
off-diagonal elements are negative; particularly noteworthy are
the large negative values of I';,. The effective driving forces for
membrane transport of penetrants ethanol, and water are,
respectively, I');A¢p, + I';A¢, and I',,A¢p; + I',Ap,. The
large negative value of I}, implies that the flux of ethanol, N},
is strongly influenced, i.e., suppressed, by the driving force for
water transport, A, = (¢h59 — ¢h15)- Although the off-diagonal

element I,; has a small negative value, the flux of water, Ny, is

also significantly influenced by the driving force for ethanol
because A¢, > A¢, for hydrophobic PDMS. As an
illustration of the strong influence of thermodynamic coupling,
Figure 1b plots the ratio of driving forces (I'y;A¢h; + [';,A¢,)/
(Ty,A¢, + IT',Ag,) as a function of @f. Also plotted in Figure
Ib is the corresponding ratio if thermodynamic coupling
effects are ignored, A¢,/A¢,. Neglect of thermodynamic
coupling should be expected to have the effect of severely
overestimating the ethanol/water permeation selectivity.

This article has threefold objectives. First, we aim to
demonstrate that thermodynamic coupling eftects are the root
cause of mutual slowing-down effects that have been observed
in the published experimental studies of Hietaharju et al,’ and
Nasiri and Aroujalian® for ethanol/water pervaporation across
PDMS membrane. The second objective is to show that the
off-diagonal elements I'j, and I',; also engender mutual
slowing-down effects in hydrophilic (CA,%” polyimide,"* and
PVA/PAN composite'') membranes. The third objective is to
offer deeper physicochemical insights into membrane per-
meation fluxes and selectivities by delineating the separate
influences of diffusion and thermodynamic coupling for each of
the case studies that are analyzed.

To meet the set objectives of this article, we analyze
ethanol/water pervaporation across four different polymeric
membranes: PDMS, CA, polyimide, and PVA/PAN compo-
site. The Supporting Information accompanying this pub-
lication provides: (i) the F-H model parameters used in the
phase equilibrium calculations and (ii) input data on the M-S
diffusivities.

B RESULTS AND DISCUSSION

Analysis of Ethanol/Water/PDMS Permeation Data of
Nasiri. Nasiri and Aroujalian® report experimental data for
pervaporation of ethanol(1)/water(2) mixtures across PDMS
membrane, measured at three different temperatures: T = 313,
323, and 333 K. In egs 19 and 20 of Nasiri and Aroujalian,”
used to model their own experiments, the M-S diffusivities are
modified in the following manner to explicitly account for
cluster formation leading to mutual slowing-down effects
observed in their experiments:

DIYn = Dl\rln(o)exp(glld)l)exp(_b11¢12 - b12¢1¢2)
BZ\:n = Dz\fn(o)exp(em(pl)exp(—bnqﬁ; = bybd,) (11)

The set of plasticization, and clustering, coefficients, along with
the zero-occupancy diftusivities are fitted for each of the three
experiment sets; see Table 2 of their paper. Below, we adopt a
different approach for modeling their three sets of experiments,
using the linearized eq 10, invoking the Vignes interpolation
formula 5, along with eq 3 to describe the penetrant—
membrane interactions. From sorption equilibrium, it is noted
that the volume fractions of water, ¢,, in the membrane are
about 1—2 orders of magnitude lower than that of ethanol, ¢;
therefore, the plasticization coeflicients &;,, €,, are taken as
zero. We use the same set of plasticization coeflicients for all
three sets of experiments: &;, = 5; €, = 0; &, = 12; &), = 0.
The fitted values of zero-occupancy M-S diffusivities are
specified in Table S4 of the Supporting Information.

Two different scenarios A and B are used to model the
Nasiri and Aroujalian experiments. The continuous solid lines
in Figure 2a,b are obtained using scenario A, using eq 10, along
with proper evaluation of I';; using the F-H eqs 1; there is good
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Figure 2. (a, b) Experimental data (indicated by symbols) of Nasiri
and Aroujalian® for the mass pervaporation mass fluxes of penetrants
ethanol (1) and water (2) across PDMS (m) at 313 K (red circles),
323 K (blue triangles), and 333 K (green squares), plotted as a
function of the mass fraction of ethanol in the liquid feed mixture in
the upstream compartment @}. The continuous solid lines are M-S
model calculations (scenario A) using eqs 3, S, and 10. The dashed
lines are flux calculations in which thermodynamic correction factors
are ignored (scenario B), i.e, I'; = §;. The input F-H and diffusivity
data are provided in Tables S2 and S4 of the Supporting Information.

agreement with experimental data (indicated by the symbols).
The dashed lines in Figure 2a,b are model calculations using
scenario B, also using eq 10, but ignoring thermodynamic
coupling contributions by invoking the assumption I'; = §;;, the
Kronecker delta. The use of scenario B leads to overestimation
of both ethanol and water fluxes. This leads us to conclude that
the mutual slowing-down effects are engendered by thermody-
namic coupling effects.

Further insights into the influence of negative cross-
coefficients I'j, and I, are obtained by comparing the ratio
of the mass fluxes of ethanol to water (see Figure 3). Ignoring
thermodynamic coupling (scenario B) overestimates the
ethanol/water flux ratios at all three temperatures. The
influence of negative values of I';, and I',, is to suppress the
flux of ethanol to a greater extent than that of water, leading to
lower ethanol/water separation selectivity.

To elucidate the contribution of the correlation effects, and
also the plasticization coeflicients, € we performed model
calculations for scenario C in which (a) correlation effects are
ignored, using eq 7, and (b) the influence of swelling is also
ignored by setting ¢; = 0. In scenario C, the ratio of fluxes is

described by
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Figure 3. Ratio of the mass flux of ethanol to that of water for
ethanol/water pervaporation across PDMS at (a) 313 K, (b) 323 K,
and (c) 333 K, plotted as a function of the mass fraction of ethanol in
the liquid feed mixture in the upstream compartment @}. Model
calculations using three different scenarios A (continuous solid lines),
B (dashed lines), and C (dotted lines) are compared to the
experimental data (symbols) of Nasiri and Aroujalian.* The input
diffusivity data are provided in the Supporting Information.

N _ p;,(0) (TiA¢ +TA¢,)
Ny D, (0) (I,A¢, + T,A¢,) ,
Nlmass B plL va Nlmolar va /Vl

mass L V) rymolar -
N2 ass /)2L N2V N2 1 NZV/VZ (12)

Equation 12 is essentially the thermodynamically corrected
driving flux ratio (cf. Figure 1b), multiplied by a constant
factor. The dotted lines in Figure 3 represent model
calculations of the ethanol/water mass flux ratios using eq
12. The agreement of scenario C with experiment is
comparable to that of scenario A, which includes the effects
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of both correlations and plasticization. Two separate
conclusions can be drawn. First, correlation effects are of
negligible importance for ethanol/water/PDMS permeation.
Second, swelling effects do not influence permeation
selectivities in the three sets of Nasiri experiments in which
the ethanol mass fraction in the upstream membrane
compartment was restricted to @} < 0.7. Rather, swelling
effects serve primarily to influence the magnitudes of the
individual diffusivities P}, and fluxes NY.

Analysis of Ethanol/Water/PDMS Permeation Data of
Hietaharju. Hietaharju et al.’ report experimental data on the
mass fluxes of the penetrants, N7, for pervaporation of
ethanol/water mixtures with varying mass fractions of ethanol,
@Y, in the bulk liquid mixture in the upstream compartment at
temperatures T = 313 and 333 K. They’ also report
experimental data for vapor permeation in which the
ethanol/water vapor mixture, in equilibrium with an ethanol/
water liquid-phase mixture at the corresponding dew point, is
permeated across the membrane. The experimental data for
the mass fluxes of ethanol and water are indicated by symbols
in Figure 4a,b. The flux relations used by Hietaharju et al.’ to
model their own experiments do not account for thermody-
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Figure 4. (a, b) Experimental data (indicated by symbols) of
Hietaharju et al.® for the pervaporation mass fluxes of penetrants
ethanol (1) and water (2) across PDMS (m) at 313 K (red circles)
and 333 K (green squares), and vapor permeation (blue triangles),
plotted as a function of the mass fraction of ethanol in the liquid feed
mixture in the upstream compartment @}. The continuous solid lines
are M-S model calculations (scenario A) using eqs 3, S, and 10. The
dashed lines are flux calculations in which thermodynamic correction
factors are ignored (scenario B), i.e., I'; = 6; The input F-H and
diffusivity data are provided in Tables S2 and S3 of the Supporting
Information.

namic coupling effects (see eqs 28 and 29 of their paper).
Consequently, the match of their model predictions with
experiments is extremely poor, especially for ethanol (see
Figure 7 of their paper). We demonstrate that the poor match
between experimental data and model is wholly ascribable to
thermodynamic coupling effects.

The continuous solid lines in Figure 4ab are model
calculations using scenario A, as detailed in the foregoing
section; the agreement is very good for all three data sets. We
also confirmed that neglecting correlation effects and using eq
7 to calculate [A] lead to nearly identical values of permeation
fluxes; this leads us to conclude that the coupling effects arise
solely from thermodynamic influences and not from correlated
motions of penetrants in the polymer matrix.

The dashed lines in Figure 4a,b represent model calculations
for scenario B in which thermodynamic coupling effects are
ignored; both the fluxes of ethanol and water are higher than
the estimations using scenario A. The explanation for the
decrease in both fluxes is traceable to the negative off-diagonal
elements I'}, and I}, as shown in Figure la.

Figure 5 plots the ratio of the mass fluxes of ethanol to water
as a function of w} for the set of experiments at 313 K. The

100

—— Scenario A
———Scenario B
eeesee Scenario C
Expt data

Ethanol/water flux ratio
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PDMS(m);

Hietaharju expt; 313 K
0.1

0.0 0.2 0.4 0.6 0.8 1.0

mass fraction of ethanol in upstream liquid mixture, w1L

Figure S. Ratios of the mass fluxes of ethanol to water for ethanol/
water pervaporation across PDMS at 313 K plotted as a function of
the mass fraction of ethanol in the liquid feed mixture in the upstream
compartment @}. Model calculations using three different scenarios A
(continuous solid lines), B (dashed lines), and C (dotted lines) are
compared to experimental data (symbols) of Hietaharju et al.® The
input diffusivity data are provided in Tables S2 and S3 of the
Supporting Information.

influence of negative values of I';, and I';; is to suppress the
flux of ethanol to a greater extent, leading to lower ethanol/
water separation selectivity; consequently, the flux ratios
calculated using scenario A (continuous solid lines) are
significantly lower than those calculated using scenario B
(dashed lines). Ignoring thermodynamic coupling (scenario B)
overestimates the ethanol/water flux ratios at all three
temperatures.

To gauge the importance of the influence of plasticization,
the dotted lines in Figure S present calculations for scenario C,
wherein eq 12 is used to determine the flux ratios. The
estimations of scenario C are slightly poorer than those for
scenario A, especially for the ethanol mass fractions in the
upstream membrane compartment @} > 0.5. This suggests that
plasticization influences the penetrant diffusivities to different
extents; this influence manifests at higher penetrant
occupancies in the membrane matrix.
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Water/Ethanol Pervaporation across Hydrophilic
Membranes. Figure 6a,b presents calculations of the ratios

a 0.0

r12/1—11

water(1)/ethanol(2)/
polymer(m)

—— CA

b polyimide
0.0 s PV/A/PAN

l—‘21/1—‘22
(4]
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Figure 6. Flory—Huggins calculations of (a) I';,/T";; and (b) T',1/T5,
for the sorption equilibrium of water (1) and ethanol (2) in CA (at
293.15 K), polyimide (at 293.15 K), and the PVA/PAN composite
(at 333 K), plotted as a function of the mass fraction of ethanol in the
liquid feed mixture in the upstream compartment wy. The F-H
parameters and calculation details are provided in the Supporting
Information.

I',/T'), and TI',,/T",, for sorption equilibrium between bulk
water(1)/ethanol(2) liquid mixtures and three different
hydrophilic membranes: CA, polyimide, and PVA/PAN. For
all three membranes, the two ratios are negative and we should
anticipate that thermodynamic coupling would engender
mutual slowing-down effects. For hydrophilic membranes,
correlation effects should also be expected to be of significance
because the more mobile penetrant, water, also has the higher
permeation flux. These two anticipated results are tested below
using three case studies.

We first performed pervaporation flux calculations for
water(1)/ethanol(2)/CA (m) using the F-H and M-S
diffusivity data provided by Mulder et al,”” who established
that swelling effects are important and the experimental data
could be adequately described by choosing &), = €}, = &,; = €5,
=73.

The continuous solid lines in Figure 7a are flux calculations
using scenario A. The negative off-diagonal elements I'}, and
I,; cause both water and ethanol fluxes to be reduced below
the values anticipated by scenario B, ie., by invoking the
simplification I';; = 6.

To gauge the importance of correlation effects, Figure 7b
compares the water/ethanol flux ratios for three additional
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e ethanol, including [I']
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Figure 7. (a) Molar fluxes of water (1) and ethanol (2) across CA
membrane as a function of the mass fraction of ethanol in the liquid
feed mixture in the upstream compartment, @5. The continuous solid
lines are M-S model calculations (scenario A) using eqs 3, 5, and 10.
The dashed lines are flux calculations in which thermodynamic
correction factors are ignored (scenario B), i.e,, I'; = T';. (b) Influence
of varying degrees of correlation on the water/ethanol flux ratios. The
Flory—Huggins and diffusivity data are provided in Table SS of the
Supporting Information.

. . . b, .
scenarios to estimate the degree of correlations, -2, besides
21
D, by,
the Vignes interpolation formula S: % =0, ¢ =S, and
DZI DZI

Dy, . Dy, e
ﬁ = 20. The assertion ﬁ = 0 essentially implies the use of
21 21

eq 7 for flux calculations. With increasing degrees of
correlation, the water/ethanol flux ratio decreases, due to
increasing retardation of the mobile penetrant water. The
dashed line in Figure 7b represents water/ethanol flux ratios
ignoring thermodynamic coupling; this shows that the
influence of the negative off-diagonal elements I';, and I',; is
to reduce the flux of ethanol more than the flux of water. The
reasoning for this is that the magnitude of I',;/T',, is larger
than that of I',/I';;. Consequently, we should expect
thermodynamic coupling effects influence the ethanol flux to
a greater extent than the water flux.

Figure 8ab compares experimental data'' on the molar
fluxes for pervaporation of water/ethanol mixtures across
PVA/PAN composite membrane at 333 K, with calculations
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(indicated by the continuous solid lines) based on scenario A,

, , o . b,
in which the degree of correlations is quantified as D—ZV =3,
21

along with the choice &, = €, = & = &, = 5. If
thermodynamic coupling effects are ignored and I'; = 9§
(scenario B calculations shown by the dashed lines), the
match with experiments is significantly worse, and both water
and ethanol fluxes are overestimated to a significant extent.
In Figure 8¢, the experimentally determined water/ethanol
fluxes ratios are compared to M-S model flux calculations using

. . Dy, )
three different degrees of correlations: DZ\T =0.2, D—ZV = 3,and
21 21

by,
Y,
magnitude with increasing degree of correlations.

Figure 9a,b compares the experimental data'’ on volumetric
fluxes for pervaporation of water/ethanol mixtures across a
polyimide membrane with model calculations based on
scenarios A and B. There is good agreement between the
experimental data and scenario A in which the degree of

= 20. The flux ratios reduce by more than 1 order of

L . D, .
correlations is described by —BZZQ" = 3, along with €, = ¢}, = &,
1

= &, = 2. Use of scenario B, invoking I'; = §;, leads to
overestimation of both fluxes. To gauge the significance of
correlations, Figure 9c compares the experimentally deter-
mined water/ethanol fluxes ratios with model calculations
using scenario A to that of scenario C (using eq 12). Ignoring
correlations has the effect of overestimating the water/ethanol
selectivities by about an order of magnitude.

For all three cases studies on hydrophilic membranes
analyzed above, the influence of swelling serves to enhance the
diffusivities of either penetrant, but does not influence water/
ethanol selectivities. On the other hand, the influence of
thermodynamic coupling effects is to lower both water and
ethanol fluxes, reducing the flux of ethanol more than the flux
of water. In other words, the influence of swelling does not
completely nullify the influence of thermodynamic coupling.

General Applicability of the M-S Model for Describ-
ing Membrane Permeation. In addition to the five different
case studies discussed above, the applicability of the Maxwell—
Stefan model eq 2 has been established for a number of other
membrane permeation experimental studies.

For ethanol/water permeation across PDMS membrane,
Aguilar-Valencia et al."” use the M-S formulation to rationalize
coupling between ethanol and water fluxes observed in their
experiments. Experimental data on ethanol/water pervapora-
tion across silicone rubber membranes are amenable to
quantitative modeling with the M-S formulation.”>*° Ebneya-
mini et al.’ use the M-S formulation to model their
experiments for dehydration of aqueous butanol solutions
using hydrophobic membranes. However, thermodynamic
coupling effects are not of significant importance because the
experiments were conducted with dilute aqueous solutions for
which both T';, & 0 and T, ~ 0. Izak et al.””*® establish the
applicability of the M-S formulation for a near-quantitative
description of the pervaporation of 1-alcohol/toluene mixtures
across low-density polyethylene membranes.

Mutual slowing-down effects are not restricted to pervapora-
tion processes; they also manifest for permeation of gaseous
CO,/C,Hg across a cross-linked polyethylene oxide (XLPEO)
membrane.'®™"® The M-S model eq 2, with proper accounting
of both thermodynamic coupling and correlation effects, is
required for quantitative modeling of the experimental data;
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Figure 8. (a, b) Molar pervaporation fluxes for permeation of water
(1)/ethanol (2) mixtures across PVA/PAN composite membrane
(m) at 333 K, plotted as a function of the mass fraction of ethanol in
the liquid feed mixture in the upstream compartment @j. The
experimental data of Heintz and Stephan'' (indicated by symbols) are
compared to the model calculations using scenarios A and B. (c)
Comparison of experimentally determined water/ethanol molar flux
ratios with calculations using different degrees of correlations. The
Flory—Huggins and diffusivity data are provided in Table S7 of the
Supporting Information.

see Figures S14—S17 of the Supporting Information for details
of analysis. Genduso et al.”’ use an analogous approach to
model coupling effects in CO,/CH, permeation across the
XLPEO membrane.

The M-S formulation is used to describe coupling effects
during water/alcohol permeation across both hydrophilic and

hydrophobic zeolite membranes,” for which experimental
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Figure 9. (a, b) Volumetric fluxes for permeation of water (1)/
ethanol (2) mixtures across polyimide membrane, plotted as a
function of the mass fraction of ethanol in the liquid feed mixture in
the upstream compartment @5. The experimental data of Ni et al."®
(indicated by symbols) are compared to the model calculations using
scenarios A and B. (c) Comparison of experimentally determined
water/ethanol volumetric flux ratios (shown by the symbols) with the
model calculations using scenarios A (continuous solid lines) and C
(dotted lines). The Flory—Huggins and diffusivity data are provided
in Table S6 of the Supporting Information.

studies® > demonstrate the occurrence of mutual slowing-
down effects.

Bl CONCLUSIONS

Published experimental data for alcohol/water pervaporation
across both hydrophobic (PDMS) and hydrophilic (CA,
polyimide, PVA/PAN) membranes are modeled by combining
the Flory—Huggins description of sorption equilibrium with
the Maxwell—Stefan diffusion formulation. For steady-state
permeation, this combination results in eq 10, in which the
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matrices [A] and [I'] reflect, respectively, the diffusivity and
thermodynamic contributions. In general, each of these
matrices contains off-diagonal contributions; as a result, the
fluxes of alcohol and water are coupled to each other. The
following major conclusions emerge from our analysis.

(1) For alcohol/water pervaporation across hydrophobic
and hydrophilic membranes, the off-diagonal elements
I'), and T, are both negative in all of the cases
examined. Consequently, the effective driving forces for
penetrant transport are strongly influenced.

(2) For both hydrophobic and hydrophilic membranes, the

influence of thermodynamic coupling is to suppress the

flux of both penetrants, leading to mutual slowing down.

For hydrophobic membranes, the flux of ethanol is

reduced to a greater extent, resulting in lower ethanol/

water selectivity. On the other hand, for hydrophilic
membranes, the water/ethanol selectivity is enhanced by
the contribution of the negative off-diagonal elements

', and Ty

For hydrophobic PDMS membranes, correlation effects
appear to be of negligible importance because more
mobile water is practically excluded from the polymer
matrix. In sharp contrast, for hydrophilic membranes,
correlation effects serve to reduce water/ethanol
selectivities to a significant extent due to retardation of
water transport.

3)

(4) While membrane swelling has the effect of influencing
the magnitudes of the penetrant diffusivities, the
corresponding influence on pervaporation selectivities
is of minor importance for both hydrophobic and
hydrophilic membranes.

(5) The distinction between swelling effects and thermody-
namic coupling effects can be summarized as follows:
swelling influences diffusivities, whereas the off-diagonal
elements of the matrix of thermodynamic correction
factors influence the driving forces for transport of
penetrants.
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B NOMENCLATURE
Latin Alphabet

a; activity of species i, dimensionless

by modified M-S diftusivity for binary penetrant pair
i—j, m* s~

by, modified M-S diffusivity for penetrant i in
polymer m, m* s™!

M; molar mass of species i, kg mol ™

M mean molar mass of mixture, kg mol™

Npmlar molar flux of species i, mol m™* s~

I\ molar flux of species i, kg m™> 7!

NY volumetric flux of species i, m®> m™ s~

R gas constant, 8.314 J mol™' K™

T absolute temperature, K

Uy = % relative volume fractions in polymer phase,

“+ % dimensionless
v partial molar volume of species i, m®> mol™"
% molar volume of mixture, m® mol™
z distance coordinate along membrane thickness, m

Greek Alphabet

Ly thermodynamic factors, dimensionless

[['], matrix of thermodynamic factors, dimensionless

0, thickness of membrane, m

517, Kronecker delta, dimensionless
€;, plasticization coefficient, dimensionless
[A], matrix of Maxwell—Stefan diffusivities, m> s™*
u;, molar chemical potential, ] mol™
¢;, volume fraction of penetrant i in polymer, dimensionless
¢, volume fraction of polymer, dimensionless
¢%, volume fraction in bulk liquid mixture, dimensionless
p, mass density of component i, kg m~>
X, interaction parameter in Flory—Huggins model, dimen-
sionless
o}, mass fraction of component i in liquid-phase feed
mixture, dimensionless

Subscripts
i, referring to penetrant i
m, referring to membrane
0, upstream face of membrane, z = 0
0, upstream face of membrane, z = &
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Preamble

1 Preamble

The Supporting Information accompanying our article Highlighting Thermodynamic Coupling Effects
in Alcohol/Water Pervaporation across Polymeric Membranes provides: (1) the F-H model parameters
used in the phase equilibrium calculations, (2) detailed development of the M-S equations using volume
fractions, and (3) input data on the M-S diffusivities.

All the calculations and simulations reported in this article were performed using MathCad 15.'

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

consequence, there is some overlap of material with the main manuscript.
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Flory-Huggins description of phase equilibrium

2 Flory-Huggins description of phase equilibrium

Polymer membranes are widely used for mixture separations; for an introduction to this topic see
Wesselingh and Krishna.”> The upstream compartment contains fluid mixtures that are either in the

gaseous state at elevated pressures, or in the liquid state; see schematic in Figure S1.

2.1 The Flory-Huggins model for penetrants/polymer mixtures

The thermodynamics of sorption equilibrium of penetrants and polymer is most commonly described
by the Flory-Huggins relations.”* The Flory-Huggins equation in its simplest form deals with molecules
that are similar chemically, but differ greatly in length. An example might be cross-linked polyethylene
with the penetrant propane (CsHs). The Flory-Huggins model is based on the idea that the chain
elements of the polymer arrange themselves randomly (but with the molecules remaining connected) on
a three- dimensional lattice; see inset in Figure S1.

The Flory-Huggins model does not take effects of crystallization or other inhomogeneities into
account. The resulting equation for the activity of the penetrant is a simple function of the volume

fraction of the penetrant in the membrane. We use ¢, to denote the volume fraction of the penetrant

species i; the volume fraction of species i is ¢, =c,V, where ¢, is the molar concentration, and V; is the

partial molar volume of the penetrant species i. Other concentration measures are listed in Table S1. The
use of mole fractions is not convenient for description of the phase equilibrium of mixtures of penetrants
in polymers, because the molar mass of the polymer chains are ill defined.’

The Flory-Huggins (F-H) model for binary mixture of penetrant (1) and polymer (indicated by

subscript m) is

S4



Flory-Huggins description of phase equilibrium

Ing, =1n(¢])+(1—¢1)—¢m%+zlm¢i

¢m :1_¢1

(S

Equation (S1) contains a non-ideality, or interaction parameter y,, that is assumed to be independent
of the volume fraction. If y, >0, the penetrant and polymer repel, or dislike, each other. If y, <O,
the penetrant and polymer attract each other. If y, =0, the penetrant and polymer are similar in nature

and there are no attractive or repulsive forces.

Figure S2 illustrates the influence of the interaction parameter y, —on the activity (a;) and

Ing,

thermodynamic correction factor, ' = , that plays a pivotal role in diffusion (discussions on this

1

1

are in the following sections). In these calculations, the ratio =0, i.e. the molar volume of the

=~

penetrant is negligible in comparison to the molar volume of the polymer. If y, is positive, the solution
can split into two phases for a range of volume fractions, one rich in polymer and one rich in solvent;
the demixing zone is indicated in cyan in Figure S2.

If the interaction parameter y, 1s dependent on the volume fractions, the F-H model for unary

systems needs to be extended as follows

Ina, =i + (A=)~ (1) >+ 7, -4 +,0 -4 L= (52)

For ternary mixtures of two penetrants, 1 and 2, and the polymer (m), there are three interaction

parameters in the F-H description of phase equilibrium: y,,, ¥,,., ¥, - If €ach of the three interaction
parameters y,,, ¥,.» X», are dependent on the volume fractions of the penetrants, ¢,4, the F-H model

for the component activities a,,a, of the penetrants in the polymer membrane (m) are
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Iy = I00) (1=~ 22—+ (21h+ 2108, ) ()~ 2 3~

m 2 uZ

d A V. . 0 V, .0
Zlm ¢1¢2 Zlm +71u22¢m ZZm __l¢ ¢2 ZZm
2

1 2¢m a m a¢m aul V a¢m

(S3)

V. V. V. 7 V. o
lnaz:ln(¢2)+(1_¢2)_¢17j_¢mV=;+[le¢17T+sz¢mj(¢l+¢ ) Kim 7¢¢ +7?”12¢2 @71/(1122

v, 0 V, 0 0 , 0
+2 1¢ llm _=2¢1¢”21 llm _l/lll/l ¢ IZm ¢2¢ 2//2m
Vl auZ Vl a¢m a 1 a¢m
In eq (S3), we have defined u, = 4. ;ou=l-u,= 4 ;o 4,=1-(4+4).
1 + ¢2 ¢1 + ¢2

Equation (S3) corresponds precisely with equations (6) and (7) of Mulder et al.” The same set of

extended equations are also given by Yang and Lue® and Varady et al.’

In the scenario in which the penetrant-membrane interaction parameters y,, ,%,, are independent on

the volume fractions of the penetrants, Equation (S3) simplifies to yield

= —d)— Vl _ K _ K _ X1
Ing =In(g)+(1-¢)- ¢ 72 ?, V_m (le¢2 + X in®, )(¢z + ¢m) Xom 72 0,9, —uu,p, ou,
A A AN e
3 22,2 y4p
Ing, =In(¢,)+(1-¢,) - = 7 -9, V_m (112(151 7 +sz¢m}(¢ D)= X = 7 244, + 7 N .

2.2 The Flory-Huggins model for binary liquid mixtures
As a special (degenerate) case, eq (S3) can be applied to describe the component activities for binary
liquid phase mixtures in the upstream compartment of the membrane. Let ¢, 4, represent the volume

fractions of components 1 and 2 in the bulk liquid mixture. These volume fractions are related to the

mass fractions @’ in the bulk liquid mixture ¢ = %

>
L

i=l P

, where p! is the liquid phase mass density of

the penetrant species i. Other concentration measures, and inter-relations, are listed in Table S1. We also
have the constraint ¢" + ¢ =1. The component activities in the liquid mixture are obtained from
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Equation (S3) by omitting terms containing y, and y, , and setting ¢ =0; ¢ +¢ =1, and

L _ ¢2L _ L,
RTINS
Inay =In(g)+ (1= 20t + 7 ()~ (¢1) g’;
2 _ " (S5)
L L Vis o V) NV i O
Ina; =)+ (=320 + 52 20 () + 5201 (41) ﬁ

Equation (S5) corresponds precisely with equations (9), and (10) of Mulder et al.” The ,, is related

to the excess Gibbs free energy

1 x x G@XC@SS
X =—| x, In(=1) + x, In(=%) + }
C o { A T e RT (S6)
RT =x, In(y,) +x, In(y,)
wf
: .. ) c, M, ot — )
In Equation (S6), x,,x, are liquid phase mole fractions x, =—= —=——M, where M, is the

ot M.

1 1

S M,

= 1

G

M=

molar mass of component i (units kg mol™), and M = inM . 1s the mean molar mass of the mixture;
i=1

see Table S1.

The interaction parameter y,, for mixtures such as water/ethanol are strongly dependent on the liquid

excess

mixture composition. The excess Gibbs free energy

= x, In(y,) + x, In(y,) can be calculated from

activity coefficient models such as that of Wilson, NRTL, and UNIQUAC.> ¢ Mulder et al.” have also

shown that the dependence of y,, on the volume fractions of components in the bulk liquid mixture can

¢
o+

be expressed as a fourth-order polynomial in u} =

=
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X =a+ b(uzL )+ c(uzL )2 +d (uZL )3 + e(uzL )4; bulk liquid mixture
L b ¢ (S7)

u, = :¢2L;“1L:¢IL+¢2L =g =l-u; =1-¢;

A

The use of the fourth-order polynomial expression is particularly convenient for the evaluation of the

derivative % in Equation (S5). The five coefficients, a,b,c,d,e can be determined by fitting of the

2

excess

Wilson, NRTL, and UNIQUAC models for =x, In(y,)+x,In(y,). For example, for

cthanol/water mixtures, Hietaharju et al.® have determined temperature-dependent coefficients
a,b,c,d,e by fitting the Wilson activity coefficient model parameters from the Aspen Plus simulation
software databank (WILS-HOC, v8.8). In all the Flory-Huggins calculations presented in this article,
the 4™ order polynomial expressions are used to describe the volume fraction dependence of y,,.

A significant contribution of Mulder et al.” is to demonstrate that the interaction parameter y,, for the

same two penetrants in the polymer membrane phase experiences the same composition dependence on

¢,

the normalized volume fraction of component 2 within the membrane u, = e 1.e.
+
1 2

2 =a+bu,)+clu,) +d(u,) +elu,)'; polymermembrane phase
u, = 9, TRES U =1-u, (58)
¢1 + ¢2 ¢l + ¢2
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2.3 List of Tables for Flory-Huggins description of phase equilibrium

Table S1. Concentration measures and inter-relationships.

Concentration measure units Inter-relation, constraint
xi, mole fraction of species i | - o,
c, M, W —
x,=—"=—=—=—M;) x, =1
Ct Z a)l M[ i=1
i=1 Ml‘
@;, mole fraction of species i | - P, xM,  xM, I
S T
i=l1
©oaM,
i=1
¢;, molar density of species i | mol m™ o ) |
C == ch. = ¢, = mixture molar density==
M, S 14

i, mass density of species i | kgm’

p. =cM; Z p, = p, = mixture mass density

i
i=1

M;, molar mass of speciesi | kg mol — & .
M = ) x;M, =mean molar mass of mixture
i=1
V., partial molar volume of | m° mol” = & =
v V =) x,V; =— =mean molar volume of mixture
i=1 C;
I
¢, volume fraction of |- o,
b =cV = P
species i D o
i=1 pi
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2.4 List of Figures for Flory-Huggins description of phase equilibrium

o I*E:
partial fugacities - ] partial fugaicites
fio: fao fis s
mass fractions mass fractions
o " sty o
N‘ 5 TH —N penetrant and polymer fit on a 3D lattice
1 T11 1
N, N,
z Flory-Huggins o z
for phase } }
equilibrium Iy
¢20 (16
\
T -
T 5
T £ .
T o=

Figure S1. Schematic showing mixture permeation across polymeric membrane. The inset illustrates

the Flory-Huggins lattice model.
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@

1.5

1.0

0.5

Activity of penetrant (1) in polymer, a,

0.0

penetrant(1)/polymer(m); 298.15 K

demixing

0.0

0.2 0.4 0.6 0.8 1.0

Volume fraction of penetrant, 4

(

b)

penetrant(1)/polymer(m); 298.15 K

15 =2
L — =1
1.0 4 70
— Z=2

0.5

0.0

Thermodynamic correction factor, I’

-0.5

0.0 0.2 0.4 0.6 0.8 1.0

Volume fraction of penetrant, ¢

Figure S2. Influence of the interaction parameter on (a) the activity (a;) and (b) thermodynamic

correction factor, I'. In these calculations, the ratio

"

m

=0, i.e. the molar volume of the penetrant is

negligible in comparison to the molar volume of the polymer.
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3 Maxwell-Stefan (M-S) diffusion formulation

3.1 The Maxwell-Stefan (M-S) description of diffusion in polymer solutions

We develop the Maxwell-Stefan (M-S) equations to describe the diffusion of n penetrants, 1, 2, 3,..n
in a polymer matrix (m). The M-S equations represent a balance between the force exerted per mole of
species i with the drag, or friction, experienced with each of the partner species in the mixture. We may
expect that the frictional drag to be proportional to differences in the velocities of the diffusing species

(ul. —u j), where u, is the velocity of motion of the penetrant i. For diffusion in multicomponent

polymer solutions such as acetone/cellulose acetate, un, # 0, i.e. the polymer chains have a finite velocity

of diffusion. For a mixture containing a total of n penetrants, 1, 2, 3,..n we write

du, RT RT RT
2 X (u, - — X, (u, - et—X -

i P, 2(“1 uz)"' D 3(“1 u3)+ + N m(ul um)

du, RT RT RT
—f:B_ZIXl(“z_”1)+D_23X3(”2_”3)+-"+D_2me(u2_um)
......... (S9)
du, RT RT RT
—%:D_’”Xl(un_”1)+D_’12X2(”n_“3)+"'+7X'ﬂ(u"—u”’)
—%:EXl(”m_”1)+£X2(“m_u3)+"'+£X"(um_u")

dZ Bml m2 mn

The left members of equation (S9) are the negative of the gradients of the chemical potentials, with
the units N mol’; it represents the driving force acting per mole of species 1, and 2. The subscript m

refers to the polymer chain, that is regarded as the (n+1)th component in the mixture. The term R7/D,

m

is interpreted as the drag or friction coefficient between the penetrant i and the polymer. The term

RT / D, is interpreted as the friction coefficient for the i-j pair of penetrants. The multiplier Xj in each of

the right members represents a measure of the composition of component j in the mixture because we
expect the friction to be dependent on the number of molecules of j relative to that of component i.
There are many possible choices for composition measures X;. Written in terms of mole fractions, x;,

eqs (S9) are
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du, _RT e -
e _Dlz 2(1 ”2)"’ 13x3(u1 u3)+ + N xm(ul u’")
du, _ RT K1 s _
7 _BZIXI(z u1)+ 23x3(”2 ”3)"" + 2mxm(u2 u’”)
--------- (SIO)
dc;;n _g_f:xl( n ul)+7x2(un_u3)+ +7xm(un_um)
B L A L e
Uy

Only n of the chemical potential gradients are independent, because of the Gibbs-Duhem

relationship
dz dz dz dz

The M-S formulation (S10) is consistent with the theory of irreversible thermodynamics. The Onsager

Reciprocal Relations imply that the M-S pair diffusivities are symmetric

D, =D, (S12)

3.2 Binary mixture permeation across polymer membranes

We apply the M-S formulation (S10) to describe permeation of two penetrants across a polymer
membrane. We consider the polymer matrix to be stagnant, i.e. u, = 0. For calculation of the chemical
potential gradients, and activity gradients, using the Flory-Huggins model (i.e. eq (S3)) we need to

reformulate the eq (S10) in terms of volume fractions instead of mole fractions.” * ' Specifically for a

binary mixture, we write

_duw _ ¢ (1, —u,) +¢m (u,)

RT dz b}, by (S13)
1 duy, _ 4 (”2 _“1) n ?, (”2)
RT dz bl b
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The modified M-S diffusivities D,, Di,, D],

Im>

and D) are related to the M-S diffusivities defined

Dot , DZVIZCZBZI?IZ BZ—IVI

D 1272
V V

in terms of mole fractions, D,=D,, D, ., by 912201912722

21° Im >

5

— DV, — PV, .
bl =c¢D, V, = 1% » and P, =cb,V, = 2% m . The symmetry constraint demanded by the

Onsager Reciprocal Relations is

Dl — P, - P D
DH:4V :D21: 21 V’ 21 12 (814)
£ 4 non

Commonly, the modified M-S diffusivities for penetrant-membrane interactions are taken to be

functions of the volume fractions

BII:n :DKn (0) exXp (‘911¢1 +Eph ); Bzym =D;m(0) exXp (‘921¢1 + 522¢2) (S15)
8, 11

In eq (S15), the &,,,¢,,,&,,,&,, are termed plasticization coefficients.

In proceeding further, we re-write eqs (S13) by multiplying with ¢, and ¢, , respectively,

_ b du 4, (w,—u,) N 44, (u)

RT dz BIVZ Bﬁn
(S16)
_ﬁ du, _ 49, (”2 _“1) + &9, (“2)
RT dz D; DZVm

Let us define the volumetric flux of component i, expressed as m’ m~ s as N =gu,. The molar

Vv
u, === . The mass flux of component

1

flux of component 7, expressed as mol m™ s is N/ = cu, =

=~

i, expressed as kg m? s is N = p'N!" = M N where p’ is the liquid phase mass density of the

pure component i. In terms of the volumetric fluxes of components,

In terms of the volumetric fluxes of components, N/ = g.u., equation (S16) may be re-written as
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_ﬂdﬂl_(¢zN1V_¢1NzV) é, N/

RT dz Dl o s
4 Ay, (¢1N2V—¢2N1V) 4N’
RT dz B

The first right members of eq (S17) quantify the contributions of 1-2 friction on the permeation
fluxes.
The left members of eq (S17), containing the chemical potential gradients, may be expressed in terms

of gradients in the volume fractions by introducing an 2x2 dimensional matrix of thermodynamic

correction factors [F] :

2
Sody ldlna zrl ) _ ¢, 0lng, =12
RT dz =i dz / ¢, 0lng,
Olna Olna
b—— h— (S18)
|:r11 1—‘12:| — a¢1 ¢2
r, r Olna Olna
21 22 ¢2 2 ¢2 2
o9, g,
The four elements I',,I},,.I},,I,, can be determined by analytic differentiation of eq (S3).
Furthermore, let us define a 2x2 dimensional matrix [B] whose elements are given by
b b b
[B]= B]VZ Dll:ﬂ BIVZ =|:Bll B12:| (819)
_ ¢2 ¢] ¢m B21 B22

Bz'/l DV Dzym
Combining eqs (S17), (S18), and (S19) we derive an explicit expression for the volumetric fluxes as

functions of the gradients in the volume fractions:

dlna, dlna,

NV — B (¢) NIV _ Bll BIZ B ¢l r;la ¢l I;za %

WO =[BT ' \N') |B, B, g o, olna, || dg, (520)
> og, > og, |\ dz
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A22 BZI BZZ

21

.. . A11 A12 Bll Blz B . .
The matrix inversion = can be performed explicitly:

B v v
ﬂ+¢7m ﬂ Dlljn(¢m +1DV2m] Dlljnﬂl/zm
pl bl b, D, D,
D’ D"
L L5 o0 ofas ]| s
|:A11 A1z}= D, b, b _L 12 12 /|
Ay Aal ( b b J ’ [¢IBZ,,,+¢ZB;+¢J
! BZVI Bltn BII; D;/m D ltn B ;/m " D2Vl Dle "

: g ) : -
The ratios —2, and —2 quantify the degrees of correlations; only one of these is independent
12 21
Dltn BZVm Blljn Vl : :
because —r=—+—7=. Generally speaking for alcohol/water pervaporation processes, the
12 DZI BZm I/2
r
thermodynamic coupling effects engendered by the off-diagonal elements of [ " 12} are much
21 22
bl b/
stronger than the coupling effects caused by finite degrees of correlations: —22, —&.
21 DIZ
The corresponding expression for the molar fluxes are
molar ; O ¢1 8ln al ¢1 aln al d_¢]
N __ 4 Ay Ay od, og, dz (S22)
Ny 0 1A, Ay p dlna, p Olna, || dg,
v, *og " og, |\dz
The corresponding expression for the mass fluxes are
Olna Olna
mass L ¢] 1 ¢] l %
Ny __|A 0|lAy Ay o¢, og, dz (S23)
Ny 0 p) |l Ay Ay P dlna, P Olna, || d¢,
o4 7 og |\ dz
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3.3 Estimation 1-2 friction

We may estimate D/, using the Vignes interpolation formula'? for diffusion in binary liquid mixtures,

adapted as follows"

(B172)=(B2/7) = (B 7)™ (B 7) (524)

with the limiting scenarios

6> 0. D, =D,,; ¢ >0, =D, (S25)

1m>

: . Dy : .
Alternatively, the degrees of correlations —2 may be fitted to match experimental data on mixture

21
permeation.'*

In the limiting scenario in which the degrees of correlations are considered to be of negligible

. . IV ZV . A11 A12 . . .
importance, i.e. —*—0; —* — 0, the matrix simplifies to yield
12 21 21 22
|:A11 Ay, } _ L{Dﬁn 0 } (S26)
AZ] AZZ ¢m O D2Vm

Broadly speaking, we should expect the negligible 1-2 friction scenario to hold when the volume
fractions of both penetrants in the membrane are negligibly small. Equation (S26) is used by Mulder et
al."> ' for modelling pervaporation of water (component 1), and ethanol (component 2) using cellulose

acetate (polymer, component m) membrane.

3.4 Linearized model for binary mixture permeation across polymer membranes

In the linearized approach, we essentially assume that the volume fraction profiles for both penetrants

- ) A, A
across the membrane layer is linear. The elements of each of the two matrices {AH Alz}, and
21 22

1_‘11 1—‘12 . . v v
rr is evaluated by calculating the elements D, (¢Lav,¢2m), D; (¢Lav,¢2m)and L, (¢1’av,¢2,av) at
21 22
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the arithmetic averaged volume fractions ¢, = M . With this assumption, the steady-state fluxes

i,av

for permeation across a membrane of thickness 6 are calculated explicitly using

|:A11 A12j| B
(N]V}: A21 Azz Fn Flz}(ﬂo_ﬂaj
NzV o _F21 F22 ¢20 _¢25
1

Nmolar 7 O NV

( lmolarJ = 1 lV] (827)
Nz 0 ; Nz

£

~

Nlmass ~ p 1L N]V
szass 0 p N;

The accuracy of the linearized model has been established in earlier work.'* All the flux calculations

)

reported in this article use the linearized eq (S27).
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4 Modelling mixture permeation across polymeric membranes

4.1 Ethanol/water pervaporation across PDMS membrane

Polymeric membranes, such as polydimethylsiloxane (PDMS) membranes, have received
considerable attention in the literature due to their hydrophobicity, and hence their capability to separate
- - - 6,8,17,18
organics from dilute aqueous mixtures.
Below we present a re-analysis of the experimental data on pervaporation of ethanol/water mixtures

reported by Hietaharju et al.® and Nasiri and Aroujalian,' with the objective of demonstrating the

significant influence of thermodynamic coupling effects, embodied in the cross-coefficients of

|:F11 1_‘12

}, on the pervaporation fluxes.
FZI 1_‘22

The first step is to establish the sorption equilibrium using the Flory-Huggins model. Figure S3
presents the experimental data of Yang and Lue® on the mass uptakes of penetrants ethanol (1) and

water (2) in PDMS (m) at 298.15 K, plotted as function of the mass fraction of ethanol in the liquid feed

mixture in the upstream compartment @ . The mass uptakes, expressed as kg penetrant per kg dry

membrane, are related to the volume fractions ¢, in the membrane by

Uptake,
$p; P!
Uptake, =—-——; ¢ = : (S28)
3.0, Uptcike] N UptaLke2 +L
P P> Pm

where pf, pt, p, are the densities of the liquid penetrants and membrane. The continuous solid lines

are the Flory-Huggins calculations using the parameters reported by Hietaharju et al.;* see Table S2;
The F-H calculations are in good agreement with the experimental data of Yang and Lue.°
Figure S4a presents calculations for the thermodynamic correction factors for the ternary mixture

ethanol(1)/water(2)/PDMS(m) at 313 K, for varying mass fractions of ethanol (1) in the liquid feed
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mixture in the upstream compartment @, . Particularly noteworthy are the negative values of the T',,.

Figure S4b plots the ratios &, and & as a function of the mass fraction of ethanol, a)f , in the bulk

11 22

liquid mixture in the upstream compartment. The large negative value of —2 implies that the flux of

11

ethanol is strongly influenced, i.e. suppressed, by the driving force for water transport. The value of

r, . . . : r
—2L is also negative, but smaller in magnitude than —= .
22 11

Hietaharju et al.® report experimental data on the mass fluxes of the penetrants N N for

pervaporation of ethanol/water mixtures with varying mass fraction of ethanol, @, in the bulk liquid
mixture in the upstream compartment at temperatures 7 = 313 K, and 333 K. Hietaharju et al.® also
report experimental data for vapor permeation in which the ethanol/water vapor mixture, in equilibrium
with a ethanol/water liquid phase mixture at the corresponding dew point, is permeated across the
PDMS membrane. For modelling their three sets of experiments, we use the linearized eq (S27),
invoking the Vignes interpolation formula (S24). In the modelling procedure, eq (S15) is used to
describe the penetrant-membrane interactions. For pervaporation across PDMS membranes, the volume

fractions of water, ¢, , in the membrane are about one to two orders of magnitude lower than that of
ethanol, ¢ , (cf. Figure S3), and therefore the plasticization coefficients &,,,¢,, are taken as zero. The

fitted values of zero-occupancy M-S diffusivities, D],

Im

(0),B,,,(0), and plasticization coefficients &, &,,
are specified in Table S3. It is noteworthy that we use the same set of plasticization coefficients for all
three sets of experiments &, =5;¢,, =0;¢&, =—18;¢,, =0. For further discussions on the interpretation
and significance of negative values for &,,, see Favre et al."” and Yang and Lue."

Figure S5a,b compare the experimental mass fluxes with calculations using linearized eq (S27); the
agreement is very good for all three sets. The permeation flux relations used by Hietaharju et al.® to

model their own experiments do not account for thermodynamic coupling effects; see equations 28, and
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29 of Hietaharju et al.® Consequently, the match of their model predictions with experiments are
significantly poorer, especially for ethanol; see Figure 7 of their paper.

In order to highlight the importance of thermodynamic coupling, Figure S5¢ compares the mass fluxes

r,, T
of ethanol and water for pervaporation at 313 K, calculated using two different scenarios for { ! 12}

21 1_‘22
. The continuous solid lines in Figure S5c¢ represent model calculations using the linearized eq (S27),

with proper evaluation of I'; using the F-H eqs (S3). The dashed lines in Figure S5¢ represent model
calculations using eq (S27) in which T', =46,, the Kronecker delta. In the scenario in which

thermodynamic coupling effects are ignored, both the fluxes of ethanol and water are higher than for the
scenario including thermodynamic coupling. The influence of thermodynamic coupling is essentially to
reduce the permeation fluxes of both penetrants; this is akin to mutual-slowing down effects in

: 20-22
zeolites,

engendered by molecular clustering phenomena due to hydrogen bonding between alcohol
and water molecules. Figure S5d plots the ratios of the mass flux of ethanol to that of water as a

function of the mass fraction of ethanol, @, in the bulk liquid mixture in the upstream compartment.
The influence of thermodynamic coupling is to suppress the flux of ethanol to a greater extent, leading
to lower ethanol/water separation selectivity.

The analysis of the experimental data of Nasiri and Aroujalian'® for pervaporation of
ethanol(1)/water(2) mixtures across PDMS membrane, measured at three different temperatures 7= 313

K, 323 K, and 333 K are presented in Figure S6. The fitted values of zero-occupancy M-S diffusivities,

B;,(0).D5,(0), and plasticization coefficients &,,,&,, are specified in Table S4. It is noteworthy that

we use the same set of plasticization coefficients for all three sets of experiments
&, =5¢,=0¢,=12;¢,, =0. With these diffusivity data inputs, along with the F-H eqs (S3), the

calculations using the linearized eq (S27) are shown by the continuous solid lines in Figure S6a,b; there

is excellent agreement with the experimental data at all three temperatures.

S21



Modelling mixture permeation across polymeric membranes

Figure S6¢ compares the mass fluxes of ethanol and water for pervaporation at 313 K, calculated

1_‘1 1 1_‘1 2

using two different scenarios for { } The continuous solid lines in Figure S6c represent model

21 22

calculations using the linearized eq (S27), with proper evaluation of I'; using the F-H eqs (S3). The
dashed lines in Figure S6¢ represent model calculations using eq (S27) in which I'; =5, the Kronecker

delta. In the scenario in which thermodynamic coupling effects are ignored, both the fluxes of ethanol
and water are higher than for the scenario including thermodynamic coupling. The influence of
thermodynamic coupling is essentially to reduce the permeation fluxes of both penetrants; this is akin to

20-22

mutual-slowing down effects in zeolites, engendered by molecular clustering phenomena due

hydrogen bonding between alcohol and water molecules. Figure S6d plots the ratios of the mass flux of

ethanol to that of water as a function of the mass fraction of ethanol, a)lL , in the bulk liquid mixture in

the upstream compartment. The influence of thermodynamic coupling is to suppress the flux of ethanol
to a greater extent, leading to lower ethanol/water separation selectivity.

In egs 19, and 20 of Nasiri and Aroujalian,'® used to model their own experiments, the M-S
diffusivities are modified in the following manner in order to explicitly account cluster formation
leading to mutual slowing-down:

D), =b], (0) cXp (511¢1 )exp (_b11¢12 —b,04, ) )

. , (S29)
b,,=b,, (0) eXp(‘921¢1 )exp(—b22¢2 —b, 99, )

The set of plasticization, and clustering, coefficients, along with the zero-occupancy diffusivities are

fitted for each of the three experiments sets; see Table 2 of their paper.

4.2 Water/ethanol pervaporation across cellulose acetate membrane

Cellulose acetate membranes are hydrophilic, and preferentially adsorb water from water/ethanol bulk
liquid mixtures. The upstream face of the membrane is in equilibrium with water/ethanol liquid mixture
of varying mass fractions. Figure S7a presents calculations of the volume fractions of penetrants water
(1), ethanol (2) in a cellulose acetate (polymer, component m) at 293.15 K using the Flory-Huggins
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15, 16
1 5

parameters from Mulder et al., the input data are specified in Table S5. The x-axis is the mass

fraction of ethanol, e, , in the bulk liquid mixture in the upstream compartment.

Figure S7b presents calculations for the thermodynamic correction factors for the ternary mixture

consisting of water (component 1), ethanol (component 2) and cellulose acetate (polymer, component

I,
m). Particularly noteworthy are the large negative values of the I'}, . Figure S7c plots the ratios —=, and

—2L as a function of the mass fraction of ethanol, @, , in the bulk liquid mixture in the upstream

22

T

compartment. The large negative value of implies that the flux of ethanol is strongly influenced, i.e.

22

.. r, . . .
suppressed, by the driving force for water transport. The value of —% is also negative, but smaller in

magnitude than —2-
22

In order to illustrate the influence of thermodynamic coupling on the pervaporation fluxes, we
perform calculations using the input diffusivity data from Mulder et al;'* see data in Table S5.

115

Following, Mulder et al.,” the modified M-S diffusivities for penetrant-membrane interactions are

taken to be functions of the volume fractions

lm( ) ( 11¢1+€12¢2) D;m:D;m(O)exp(gzlgél+822¢2);

S30
EN =6, =6y =6yp =13 (530)

The molar fluxes are calculated using eq (S27), with the assumption that the volume fractions at the

downstream face of the membrane are vanishingly small, ¢, = 0;¢,; = 0. The elements of each of the

. All AIZ 1_‘11 1_‘12 . .
two matrices , and is evaluated by calculating the elements D ,m(¢1 P av)’
21 22 FZI 1_‘22

(¢i0+ i5) ¢i0 The

D; (¢Lav,¢2’av)and [, (¢Lav,¢2ﬂv) at the arithmetic averaged volume fractions ¢, , =——>~-—".

Vignes interpolation formula (S24) is used for estimation of the degrees of correlation.
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The continuous solid lines in Figure S8a are the calculations of the permeation fluxes using eq (S27)
as function of the mass fraction of ethanol (2) in the liquid feed mixture in the upstream compartment,

@ . The dashed lines in Figure S8a represent calculations of the permeation fluxes assuming a scenario

in which the thermodynamic coupling effects are ignored and we assume which I'; =, the Kronecker

delta. The influence of thermodynamic coupling is that both water and ethanol fluxes are suppressed due

to the transport of partners in the mixture.

In Figure S8b, the ratio of the molar flux of water to that of ethanol is plotted as function of the mass
o; . Ignoring

I, . .
—L implies

fraction of ethanol (2) in the liquid feed mixture in the upstream compartment,
22

thermodynamic coupling leads to lower water/ethanol fluxes. The large negative value of

that the flux of ethanol is more strongly influenced, i.e. suppressed, by the driving force for water

transport.
For pervaporation of water/ethanol mixtures across the hydrophilic CA membrane, correlation effects

are important, and serve to retard the transport of water, the more mobile partner in the mixture. In order

BV
2 besides the Vignes

Vv
21

to gauge the importance of correlation effects, Figure S8c compares the water/ethanol flux ratios for

vV Vv 14 14
. : D :
interpolation formula (S24): —22 =0, —2=5, and —2+=20. Please note that the value —2 is
DZI 21 21 BIZ

three additional scenarios for estimating the degrees of correlation,

2m __

4 v vV o Ir

b, b )

calculable from 1;1 = 2;” IV’” L The assertion —* =
BIZ DZI B2m V2 21

,
0 essentially implies the use of eq (S31):

; 0 (¢1o_¢15j
(Nr””l‘"]:_ Z ;{Bﬁn 0 }[F F}M (S31)
Ny 0o L (I-¢=4) 0 B, [T Ty 5
",

With increasing degrees of correlation, the water/ethanol flux ratio decreases, as is to be expected.
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4.3 Water/ethanol pervaporation across polyimide membrane

Figure S9a,b present calculations of the compositions of penetrants water (component 1), ethanol
(component 2) in polyimide membrane (polymer, component m) at 293.15 K. The upstream face of the
membrane is in equilibrium with water/ethanol liquid mixture of varying mass fractions. The Flory-
Huggins model calculations are in good agreement with the experimental sorption data of Ni et al.,” as
presented in Figures 1, and 2 of their paper. Water is preferentially sorbed in the polyimide membrane.

Figure S10a shows calculations of the elements of [F] as function of the mass fraction of ethanol (2)
in the liquid feed mixture in the upstream compartment, @, . The negative values of the off-diagonal
elements I',,,I",, are particularly noteworthy. These negative values imply that the fluxes of both water

and ethanol are negatively influenced by transport of the partners in the mixture.

: : : . r, r
Figure S10b plots the ratios of the elements of thermodynamic correction factors, r—”,r—z‘ as
11 22

function of the mass fraction of ethanol (2) in the liquid feed mixture in the upstream compartment @, .
The off-diagonal elements are significant fractions of the corresponding diagonal elements. Clearly,
thermodynamic coupling should be expected to exert a significant influence on the permeation fluxes.

In order to underscore the significance of thermodynamic coupling we consider the experimental data
of Ni et al.”® on the volumetric fluxes of water, and ethanol, plotted in Figure S1la,b (indicated by

symbols). For modeling purposes, the modified M-S diffusivities for penetrant-membrane interactions

are taken to be functions of the volume fractions

BII:n =B1I;n (0) exXp (511¢1 +Epd ); Bsz :f)sz (0) exXp (‘921¢1 +&x0, );

(S32)
EN=Ep =8y =86y =2

The M-S diffusivities at zero volume fractions for penetrant-membrane interactions used in the

calculations are the same as reported in  Table 1 of Ni et al®

B, (0)=255x10" m’s™; D) (0)=2.1x10" m’s.
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The continuous solid line in Figure S11a,b represent the estimates of the permeation fluxes using the

linearized eq (S27). The best agreement with experiments is obtained the choice of the degree of

y

v, . .
correlaton —2 =3; BIVZ=BQVI72. Ni et al.”> have also concluded that correlation effects cannot be

21 1
ignored.
The dashed lines in Figure S11a,b represent calculations of the permeation fluxes assuming a scenario
in which the thermodynamic coupling effects are ignored and we assume and I'; = &, . The influence of
thermodynamic coupling is that both water and ethanol fluxes are suppressed due to the transport of

their partners in the mixture.

4.4 Water/ethanol pervaporation across PVYA/PAN membrane

Figure S12a shows the experimental data (symbols) of Heintz and Stephan®* for binary sorption of
water/ethanol mixtures across a poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN) composite

membrane. The x-axis is the mass fraction of ethanol(2) in the liquid feed mixture in the upstream

compartment @, . The continuous solid lines are the F-H model calculations using the input data in
Table S7. There is very good agreement between the experimental sorption data and the F-H
calculations.

Figure S12b presents calculations of the thermodynamic correction factors, | plotted as function of
the mass fraction of ethanol(2) in the liquid feed mixture in the upstream compartment @ . The
negative values of the off-diagonal elements I',,,I",, are particularly noteworthy. These negative values
imply that the fluxes of both water and ethanol are negatively influenced by transport of the partners in

. . : : . r
the mixture. Figure S12c plots the ratios of the elements of thermodynamic correction factors, i,r—zl
22

r
1—11]
as function of the mass fraction of ethanol (2) in the liquid feed mixture in the upstream compartment

: r, . .. . : .
o, . The large negative value of —2 implies that the flux of water is strongly influenced, i.e.

11
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suppressed, by the driving force for ethanol transport. The value of Dy is also negative, but smaller in
22

. r
magnitude than —% .
11

Figure S13a,b present calculations of the pervaporation fluxes for permeation of water(1)/ethanol(2)

mixtures across PVA/PAN composite membrane (m) at 333 K. The continuous solid lines are flux

4

calculations based on the linearized eq (S27); wherein the 1-2 friction is described by —22=4,

21

following previous work.'* There is excellent agreement between the experimental data of Heintz and
Stephan® (indicated by symbols) and the model calculations. The dashed lines are flux calculations in

which thermodynamic correction factors are ignored, i.e. I'; =J,. The influence of thermodynamic

coupling is that both water and ethanol fluxes are suppressed due to the transport of their partners in the

mixture.

4.5 CO,/C,H¢ permeation across XLPEO membrane

Figure S14a,b,c,d present calculations of the volume fractions of penetrants (a) CO, (1) and (b) C,He
(2) in a cross-linked polyethylene oxide (XLPEO) membrane (m) at (a,b) 298.15 K, and (c, d) 263.15.
The upstream face of the membrane is in equilibrium with CO,/C,Hg mixtures of five different
compositions. The F-H model calculations, indicated by the continuous solid lines, are in excellent
agreement with the experimental data of Ribeiro and Freeman.”® This is to be expected because the three

interaction parameters y,,, ¥,,.» X», Were determined by fitting of the experimental data.

In order to highlight the importance of thermodynamic coupling effects, Figure S15a,b present the

calculations of the four elements of the matrix of thermodynamic factors I;. In these calculations, the

upstream face of the membrane is in equilibrium with 70% CO, gas mixture. Particularly noteworthy is

the significant negative values of I'}, for sorption at 263.15 K.
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Figure S16a,b,c,d show the experimental data of Ribeiro et al.?’ for permeabilities of (a, ¢) CO; (1)
and (b, d) C,Hg (2) for temperatures (a, b) 263.15 K, and (c, d) 293.15 K. The x-axis represents the
partial fugacity of the permeants in the bulk gas phase in the upstream compartment. Five different
mixture compositions are considered. We note that the permeability of C,Hs is strongly influenced
(increased) by increasing proportion of CO, in the bulk gas phase mixture in the upstream compartment.
On the other hand, the permeability of CO; is influenced to a much reduced extent by the feed mixture

composition. The linearized solution to the M-S equation, eq (S27), wherein the 1-2 friction is described

14

by —22=4 following previous work,'* are shown by the continuous solid lines. In this case

21

thethermodynamic correction factors, I';, are calculated using the F-H eqs (S3). The M-S model

captures, quantitatively, all the essential features of the composition dependence of the permeabilities of
CO; and C,Hg, for all feed mixture compositions at either temperature; see comparisons in

In order to highlight the importance of thermodynamic coupling on the permeation fluxes, Figure S17
presents parity plots of experimentally determined permeabilities with model predictions using two

different scenarios for calculation of the thermodynamic correction factors, I';. In the first scenario
(indicated by red circles), the I'; are calculated using the F-H egs (S3); in the second scenario

(indicated by open squares), the thermodynamic coupling effects are ignored and I'; =5, the

i
Kronecker delta. Ignoring thermodynamic coupling leads to overestimation of the permeabilities of

both penetrants. In other words, thermodynamic coupling leads to mutual slowing down of the

penetrants.
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4.6 List of Tables for Modelling mixture permeation across polymeric membranes

Table S2. Flory-Huggins parameters for ethanol(1)/water(2)/PDMS(m).

The 7-dependent coefficients a,b,c,d,e in the fourth-order polynomial expression

X =a+b(uy)+c(u, )2 +d (u, )3 +e(u, )4; u, = J ¢2¢ X, are provided in Table S2 of Hietaharju et
1+ 2

al.® The penetrant-membrane parameters y, , 7, are described using the model of Yang and Lue:°

Yo =y (1) +—2 D) o (14—

>3 Xom ~. The T-dependent coefficients are
(1+Clm(T)¢m) (1+C2m(T)¢m)

provided in Table 1 of Hietaharju et al.®

The mass densities and molar volumes used in the F-H calculations are

¥, =58.69x10° m* mol™';/, =18x107° m* mol™
%zo;%zo;pm =785;p,, =997;p, =965 kgm™

Membrane thickness: 6 =1.3x107 m.
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Table S3. Diffusivity data for modelling of Hietaharju experiments for ethanol(1)/water(2)/PDMS(m).
Hietaharju et al.® report three sets of experimental data for pervaporation of ethanol(1)/water(2)

mixtures across PDMS membrane of thickness & =80x10° m.
The inputs used for the Maxwell-Stefan diffusivities and plasticization coefficients
b, =D, (0)exp(&,4 +€.6,); D5,=D,,(0)exp(&, 4 +ep,,) for the three sets are as follows.
Set I: Pervaporation with liquid ethanol(1)/water(2) mixture in upstream compartment at 7= 313 K
B (0)=13x10"" m’s™; B, (0)=2.0x10"" m’s™
Set II: Pervaporation with liquid ethanol(1)/water(2) mixture in upstream compartment at 7= 333 K
B, (0)=0.75x10"" m*s™; Dj (0)=3.8x10"" m’s”
Set I1I: Vapor phase permeation of ethanol(1)/water(2) mixture
b (0)=3x10" m’s™; B, (0)=12x10"" m’ s
For all three sets of experiments the same set of plasticization coefficients were used:

&,=5¢&,=0;¢,=-18,¢, =0
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Table S4. Diffusivity data for modelling of Nasiri experiments for ethanol(1)/water(2)/PDMS(m).

Nasiri and Aroujalian18 report three sets of experimental data for pervaporation of ethanol(1)/water(2)
mixtures across PDMS membrane of thickness & =40x10° m. The inputs used for the Maxwell-
Stefan diffusivities and plasticization coefficients

b, =D, (0)exp(&,4 +€.6,); D5,=D5,(0)exp(&, 4 +ep,,) for the three sets are as follows.

Set I: Pervaporation with liquid ethanol(1)/water(2) mixture in upstream compartment at 7= 313 K

D/ (0)=1.0x10" m’s™; B, (0)=1.9x10" m’s”

Set II: Pervaporation with liquid ethanol(1)/water(2) mixture in upstream compartment at 7= 323 K

b/ (0)=0.75x10" m*s™; BH; (0)=2.5x10" m’s™

Set I1I: Pervaporation with liquid ethanol(1)/water(2) mixture in upstream compartment at 7= 323 K

D) (0)=0.65x10" m’s™; B, (0)=3.3x10" m’s”
For all three sets of experiments the same set of plasticization coefficients were used:

&,=5%¢,=0¢,,=12;¢,,=0
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Table S5. Thermodynamics and diffusion data for water/ethanol/cellulose acetate.
The Flory-Huggins parameters for penetrants water (component 1) and ethanol (Component 2) in

cellulose acetate (CA) membrane (indicated by subscript m) at 7= 293.15 K. The data are taken from

Mulder et al.:> !> 16

o =a+ b))+ e,V +dw,) +elw,)'s u, =—2

b+
a=0.9820;b=-1.3483;,c =4.15;d =-3.3116;e =0.8897;
Xm =14 7, =11,
¥V, =18x107° m* mol™
L = O.309;L = 0.002;2 =0.00647;
V2 Vm Vm

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and ethanol
(Component 2) across a cellulose acetate (CA) membrane (indicated by subscript m) at 7 = 293.15 K.
The data are taken from the legend to Figure 5 of Mulder and Smolders."

b/ (0)=8.8x10"m" s
D) =6x10""m’ s™

m

0=20x10° m

En=Ep =8 =6,=13

S32



Modelling mixture permeation across polymeric membranes

Table S6. Thermodynamics and diffusion data for water/ethanol/polyimide.
The Flory-Huggins parameters for penetrants water (1) and ethanol (2) in Polyimide membrane
(indicated by subscript m) at 7= 293.15 K. The data are based on the information provided from Ni et

al.” The y,, parameters are taken to be the same as for water/ethanol/CA.

¢
X, =a+blu,)+clu P du,) +elu 4; u, =—r2
12 (z) (2) (2) (2) 2 ¢1+¢2
a=0.9820;b=-1.3483;c =4.15;d =-3.3116;¢ = 0.8897;

N

14y, =22+ 0.7[LJ;
¢ + ¢,

71 =18x10"° m’ mol™
% = 0.309;% ~ 0.00Z;% =0.00649;

Membrane thickness: § =20x10° m.

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and ethanol
(Component 2) across the polyimide membrane (indicated by subscript m) at 7= 293.15 K. The data on
modified M-S diffusivities at zero volume fractions are taken from Table 1 of Ni et al.”>. The
exponential model is used to describe the variation of the modified M-S diffusivities on the volume

B, (0)=255x10" m’s”

fractions D), (0)=1.5x10"" m*s™ . The 1-2 friction is described by

EW=Ep =86 =&y =5

4
2m_ __
-=3.

21
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Table S7. Thermodynamics and diffusion data for water/ethanol/PVA/PAN.

Flory-Huggins parameters for permeation of penetrants water (1) and ethanol (2) across a poly (vinyl

alcohol) /poly (acrylonitrile) (PVA/PAN) composite membrane (indicated by subscript m) at 7= 333 K.

The y,, parameters were taken to be the same as for water/ethanol/CA. The values of y,,, 7,, were

chosen to match the experimental sorption data presented in Figure 2 of Heintz and Stephan.**

X :a+b(u2)+c(u2)2 +d(u2)3 +e(u2)4; u, :ﬁ
a=0.9820;b=-1.3483;c=4.15;d =-3.3116;e=0.8897;

=065y, =175

N

¥V, =18x10"° m* mol™;¥, = 58.4x10° m* mol™
%zo;%zo;pu =1000; p,, =789;p, =1200 kgm™

Membrane thickness: 6 =1.3x107" m.

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (1) and ethanol (2) across

the PVA/PAN (indicated by subscript m) at 7= 333 K. The M-S diffusivities for water and ethanol

penetrants are assumed to follow an exponential dependence on the volume fractions

vV
Dlm

_ —14 2 -l
(0)=7.5x10" m’s )

D
Dsz(O) =0.35x10"" m? s™'. The 1-2 friction is quantified by —22-=3.

_ _ i ) 21
‘c"ll _612 _521 _522 -
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Table S8. Thermodynamics and diffusion data for CO,/C,H¢/XLPEO at 263.15 K.

Flory-Huggins parameters for permeation of penetrants CO, (1) and C,Hg (2) across a cross-linked
polyethylene oxide (XLPEO) membrane (indicated by subscript m) at 7 = 263.15 K. The input
parameters are based on calculations using the information presented in Appendix A of Ribeiro et al.”
In the Supplementary material of the paper by Krishna," detailed comparison of experimental phase
equilibrium data with predictions of the F-H equations are provided.

Srow =21x10° Pa;  f, , =14.5x10° Pa
X, =—28.2 —m; Xin =1.0421+12.3¢,;  z,, =2.421+ 4.76\/Zl

V, =3.31x10° m’ mol™; ¥, =4.14x10~° m’ mol

Modified Maxwell-Stefan diffusivities for permeation of penetrants CO, (component 1) and C,Hg
(Component 2) across a cross-linked polyethylene oxide (XLPEO) membrane (indicated by subscript m)
at 7=263.15 K.

Input data for diffusivities used in the mixture permeability calculations:

By, =100x10"" exp(8(¢; + m’s’ ’
1'” X084 +4.) . The magnitude of 1-2 friction is described by Dy, _ 4,
BZVm = 38 X 10_12 eXp(9(¢l + ¢2 )) m2 S_l

Vv
21

following previous work.'*
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Table S9. Thermodynamics and diffusion data for CO,/C,H¢/XLPEO at 298.15 K.

Flory-Huggins parameters for permeation of penetrants CO, (1) and C,Hg (2) across a cross-linked
polyethylene oxide (XLPEO) membrane (indicated by subscript m) at 7 = 298.15 K. The input
parameters are based on calculations using the information presented in Appendix A of Ribeiro et al.”
In the Supplementary material of the paper by Krishna," detailed comparison of experimental phase

equilibrium data with predictions of the F-H equations are provided.

-fl,sat = 43 X 105 Pa’ f2,sat = 28 X 105 Pa
X =1.52; x,. =009085 y, =2.0804
V, =4.174x10”° m* mol™; ¥, =6.04x10~ m* mol™

Modified Maxwell-Stefan diffusivities for permeation of penetrants CO, (component 1) and C,Hs

(Component 2) across a cross-linked polyethylene oxide (XLPEO) membrane (indicated by subscript m)

at 7=298.15 K.

Input data for diffusivities used in the mixture permeability calculations:

By, =100x107" exp(8(¢, + m’s’ ’
l'" xp( (¢l ¢2)) . The magnitude of 1-2 friction is described by B—2Ij":4,
D), =38x10"exp(9(¢ +¢,)) m’s’ b,

following previous work."
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4.7 List of Figures for Modelling mixture permeation across polymeric membranes

The component activities in the
sorbed phase in polymer

membrane are in equilibriun
with the bulk fluid mixture

e cthanol, model

0.06 - O ethanol, expt -1 0.0025
[ e water, model
r A water, expt
g 005¢ 00020 ¢
5 . 5
Ethanol(1) g 0.04 - £
E—)> YL 00015 £
j- C E‘
> 0.03; g
X F ethanol(1)/water(2)/ 2
upstream ) (\_3 r PDMS(m), - 0.0010 =
compartment with § 0.02r T=298.15K g
llqwq phase mass Whter(2) % r 3
fractions I 2 o001l 0.0005 2
b, @t E
000(; I T Y 00000
0.0 0.2 0.4 0.6 0.8 1.0

mass fraction of ethanol in upstream liquid mixture, a)1L

Figure S3. Experimental data (indicated by symbols) of Yang and Lue® of the mass uptakes of

penetrants ethanol (1) and water (2) in PDMS (m) at 298.15 K, plotted as function of the mass fraction

of ethanol in the liquid feed mixture in the upstream compartment " . The continuous solid lines are

the Flory-Huggins calculations using the input parameters provided in Table S2.
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mass fraction of ethanol in upstream liquid mixture, a)1|' mass fraction of ethanol in liquid feed mixture, a;1"

Figure S4. Flory-Huggins calculations of (a) the thermodynamic correction factors, I'; and (b) ratios

of the elements of thermodynamic correction factors, I',,/T",,,I',,/T,, for sorption equilibrium of
ethanol (1) and water (2) in PDMS (m) at 313 K, plotted as function of the mass fraction of ethanol in

the liquid feed mixture in the upstream compartment @, .The F-H parameters are provided in Table S2.
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Figure S5. (a, b) Experimental data (indicated by symbols) of Hietaharju et al.® for the pervaporation

mass fluxes of penetrants ethanol (1) and water (2) across PDMS (m) at 313 K, and 333 K, and vapor

permeation, plotted as function of the mass fraction of ethanol in the liquid feed mixture in the upstream

compartment @, . (c) Comparison of the fluxes of ethanol and water at 313 K. (d) Comparison of the

ethanol/water mass flux ratios. The continuous solid lines are flux calculations based on eq (S27). The

dashed lines are flux calculations in which thermodynamic correction factors are ignored, i.e. I'; =

The input diffusivity data are provided in Table S3.
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Figure S6. (a, b) Experimental data (indicated by symbols) of Nasiri and Aroujalian,'® for the mass
pervaporation mass fluxes of penetrants ethanol (1) and water (2) across PDMS (m) at 313 K, 323 K,

and 333 K, plotted as function of the mass fraction of ethanol in the liquid feed mixture in the upstream

compartment @, . (c) Comparison of the fluxes of ethanol and water at 313 K. . (d) Comparison of the

ethanol/water mass flux ratios. The continuous solid lines are flux calculations based on eq (S27). The

dashed lines are flux calculations in which thermodynamic correction factors are ignored, i.e. I'; =3, .

The input diffusivity data are provided in Table S4.
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Figure S7. (a) Calculations of the volume fractions of penetrants water (1), ethanol (2) in a cellulose

acetate membrane (m) at 293.15 K, plotted as function of the mass fraction of ethanol in the liquid feed

mixture in the upstream compartment @; . (b) Thermodynamic correction factors, T ; - (©) Ratios of the

elements of thermodynamic correction factors, I',/I",,,I',,/T’,, . The Flory-Huggins parameters are

specified in Table S5.
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Figure S8. (a) Molar fluxes of water, and ethanol across CA membrane, as function of the mass
fraction of ethanol in the liquid feed mixture in the upstream compartment, @, . (b) Ratio of molar flux
of water to that of ethanol, as function of the mass fraction of ethanol in the liquid feed mixture in the

upstream compartment, @, . The continuous solid lines are flux calculations based on eq (S27). The

dashed lines are flux calculations in which thermodynamic correction factors are ignored, i.e. I'; =3, .

(c) Influence of varying degrees of correlation on the water/ethanol flux ratios. The Flory-Huggins and

diffusivity data are specified in Table S5.
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Figure S9. (a, b) Flory-Huggins calculations (continuous solid lines) of the compositions of penetrants
(a) water (1), (b) ethanol (2) in polyimide membrane (m) at 293.15 K as a function of the composition
of the liquid feed mixture in the upstream compartment. The experimental data (shown by the symbols)
are taken from Figure 1 (for ethanol) and Figure 2 (for water) of Ni et al®. The F lory-Huggins

parameters are specified in Table S6.
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Figure S10. (a) Thermodynamic correction factors factors, I',, for the ternary mixture consisting of

i
water(1), ethanol(2) and polyimide (m), plotted as function of the mass fraction of ethanol (2) in the

liquid feed mixture in the upstream compartment e, . (b) Ratios of the elements of thermodynamic
correction factors, I',/T,,,T,,/T,, as function of the mass fraction of ethanol (2) in the liquid feed

mixture in the upstream compartment @, . The Flory-Huggins parameters are specified in Table S6.
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Figure S11. (a, b) Volumetric fluxes of (a) water, and (b) ethanol across polyimide membrane at

293.15 K. The experimental data (shown by the symbols) are taken from Ni et al.> The continuous solid
lines are flux calculations based on eq (S27); wherein the 1-2 friction is described by B, / b} =3.The
dashed lines are flux calculations in which thermodynamic correction factors are ignored, i.e. I'; =3, .

The Flory-Huggins and diffusivity data are specified in Table S6.
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Figure S12. (a) Experimental data (symbols) of Heintz and Stephan® for binary sorption of
water(1)/ethanol(2) mixtures in poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN) composite

membrane at 333 K. The x-axis is the mass fraction of ethanol(2) in the liquid feed mixture in the

upstream compartment @, . The continuous solid lines are the F-H model calculations using the input

data in Table S7. (b) Thermodynamic correction factors factors, I';, plotted as function of the mass

fraction of ethanol(2) in the liquid feed mixture in the upstream compartment e, . (c) Ratios of the
elements of thermodynamic correction factors, I',/T,,,I’,,/T,, as function of the mass fraction of

ethanol (2) in the liquid feed mixture in the upstream compartment @; .
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Figure S13. (a, b) Pervaporation fluxes for permeation of water(1)/ethanol(2) mixtures across
PVA/PAN composite membrane (m) at 333 K. The experimental data of Heintz and Stephan® are

indicated by symbols. The continuous solid lines are flux calculations based on eq (S27); wherein the 1-
2 friction is described by D, / B}, =3. The dashed lines are flux calculations in which thermodynamic

correction factors are ignored, i.e. I';=5;.

The Flory-Huggins and diffusivity data are specified in

Table S7.
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Figure S14. Calculations of the volume fractions of penetrants (a) CO;, (1) and (b) C,Hg (2) in a

cross-linked polyethylene oxide (XLPEO) membrane (m) at (a, b) 298.15 K, and (c, d) 263.15. The

upstream face of the membrane is in equilibrium with CO,/C,Hs mixtures of five different

compositions. The experimental data (symbols) on mixed-gas sorption are those presented in Figures 5

and 6 of Ribeiro and Freeman.”® The F-H data are summarized in Table S8, and Table S9. In these

calculations, the ratio V=1 =0, i.e. the molar volume of the penetrant is negligible in comparison to the

m

molar volume of the polymer.
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Figure S15. (a, b ) Calculations of the elements of the matrix of thermodynamic factors for penetrants
CO; (component 1) and C,H¢ (Component 2) in a cross-linked polyethylene oxide (XLPEO) membrane
(indicated by subscript m) at (a) 263.15 K, and (b) 298.15 K. The F-H data are summarized in Table S8,

and Table S9.
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Figure S16. Membrane permeabilities, expressed in Barrers, of (a, ¢c) CO,(1), and (b, d) C,He(2) for
binary CO,(1)/C,H¢(2) mixture permeation across a cross-linked polyethylene oxide (XLPEO)
membrane at (a, b) 263.15 K, (c, d) 298.15 K. The x-axis represents the partial fugacity of (a, ¢) CO,(1),
and (b, d) C,He(2) in the bulk gas phase in the upstream compartment. The experimental data (symbols)
on component permeabilities are those presented in Figures 2, 4, and 5 of Ribeiro et al.*’ The continuous

solid lines are the the linearized M-S model predications in which the 1-2 friction is described by

Dl /D) =4. The F-H and diffusivity data are summarized in Table S8, and Table S9.
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Figure S17. Parity plots comparisons of the experimental data on membrane permeabilities reported
by Ribeiro et al.?” of (a, ¢) CO,, and (b, d) CoHs for binary CO,/C,Hs mixture permeation across cross-
linked polyethylene oxide (XLPEO) membrane at (a, b) 263.15 K, (c, d) 298.15 K with the model

predictions using the linearized M-S model (indicated by red circles) in which the 1-2 friction is

described by D) / D} =4. The open squares are the M-S calculations in which the thermodynamic
correction factors are ignored, i.e. i.e. I'; =6;. The F-H and diffusivity data are summarized in Table

S8, and Table S9.
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5 Nomenclature

Latin alphabet

ai activity of species i, dimensionless

[B] Square matrix containing M-S diffusivities, m™ s

G molar concentration of species i, mol m™

b, M-S diffusivity for binary pair i-j, m* s

%4 . . . . . . . . 2 -1

D, modified M-S diffusivity for binary penetrant pair i-j, m” s
b modified M-S diffusivity for penetrant i in polymer m, m*s™
fi partial fugacity of species i, Pa
fisat saturation fugacity of species 7, Pa

[1] Identity matrix with elements J;;, dimensionless

m refers to polymer membrane (= species n+1), dimensionless
M; molar mass of species 7, kg mol”

M mean molar mass of mixture, kg mol™

N molar flux of species 7, mol m™ s

N molar flux of species i, kg m™ s™

N/ volumetric flux of species i, m> m™ s

n number of penetrants, dimensionless
pi partial pressure of species i, Pa

R gas constant, 8.314 J mol” K!

T absolute temperature, K

¢L
uy = W relative volume fractions in bulk liquid mixture, dimensionless
+
1 2
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Nomenclature

u, = b relative volume fractions in polymer phase, dimensionless
¢+

u; velocity of motion of i, ms™

71. partial molar volume of species i, m® mol™

%4 molar volume of mixture, m> mol

z distance coordinate along membrane thickness, m

Greek alphabet

I thermodynamic factors, dimensionless

] matrix of thermodynamic factors, dimensionless

1) thickness of membrane, m

Oj Kronecker delta, dimensionless

Eij plasticization coefficient, dimensionless

[A] matrix of Maxwell-Stefan diffusivities, m’ s’

L molar chemical potential, J mol™

& volume fraction of penetrant i in polymer, dimensionless

PF volume fraction in bulk liquid mixture, dimensionless

I, permeability of species i for polymer membrane, mol mm?s” Pa™
L mass density of component i, kg m™
V4 interaction parameter in Flory-Huggins model, dimensionless
@; mass fraction of component i, dimensionless

o mass fraction of component i in liquid phase feed mixture, dimensionless
Subscripts
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Nomenclature

i referring to penetrant i

m referring to membrane

0 upstream face of membrane, z =0
o upstream face of membrane, z =0
Superscripts

A% referring to use of volume fractions
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