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The primary objective of this article is to develop an analytic procedure for calculating the permeation
fluxes of mixtures of penetrant molecules across polymeric membranes. The developed approach
combines (1) the Flory-Huggins (F-H) description of phase equilibrium thermodynamics, and (2) the
Maxwell-Stefan (M-S) diffusion formulation. For compatibility reasons, the M-S equations are re-
formulated in terms of volume fractions, rather than the more commonly used mole fractions. Using

matrix algebra, explicit expressions are derived for calculation of the trans-membrane fluxes and
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component permeabilities. The accuracy of the developed procedure is demonstrated by comparison
with published experimental data on CO,/CoHg and water/ethanol mixture permeation.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Accurate, and robust models to describe the mixture permeation
fluxes across polymeric membranes are essential in the design and
development of gas separations, pervaporation, dialysis, reverse
osmosis processes, and direct methanol fuel cells. It is generally
recognized that chemical potential gradients are the proper driving
forces for diffusion in polymers [1—7]. The component chemical
potentials in the polymer phase are most conveniently described by
the Flory-Huggins (F-H) model that relates the component activities
to the volume fractions of the penetrants [8—11|. For binary mixtures
of penetrants, with interaction parameters x12,x1m.X2m that are
composition independent, the F-H model relates the activity, a;, of
penetrant i, to its volume fraction, ¢;, as follows

where V; is the partial molar volume of species i. We also note that
the membrane volume fraction is ¢;,=1—¢1—¢>. In general, all three
interaction parameters y12,X1m.X2m Will be functions of the volume
fractions of the penetrants and Equation (1) needs to be extended
[8,9]; detailed discussions on this aspect are included in the Sup-
plementary material accompanying this communication.

The Maxwell-Stefan (M-S) approach, that is firmly rooted in the
theory of irreversible thermodynamics, provides a convenient and
practical framework for setting up the flux relations for multi-
component diffusion; most commonly, the M-S diffusion formu-
lation is set up using mole fractions as composition measures
[12—15]. The calculation of trans-membrane fluxes of the pene-
trants requires the combination of M-S and F-H model descriptions;
this combination requires re-casting the M-S equations in terms of
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volume fractions [3,4]. Such a combined model has been set up by
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Ribeiro et al. [4] for quantitative description of CO,/CoHg mixture
permeation across a cross-linked polyethylene oxide (XLPEO)
membrane; the resulting set of coupled ordinary differential
equations (ODEs) were solved using numerical methods.

The primary objective of the present communication is to
develop explicit analytic expressions for the trans-membrane
fluxes as functions of the volume fraction gradients; this develop-
ment requires re-casting the M-S equations in two-dimensional
matrix notation. The proportionality between fluxes and volume
fraction gradients is described by a matrix of effective Fick diffu-
sivities, [D]=[B]"'[I'] where [I'] is a matrix of thermodynamic
correction factors, determinable by analytic differentiation of the F-
H equations. The elements of [B] can be calculated from informa-
tion on M-S diffusivities for penetrant i -membrane (m), and
penetrant (1) — penetrant (2) frictional interactions. For the sce-
nario in which the Fick matrix [D] can be assumed constant, say by
evaluation at the average composition in the membrane, the fluxes,
can be determined explicitly, obviating the need for numerical
solutions of ODEs; this simplification will be of value to both re-
searchers and practitioners.

The accuracy of the linearized M-S approach is established by
comparison with the experimental data of Ribeiro et al. [16] on
permeabilities for CO2/C;Hg/XLPEO. The linearized M-S approach is
also applied to the modelling water/alcohol pervaporation pro-
cesses, and the immersion precipitation process for membrane
preparation.

The Supplementary material accompanying this publication
provides: (1) the F-H model parameters used in the phase equi-
librium calculations, (2) detailed derivation of the M-S equations
using volume fractions, and (3) input data on the M-S diffusivities
in the illustrative examples.

2. Matrix formulation of the Maxwell-Stefan equations

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 (u;—u;). For binary mixture diffusion, the M-
S equations written in terms of volume fractions take the form (see
detailed derivations in the Supplementary material)

_l duy _ P2(Uq — Up) 4 om(U — Um)

RT dz A Y (2)
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RT dz by, pY_

The polymer membrane can be considered to be stagnant, i.e.
um = 0. The superscript V serves as a reminder that the M-S pair
diffusivities are not ones that arise in the commonly used M-S
formulation in terms of mole fractions [17]. The modified M-S dif-
fusivities are related to the ones commonly used:
cbaVy = D"Z/VZ =bY,, and ¢P1Vim = D“{’/Vm =DY_ wherec; =1/V
is the mixture molar density. We have the symmetry constraint

v Vv

% = i that is imposed by the Onsager reciprocal relations. The
1

dlffuswmes D‘{m, and D‘z’m may be interpreted as inverse drag co-

efficients for 1-m, and 2-m friction. An important, persuasive,
advantage of the M-S formulation is that DYm- and DV are relatable
to the corresponding M-S diffusivities for unary permeation of 1
and 2 across the membrane [4]. For interpretation of binary

permeation experimental data, it is common to use the exponential

model [4,18].

DY, = DYoo explAi (o1 + Cr202); DY,
= DY o eXp[Az(92 + C2101)] (3)

to describe the composition dependence of the M-S diffusivities for
penetrant-membrane frictional interactions. The values of the pa-
rameters D}{n o and A; can be determined by fitting data on unary
permeation. The parameter Cj portrays the influence of the influ-
ence of the sorption loading of species j on the M-S diffusivity of
species i; this parameter must be determined from binary perme-
ation experimental data. The quantity D‘{z reflects the frictional drag
between the two penetrants as they traverse the membrane. There
are no reliable estimation procedures for 1-2 friction and, therefore,
DY, needs to be fitted to experimental data on binary mixture
permeation; we return to this point later in the discussions.

In proceeding further it is convenient to define the volumetric
flux of component i, NY = p;u;, that has the units m®> m=2 s~ In
terms of the volumetric fluxes of components, Equation (2) is

A 2 NY — o:NV NV
J= 1] im
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which is equivalent to Equation (12) of Ribeiro et al. [4], but
expressed in terms of volumetric fluxes. In order to explicitly relate
the volumetric fluxes to the gradients of the volume fractions, we
define a set of two matrices, as follows. Firstly, we define a matrix of
thermodynamic factors [I']:
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(5)

The four elements I'11,I'12,121,'22 can be determined by analytic
differentiation of the Flory-Huggins relations relating the compo-
nent activities to the volume fractions; explicit analytic expressions
are provided by Mulder and Smolders [6] and Ribeiro et al. [4].

Secondly, we define a matrix of inverse diffusivities [B] whose
elements are given by

1
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Using the definitions in Equation (5) and (6), we may re-cast
Equation (2) to obtain the following explicit expression for the
trans-membrane volumetric fluxes

doy
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where the matrix of Fick diffusivities is the product [D]=[B]"'[I],
demarcating the contributions of “diffusion” and “thermody-
namics”, respectively. In general, each of the matrices, [B] ! and [I']
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Fig. 1. Permeabilities, expressed in Barrers, for unary permeation of (a, c) CO, and (b, d) C;Hg across XLPEO membrane at (a, b) 298.15 K, and (c, d) 263.15 K. The simulations details

and input data are provided in the Supplementary material.

has significant off-diagonal elements, causing the permeation
fluxes NiV to be strongly coupled, i.e. the flux of each penetrant is
influenced by the volume fraction gradients of both penetrants, not
just its own. The molar flux of component i, expressed as mol m~2
s~ is calculated using

%
gi N

N; = qu; = 2u; = - (8)
1 %1 Vi 1 Vi

For the special case of unary permeation of component 1 in
membrane (m), Equations (7) and (8) degenerate to yield

11 v olna; dog
V] 1- ®1 1m61n ®1 dz

Ny =

(9)

Equation (9) is equivalent to that used by Fornasiero et al. [19]
for diffusion of water through soft-contact-lens materials and
Ribeiro et al. [4] for modelling unary permeation of CO, and C;Hg
across XLPEO membrane. The effective Fick diffusivity for unary
permeation is

1 v dlna,

Prer =15 Pimain o,

3. Steady-state unary permeation across polymer membrane

At steady-state, the unary permeation flux can be determined by
integrating Equation (9) over the membrane thickness, 4,

P15 P16
1 1 1 oln a
N6:—:/D d :—:/ pY 14 11
1 v, 1.effde1 v, 1= o0 1mln o, 991 (11)
P10 P10

In Equation (11), ¢10 and ¢15 are the volume fractions of the
penetrant 1 at the upstream and downstream faces, respectively;
these volume fractions are determined by equating the activities at
the two membrane faces with the activities in the bulk fluid mix-
tures in the upstream and downstream compartments respec-
tively; the determination of the volume fractions at either
membrane face requires the use of an equation solver such as the
one available in Microsoft Excel.

In the membrane permeation literature, experimental data for
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Fig. 2. Permeabilities, expressed in Barrers, of (a, ¢, ) CO,, and (b, d, f) C;Hg for binary CO,/C,Hg mixture permeation across XLPEO membrane at (a, b) 298.15 K, and (c, d, e, f)

263.15 K. For the simulations presented in (e) and (f), the 1-2 friction is ignored. The simulations details and input data are provided in the Supplementary material.

gas separations are often presented in terms of component per-
meabilities, defined as

II; =

N;

4fi/6

/0

(12)
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Supplementary material.

In Equation (12), 4f; is the difference in the fugacities in the
upstream and downstream compartments.

If the volume fraction of the component 1 at the downstream
face of the polymer membrane are taken to be vanishingly small,
i.e. 915=0;f16=0;, and D1 is evaluated at the arithmetic average
volume fraction (919 + ¢15)/2, we get

Ny 11 11
Iy = 7e= 4= =D —0)=——D 13
V=Af, ~ 4f 72 1eff (910 = 0) Fio V7 1ef(@10) (13)

Equation (13) represents the simplified, i.e. linearized, solution
to the Maxwell-Stefan description of unary permeation.

Fig. 1a,b present the experimental data on the permeabilities for
unary permeation of CO, and C;Hg across XLPEO at 298.15 K, as
reported by Ribeiro et al. [16] The continuous solid lines are the
calculations using the simplified Equation (13), along with the
exponential model in Equation (3). The results obtained with the
linearized solution are indistinguishable from those obtained from
the exact solution given in Equation (11). Both models are in good
agreement with the experimental data.

Fig. 1c,d present the corresponding data for permeabilities for
unary permeation of CO; and C;Hg across XLPEO at 263.15 K. At the

lower temperature, the volume fractions of the penetrants in the
membrane are higher, and interactions between the penetrants and
membrane is stronger. Consequently, the linearized solution de-
viates slightly from the exact analytical solution at high upstream
fugacities. Both linearized model, and exact solutions, are in good
agreement with the experimental data of Ribeiro et al. [16].

4. Permeation of CO,/C;Hg mixtures across XLPEO membrane

The computational benefits of the linearized model are signifi-
cant in binary mixture permeation. Fig. 2a,b present experimental
data of Ribeiro et al. [ 16] (indicated by symbols) for the permeabil-
ities of CO, and CyHg for CO,/CyHg/XLPEO permeation at 298.15 K.
The x-axis represents the partial fugacity of the permeants in the
bulk gas phase in the upstream compartment. We note that the
permeability of CO, is practically unaffected by the mixture
composition of the bulk gas phase in the upstream compartment. In
sharp contrast, we note that the permeability of CoHg is strongly
influenced (increased) by increasing proportion of CO, in the bulk
gas phase mixture in the upstream compartment. The continuous
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solid lines in Fig. 2 are obtained from the flux Equation (7), combined
with (8) and (12), wherein [B]~![I'] is evaluated at the arithmetic
average volume fractions (¢jo + ¢i5)/2=(9ip)/2. In these calcula-
tions, D‘{Z is estimated from the fits provided by Ribeiro et al. [4]. The
linearized set of M-S equations captures, quantitatively, all the
essential features of the composition dependence of the perme-
abilities of the two penetrants.

Fig. 2c,d compare the experimental data for CO,/C;Hg/XLPEO
permeation at a lower temperature of 263.15 K at which molecule-
molecule and molecule-membrane interactions are significantly
stronger, and more strongly composition dependent. At this lower
temperature, the permeabilities of both components are influenced
by the mixture composition. The linearized M-S model, in combi-
nation with F-H, affords a quantitative reproduction of the exper-
imental data.

If the friction between the two penetrants is ignored, i.e.
bY, > >b},,; bY,>>DY,, then the matrix [B] simplifies to a di-
agonal matrix

B = (/’m/DX’n; Bjji+j =0 (14)

The calculations in Fig. 2e,f are obtained using Equation (14) for
binary permeation at 263.15 K. We note that this simplified sce-
nario captures the composition dependence only qualitatively, but
the quantitative agreement is not as good as in Fig. 2c,d. For a
quantitative modelling of mixture permeation, 1-2 friction cannot
be ignored.

5. Water/ethanol pervaporation across polymer membranes

The contribution of the off-diagonal elements of [I'] are partic-
ularly significant for separation of water/alcohol mixtures by per-
vaporation. In order to demonstrate this, Fig. 3a presents
calculations for the thermodynamic correction factors for the
ternary mixture consisting of water (1), ethanol (2) and cellulose
acetate (m) using the Flory-Huggins parameters from Refs. [6,7].
Cellulose acetate membranes are hydrophilic, and preferentially
adsorb water from water/ethanol bulk liquid mixtures. Fig. 3b plots
the ratios I'y3/I'11, and I'y1 /Iy, as a function of the volume fraction
of water in the bulk liquid mixture. The large magnitude of I'y1 /12
implies that the flux of ethanol is strongly influenced by the driving
force for water transport. The influence of thermodynamic coupling
is to suppress the flux of ethanol and enhance the water flux, a
desirable result for pervaporation separations. In order to illustrate
the influence of thermodynamic coupling on the pervaporation
fluxes, we perform calculations using the input diffusivity data from
Ref. [6]. The fluxes are determined from Equations (7) and (14), with
evaluation of [B]"![I'] at the arithmetic average volume fractions
(pio + @i5) /2= (pjg)/2; the results are shown by the continuous solid
lines in Fig. 3c. The dashed lines in Fig. 3¢ represent calculations of
the permeation fluxes assuming a scenario in which the thermo-
dynamic coupling effects are ignored, i.e. we assume [I']=[I], the
identity matrix; both fluxes are strongly influenced by this simpli-
fying assumption. Fig. 3d presents calculations of the permeation
selectivities; inclusion of thermodynamic coupling effects improves
the separation selectivity in favor of water.

We now investigate the importance of 1-2 friction in perva-
poration processes by considering the experimental data of Ni et al.
[20] for water/ethanol pervaporation across polyimide membrane;
their data on volumetric fluxes of water, and ethanol are plotted in
Fig. 4a,b. Based on unary permeation experiments, we take
By, =255x10"13, and DYy, =2.1x 101> m? s°!; both these
diffusivities are assumed to be composition independent. We es-
timate DYz using the Vignes interpolation formula [21] for diffusion
in binary liquid mixtures, adapted as follows
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Fig. 4. Volumetric fluxes of (a) water, and (b) ethanol across polyimide membrane. The
symbols represent the experimental data of [20]. The continuous solid lines are the
flux calculations using the linearized M-S equations, along with the logarithmic
interpolation formula. The dashed lines are simulations in which the 1-2 friction is
considered to be negligible. The simulations details and input data are provided in the
Supplementary material.

(PFa/V2) = (P41/¥1)

—\ #1/(P1+92) —\ @1/ (P1+92)
= (BYm/V2) (BYm /1) (15)
with the limiting scenarios
92—0, BYy =DY; 010, DY, =DJ, (16)

Equation (15) is also commonly used in the description of binary
mixture diffusion in microporous crystalline materials such as ze-
olites and metal-organic frameworks [22—24]. The flux calculations
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using Equations (7) and (15) are shown by the continuous solid
lines in Fig. 4. The dependences of the volumetric fluxes on the feed
composition, including the maximum in the ethanol flux, are
essentially captured by the linearized M-S model that includes 12
friction.

The dashed lines in Fig. 4 are the flux calculations assuming that
1-2 friction is negligible, and Equation (14) is invoked; the agree-
ment with experimental data is significantly worsened. Comparing
the two sets of simulations in Fig. 4 it can be concluded that the
inclusion of 1-2 friction has the effect of reducing the permeation
selectivity. In the modeling of direct methanol fuel cells, the in-
fluence of 12 friction is non-negligible [25,26].

Heintz and Stephan [14] have also underscored the importance
of diffusional coupling effects for pervaporation of water/ethanol
mixtures across a poly (vinyl alcohol)/poly (acrylonitrile) composite
membrane. Their experimental data also show a maximum in the
ethanol fluxes, analogous to the observations in Figs. 3¢ and 4b.
Simulation of their experiments using the linearized M-S model is
able to capture the maximum in the ethanol flux; see Fig. S25.

6. Conclusions

Mixture permeation across polymer membranes is modelled by
combining the Maxwell-Stefan (M-S) diffusion formulation with
the Flory-Huggins (F-H) description of phase equilibrium thermo-
dynamics. For compatibility with the F-H model, the M-S equations
is re-formulated in terms of volume fractions. The key result of this
work is Equation (7), that allows the explicit determination of the
fluxes. If the matrix of Fick diffusivities [D]=[B]~'[I'] is assumed
constant, and evaluated say at the average composition in the
membrane, the flux calculations are further simplified and there is
no need for solution of coupled ODEs. Equation (7) can be gener-
alized easily to n-component mixture permeation; see derivations
in Supplementary material. The developed matrix approach clearly
demarcates the contributions of diffusion and thermodynamics,
reflected in the matrices, [B]~! and [I'], respectively.

For CO,/C,Hg/XLPEO mixture permeation, the calculated per-
meabilities using the linearized M-S model are in excellent agree-
ment with published experimental data.

Thermodynamic coupling effects, arising from off-diagonal
contributions of [I'], have a strong influence in pervaporation pro-
cesses. Also important in the modelling of pervaporation processes
is the contribution of 12 friction; neglect of 1-2 friction is not
recommended for modelling of pervaporation separations. In this
context, the interpolation formula suggested in Equation (15) de-
serves further scrutiny with regard to its applicability to polymer
membranes.

The linearized solution to the M-S equations can also be gain-
fully employed to model diffusion close to demixing regions, that is
encountered in the immersion precipitation process for membrane
preparation [27,28]; details are provided in the Supplementary
material. In this case, the curvilinear diffusion equilibration tra-
jectories often experience forays into meta-stable regions, lying
between the spinodal and binodal curves; see Figs. S29—S40. Such
forays signal the phenomenon of uphill diffusion [17,29-33], and
have a significant impact on the membrane structure created.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.polymer.2016.09.051.

Notation

aj activity of species i, dimensionless

Aj constant describing the composition dependence of M-S
diffusivity, dimensionless

[B] matrix defined by Equation (6), m 2 s

Ct total molar concentration of mixture, mol m—>

Gj constant describing the composition dependence of M-S

diffusivity, dimensionless

bjj M-S diffusivity for binary pair i-j, m? s~

D}Jf m?diﬁed M-S diffusivity for binary penetrant pair i-j, m?
s

D}{n m(])diﬁed M-S diffusivity for penetrant i in polymer m, m?
s

D eff Effective Fick diffusivity of species i, m? s~

(D] Fick diffusivity matrix, m? s~!

fi fugacity of species i, Pa

[ Identity matrix with elements ¢ j, dimensionless

N molar flux of species i, mol m~2 s~

Niv volumetric flux of species i, m®> m=2 s~

R gas constant, 8.314 ] mol~! K~!

T absolute temperature, K

Ui velocity of diffusion of species i, m s~

Vi partial molar volume of species i, m> mol~!

1% molar volume of mixture, m> mol !

z direction coordinate, m

Greek letters

) membrane thickness, m

0 Kronecker delta, dimensionless

L thermodynamic factors, dimensionless

[I'] matrix of thermodynamic factors, dimensionless

i molar chemical potential, ] mol~!

d; volume fraction of penetrant i in polymer, dimensionless

<p,.L volume fraction in bulk liquid mixture, dimensionless

X interaction parameter in Flory-Huggins model,
dimensionless

wj mass fraction of component i, dimensionless

Subscripts

i referring to penetrant i

m referring to membrane

t referring to total mixture

Superscripts

\'% referring to use of volume fractions
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1. Preamble

This Supplementary material accompanying the article Describing Mixture Permeation across
Polymeric Membranes by a Combination of Maxwell-Stefan and Flory-Huggins Models 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.

2. The Flory-Huggins description of phase equilibrium thermodynamics

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 (Cs;Hs). 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 Figure 1.

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 peneterant

species i; the volume fraction of species i is ¢, =ci7i. The volume fractions are related to the mass

fractions, o,

a)i
a)lzﬂzﬁ; ¢1’=ch[= npiO (1)
.
P Z¢ipi0 z :
i=l i=1 Pio
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In equation (1), the p,, are the pure component mass densities. The use of mole fractions is not

convenient for description of the mixture equilibrium in polymers, because the molar mass of the
polymer chains are ill defined.’

The Flory-Huggins model for binary mixture of penetrant (1) and polymer (indicated by subscript m)
is

Ing, = 1n(¢1)+(1—¢1)—¢m%+zlm¢,i

m 2)
¢m =1- ¢1

Equation (2) contains a non-ideality, or interaction parameter ., that is assumed to be independent of
the volume fraction. Figure 2 illustrates the influence of the interaction parameter on the activity (a;)

Olna,

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

1

this are in the following sections). In these calculations, the ratio V=1 =0, i.e. the molar volume of the

m

penetrant is negligible in comparison to the molar volume of the polymer. If  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 2.

If the interaction parameter ¥, in equation (2) is composition dependent, the F-H model for the

activity needs to be extended as follows

ina, =In(@) + (1) ~(1-4) -+ 1, (1= + 00 F %= 3

Readers are warned that Equation (16) of Verros and Malamataris® contains a typo, and Equation (3)
above is the correct equation that should be used.
The Flory-Huggins model for binary mixture of penetrants (Components 1, and 2) in a polymer

membrane (indicated by subscript m) is™’
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Ina, = In(g)+ (- 4)— 4, %—@, Vi—w (2t + 2o X+ 8,)— 2o %m
Ina, =1n<¢2)+<1—¢2>—¢1%—¢,,,Z:z{znqﬁl%wzmm](«ﬁl +¢m)—zlm%¢l¢m @)

¢m :1_¢1 _¢2

In the Flory-Huggins formulations presented in Equation (2) and Equation (4), the interaction

parameters ¥,,, ¥,.» X», are assumed to be constant, i.e. independent of the volume fractions.
In general, all interaction parameters y,,, ¥, X, Will be functions of the volume fractions of the

penetrants; see discussions in Yang and Lue,” and Mulder et al.” In this case, the Flory-Huggins model
needs to be extended and the more general model equations for the activities are provided by Yang and

Lue,® Mulder et al.” and Varady et al."

3. Equilibrium between bulk fluids and membranes

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 in the gaseous
state at elevated pressures, or in the liquid state; see schematic in Figure 3. The pressure in the
downstream compartment corresponds to ambient pressures or vacuum. Thermodynamic equilibrium is
assumed to prevail between the bulk fluid mixture in the upstream compartment and the sorbed mixture
in the upstream face of the membrane. An analogous situation prevails in the downstream compartment;
there is equilibrium between the bulk fluid mixture in the downstream compartment and the
downstream face of the membrane.

Let us first consider the scenario in which the upstream compartment contains a binary gas mixture.
The equilibrium relation, for either upstream or downstream sides of the membrane, may be written as

Hi— g = RTIH(L] = RTln(ai) (5)

i,sat

where f; is the partial fugacity of gaseous component 7 in the bulk fluid mixture, and f; s is the fugacity

of pure component i at saturation, and a; is the activity of component i in the sorbed phase in the
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polymeric membrane; the activities within the membrane are described by Equation (4). For further
discussions on fluid-polymer equilibrium and the interpretation of equation (5), see Ribeiro and
Freeman.™*

For specified set of partial fugacities in the upstream compartment, the volume fractions of the
penetrants in the polymer membrane may be calculated by solving equations (4) and (5) simultaneously,
using an equation solver. All the calculations presented in this article were implemented in MathCad
15." As illustration, Figure 4 presents calculations of the volume fractions of penetrants CO,

(component 1) and C,Hg (Component 2) in a cross-linked polyethylene oxide (XLPEO) membrane

(indicated by subscript m) at 298.15 K; at this temperature all interaction parameters y,,, ¥,,.» ¥, ar€

independent of the volume fractions in the membrane; the values are specified in Table 1. The upstream
face of the membrane is in equilibrium with CO,/C;Hs mixtures of five different compositions. The
experimental data (indicated by symbols) on mixed-gas sorption are those presented in Figures 5 and 6
of Ribeiro and Freeman.'' The simultancous solution to equations (4) and (5), 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,,, 7,,,» ¥, were determined by fitting

the experimental data to Equation (4).

Figure 5 presents the experimental data (indicated by symbols) for the volume fractions of penetrants
CO; (component 1) and C,H¢ (Component 2) in a cross-linked polyethylene oxide (XLPEO) membrane
(indicated by subscript m) at 263.15 K with the F-H model calculations. At this lower temperature, all

three interaction parameters y,,, %,,» ¥, parameters were determined to be dependent on the volume

fractions of the penetrants and empirical fits are provided by Ribeiro et al.” For convenience to readers,
the data fits at 263.15 K are provided in Table 2. It is to be noted that the fitted expressions obtained by
Ribeiro et al.” are based on the use of Equations (4), and not on the extended equations provided by
Yang and Lue,® Mulder et al.” and Varady et al.'

The simultaneous solution to equations (4) and (5), indicated by the continuous solid lines, are in

excellent agreement with the experimental data of Ribeiro and Freeman."'
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In a subsequent section, we will compare model calculations of mixture permeation fluxes with
experimental data at 298.15 K and at 263.15 K.

Let us now turn our attention to a scenario in which the upstream compartment contains a binary
liquid mixture; this scenario is relevant to membrane pervaporation processes. A detailed analysis of the
equilibrium between the binary liquid mixture (Components 1, and 2) and the polymer membrane
(Penetrants 1, 2, and polymer membrane (m)) is available in the works of Yang and Lue,® and Mulder et

al.’

Let ¢",4; represent the volume fractions of components 1 and 2 in the bulk liquid mixture. These

L
a)i
P

volume fractions are related to the mass fractions in the bulk liquid mixture ¢" = n—’OL We also have

>

i=1 Pio

the constraint ¢" + ¢, =1. The component activities in the liquid mixture are described by the F-H

model

Il = @)+ (1= SLygk + 7ot - g (0 222
2 . ¢2 (6)

V. V. > V. oy
Inat =In(¢X)+(1-=2)p" + =2 LY Y2 g4t 12
na, n(g, ) + ( 7 )P 7 Z12(¢1 ) 7 b, (¢1 )2 5¢2L

Equation (6) corresponds precisely with equations (9), and (10) of Mulder et al.” The ,, is related to

the excess Gibbs free energy

1 x x GexCGSS
X =—7|xIn(Cp)+x, In(EH) + RT }

19> | ) 7)
GC)CC@SS

RT

=x, In(y,) + x, In(y,)
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. . . c M, o — . .
In equation (7), x,,x, are liquid phase mole fractions x, =—= ‘—=—-M . The interaction

¢, za)l- Mi

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

excess

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.S’ ? Mulder et al.” have also shown

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

L

grpl

expressed as a fourth-order polynomial in u) =

In=a+ b(uzL )+ c(u,f )2 + a’(uzL)3 + e(u,j )4; bulk liquid mixture
L # 4! ®

u2_¢1L+¢2L:¢2L;u1L: _¢1L:1_”2L:1_¢2L

ol ot

Since the proper description of the composition dependence of the interaction factor y,, is of vital
importance in the description of phase equilibrium, we need to establish the accuracy of the 4™ order
polynomial fit suggested by Mulder et al.” Figure 6a presents alculations of the interaction factor X
for ethanol(1)/water(2) mixtures at 298.15 K using equation (7) and the Wilson parameters provided by
Yang and Lue.® Also shown are the 4-th polynomial fits with coefficients specified in Table 5. There is
perfect agreement between the two sets.

Figure 6b presents calculations of the interaction factor y,, for water(1)/ethanol(2) mixtures at 333 K
using equation (7) and NRTL parameters from the literature. Also shown are the 4-th polynomial fits
with coefficients specified in Table 7. There is perfect agreement between the two sets.

Figure 6¢ presents calculations of the interaction factor y,, for water(1)/methanol(2) mixtures at 333

K using equation (7) and NRTL parameters. Also shown are the 3rd polynomial fits with coefficients

specified in Table 8. There is perfect agreement between the two sets.
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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 ,, for the

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

¢,
b+,

normalized volume fraction of component 2 within the membrane u, = Le.

i =a+bu,)+clu,) +d(u,) +e(u,)’; polymer membrane phase

u, = . U, = % =1-u, ®)
¢1+¢2 ¢l+¢2

It is important to note there that, for convenience, we use the same nomenclature as Mulder et al.’
However, in the Maxwell-Stefan formulation for diffusion, the quantities u; and u, refer to the diffusion
velocities of the penetrants as they diffuse across the membrane.

In the scenario in which the interaction parameter y,, follows composition dependence following
equation (9) in the membrane phase, the Flory-Huggins equation (4) needs to be extended as follows

(these equations correspond to equations (6) and (7) of Mulder et al.”)

v, v, Vv 0
Ina, = ln(¢1)+(l_¢1)_¢z=l_¢m =l+(;(12¢2 +}(1m¢m)(¢z +¢m)_}(zm =1¢2¢m —uu, @, 24k
v, v, v, ou,
_ _ _ _ _ (10)
V. V. V. V. V. 0
Ina, = 1n(¢2)+(1_¢2)_¢17j_¢m V=;+(le¢1 7?+sz¢mj(¢1 +¢m)_7(1m 7?¢l¢m "‘7?”12@%

By equating the activities of the components in the bulk liquid mixture (a/ from equation (6)) to the
corresponding component activities in the membrane mixture (@, from equation (10)), we can calculate
the volume fractions in the polymer phase, ¢, that is in equilibrium with any specified liquid mixture

composition in the upstream face, with volume fractions ¢". The determination of the volume fractions

in the polymer requires the use of an equation solver, such as MathCad 15" that was employed in this

work.
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As illustration, Figure 7 presents calculations of the volume fractions of penetrants water (component
1), ethanol (component 2) in a cellulose acetate (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.
Water is adsorbed preferentially in hydrophilic cellulose acetate. Another point to note is that the
volume fractions of the penetrants in the membrane phase are significantly higher than those for
CO,/C,H¢/XLPEO system. The calculations of the trans-membrane permeation fluxes will be analyzed
and discussed in a subsequent section.

Figure 8 presents calculations of the volume fractions 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. In the
calculations, y,,,%,, are composition dependent, and y,, follows the composition dependence
described by equations (8) and (9). The Flory-Huggins model calculations are in reasonable agreement

with the experimental sorption data of Ni et al.'?.

Yang and Lue® have presented a detailed analysis of the dependence of the interaction parameters
Xi2s Ximo> Xam ON the volume fractions of the penetrants ethanol (component 1), water (component 2) in
polydimethylsiloxane (PDMS) (polymer, component m) membrane film at 298.15 K. Ethanol adsorbs

preferentially in PDMS films. As illustration, we consider the scenario in which y,, ,7,, are

composition independent, and y,, follows the composition dependence described by equations (8) and

(9). Figure 9a presents calculations of the volume fractions of the penetrants in the polymer film in
equilibrium with ethanol/water liquid mixture of varying volume fractions. The uptakes in terms of kg

penetrant per kg dry membrane are related to the volume fractions by

Uptake,
P 9Py
@ = : ;  Uptake, = ——= (11)
Uptake, N Uptake, N RS é,.p,
PiL P P
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where p,,,p,,,p, are the densities of the liquid penetrants and membrane. The calculated component

uptakes are shown in Figure 9b; these calculations are in perfect agreement to those presented in Figure

7 of Yang and Lue,” as is to be expected.

When all three interaction parameters y,,, %,,,%,, are dependent on the volume fractions of the

penetrants, equation (10) needs to be further extended; these equations are provided in equations (6) and
(7) of Mulder et al.” The same set of extended equations are given by Yang and Lue.® For readers’

convenience, the extended F-H model equations are given below:

Ina, =In(g)+1-4) -4, % -9, + (le¢2 + XD )(¢2 +4, )_ Xom L¢2¢m —uu,@, 2

v, ou,

=
v,

g, Lin_ g e Vo g ow T F o e

ou, o6 7, " ou, g, )
v,

Ina =) 1= 4) = 32 1+ (mf zz,n¢,,,}(¢1+¢m)—zlm%¢¢ v 2uig, e

m

aZlm VZ 2 aZlm aZZm 2 aZZM
I/] l¢ auz I/] ¢1¢m a ¢m 1 2¢m aul ¢2¢m a ¢m

In order to illustrate the influence of the influence of composition dependent y, ,%,,, we have

recalculated the volume fractions of the penetrants ethanol (component 1), water (component 2) in
polydimethylsiloxane (PDMS) (polymer, component m) membrane film using a scenario in which all

three parameters y,,, 7, X», are dependent on the volume fractions of the penetrants; the results are

shown in Figure 10a. The uptakes are presented in Figure 10b; these results are in excellent agreement

to those presented in Figure 10 of Yang and Lue,® as is to be expected. The additional inclusion of the

composition dependence of y,,, ¥,, induces a maximum in the volume fraction of water, in accordance

with the experimental data of Yang and Lue.®

Figure 11 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 continuous solid lines are the F-H model calculations using the input data in Table 7.

The modelling of pervaporation will be presented in a subsequent section.
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Figure 12 shows F-H model calculations for binary sorption of water/methanol mixtures in Nafion
membrane. A proper description of sorption equilibrium is of vital importance in the modeling of direct

methanol fuel cells.'* !°

4. Diffusivities in polymers, some introductory remarks

For an elementary introduction to the diffusivity in polymers, see Chapter 16 of Wesselingh and
Krishna.” Some essential remarks from Wesselingh and Krishna® are reproduced below (as indicated in
italics).

Figure 13 shows diffusivities of a trace of benzene. These are in a series of polymers with different
glass transition temperatures. The diffusivities vary by a factor of 10"°, so over ten decades! You cannot
expect any general correlation to predict such variation with much accuracy. What we plot along the
bottom axis is the difference between the temperature at the measurement, (= 300 K) and the glass
transition temperature of the polymer. To the left of the zero point we have glassy polymers, to the right
rubbery polymers. We see that diffusivities tend to increase very rapidly above the glass transition
point. The highest diffusivity shown (that in silicone rubber) is similar to that of benzene in normal
liquids. Except in extremely thin layers, glassy polymers are impermeable for all but the smallest
molecules. A good look at the figure shows that some diffusivities lie substantially outside the band
drawn. The diffusivities also appear to depend not only on the glass transition temperature, but also on
other details of the structure of the polymer.

The effect of the size of the permeant is also extreme (Figure 14) at least near and below the glass
transition temperature. The diffusivities of the smallest penetrants are much larger than those of the
bulkier penetrants. (Almost) glassy polymers have a low permeability, but an attractive size selectivity.
The size selectivity is much less pronounced in the rubbery polymer (although it is still important).

Swelling usually increases diffusivities in a polymer. Figure 15 shows two examples. Again the effect
is much larger in the more glassy polymer. This is largely because poly(vinyl acetate) becomes more

rubbery as it swells in the solvent. The change in the diffusivity is often exponential in the volume
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fraction of the permeant, at least over not-too-large variations. This means that we can use logarithmic

interpolation.

5. The Maxwell-Stefan description of n-component mixture permeation
The Maxwell-Stefan (M-S) equations represent a balance between the force exerted per mol 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

(ui —u, ) For a mixture containing a total of n penetrants, 1, 2, 3,..n we write

_%:g’“z(ul _“2)+§X3(”1 _”3)+---+£xm(“1 ~u,)

z 1 13 tm
J RT RT RT

_f:D—Zl)ﬂ(uz _u1)+D_23X3(u2 —M3)+---+B_2mxm(”2 _u’") (13)
dcl;;n =g_:xl( n ul)+ » x2(un Z/l3)+ "+7xm(un_um)

The left members of equation (13) 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, 2, 3,..n. The term RT / D,

is interpreted as the drag coefficient for the i-j pair. The subscript m refers to the polymer membrane,
that is regarded as the (n+1) th component in the mixture. The multiplier x; in each of the right members
represents the mole fraction of component j; this factor is introduced because we expect the friction to

be dependent on the number of molecules of j relative to that of component i. The M-S diffusivity D,

has the units m” s™' and the physical significance of an inverse drag coefficient. The magnitudes of the

M-S diffusivities D, do not depend on the choice of the mixture reference velocity because equation

(13) is set up in terms of velocity differences.

Only n of the chemical potential gradients

% are independent, because of the Gibbs-Duhem
yA

relationship
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v, W oy W A, (14)
dz dz dz dz

The Maxwell-Stefan diffusion formulation (13) is consistent with the theory of irreversible

thermodynamics. The Onsager Reciprocal Relations imply that the M-S pair diffusivities are symmetric

D =D, (15)

For diffusion across polymeric membranes, the velocity of the polymer, uy, = 0. For diffusion in
multicomponent polymer solutions such as acetone/cellulose acetate, uy, # 0, i.e. the polymer chains
have a finite velocity of diffusion. The discussions in this article are, in the main, focused on polymeric
membranes and we proceed further with the assertion u,, = 0. In the last section, we will analyze the
diffusion processes in the immersion precipitation process for membrane preparation, that involves
determining the diffusion equilibration trajectories in polymeric solutions in which up, # 0.

For modelling mixture permeation across polymeric membranes, we need to reformulate the

7,10, 16

Maxwell-Stefan equations using volume fractions instead of mole fractions. The mole fraction is

related to the volume fraction by x, =S V V l =
- c,

Z We re-write equation (13) in
C k=1

S ||*s\
= ||:_&
= ||*%~

t

terms of volume fractions by replacing the mole fractions by the volume fractions:

1 duy, U, —u; 1o 1 -1 d npp\u—u.)1 1 1
—ﬁ s =z( )i—¢=j—, ﬁ a =z¢¢j( ’)==—. Let us define

V.eRT dz 5 Dy VeV, V.RT dz ‘3 D, V.V, ¢

b,] v, — v, — V.
modified M-S diffusivities: ¢,D,V, = =D, ¢,B,V, = Duly _ b/, and ¢,b,V, = Du Vi _ b,
V V
" v v ”

We have the symmetry constraint D; = 7”1/ =D, ===V 7” = 7” .

J i i J

The M-S equations written in terms of volume fractions take the form
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_RT dz :j:I D,;/ ’ Bilz:z ’
(16)
g Ly tpliu) ggle)
; RT dZ /=1 DUV Bllr/n b gltgone

We re-write equation (16) as

o dﬂi:i(¢z¢jui—uj¢z¢j)+(¢i¢mui). 1o (17)
IRT dZ = D; ler/n s 9Ligens

J#i

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

, A N/ .
flux of component 7, expressed as mol m™ s™ is N, =cu, = %ui = 7’ In terms of the volumetric
fluxes of components, equation (17) is

1 du & \gN —¢N' N’
_¢i /uz — Z(¢J V¢ J )+ (¢m Vl ), l:1,2,n (18)
RT d&z %< D) b

J#i

Let us define a n x n dimensional matrix of inverse diffusivities [B] whose elements are given by

= . )
i = ¢_jV+ ¢’; > Bz‘/’;#j =_£IV; i,j=12,.n (19)
Jj=l;j#i Bg/' Blm . ij

It is helpful to express the left member of equation (17) in terms of the volume fraction gradients by

introducing an n x n dimensional matrix of thermodynamic factors [T']:

- du, & do, A A
¢ duy, 4 dlna U ¢_,; r, _ ¢, Olng, =l 20)
RT dz dz o dz ¢, Olng,

Combining Equations (18), (19) and (20) and casting these in n-dimensional matrix notation we write

) =4 Y e
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: . : : N
The corresponding expression for the molar fluxes is obtained from use of the N, = —=; this results

i
i

in the final expression as follows

v, 0 0 0
Lo 0 0 fred(®)
W= 0, BT (22)
o 0 o0 1y

We now consider the special cases of unary permeation and binary mixture permeation.

6. The Maxwell-Stefan description of unary permeation

For the special case of unary permeation through polymer membrane (indicated with subscript m),

N, =N! =0, we write

m

v v
vaz_& %; 1ﬂzélnal; 1=]£ __ 11 v Olna, d(zﬁl; 23)
b dz Olng, 4 Vil=¢ ~ 0Olng, dz

The thermodynamic correction factor, ' =
Flory-Huggins Equation (2).
The “effective” Fick diffusivity is

1 y Olna,
W 1-g " olng

D (24)

Olna,

We note, in passing, that the Fick diffusivity is defined as D/, in the works of Fornasiero et

1
al.'® and Ribeiro et al.” We choose to define the effective Fick diffusivity using equation (24), because
this allows a more convenient generalization to n-component mixtures as discussed in the foregoing
section. In order to underscore the differences in the definitions, we have added the adjective “effective”

for differentiation purposes.
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As illustration of the dependence of the M-S and effective Fick diffusivities on the volume fraction of

Olna,

the penetrant, we present in Figure 16 calculations for (a) thermodynamic correction factor, I' = ong,”
nag

(b) modified Maxwell-Stefan diffusivity, D,

1m >

and (c) effective Fick diffusivity,

1

B Olna,
Leff — 1_¢
1

Olng,

D b/

, for water (component 1) in 2-hydroxyethyl methacrylate (HEMA) (indicated

by subscript m) at 7= 296.65 K.

Figure 17a shows calculations of the effective Fick diffusivities for unary permeation of CO, and
C,Hg across a cross-linked polyethylene oxide (XLPEO) membrane at 298.15 K. The x-axis represents
the volume fraction of the penetrant. The corresponding calculations of the thermodynamic factors are
shown in Figure 17b. The influence of the thermodynamic correction factors is particularly strong for

C,Hg; this is because of the large value of the Flory-Huggins interaction parameter y,, =2.0804 .

The unary molar flux of penetrant 1 can be determined by integrating equation (23) over the

membrane thickness, ¢ .

=

Y Olna,

N15:_ 1m
¢ Jlng

d, (25)

~

hs 1 bs 1
(];[)Dl,e..ffd(ﬁl :_71(];[1_

1

In equation (25), ¢, and ¢, are the volume fractions of the penetrant 1 at the upstream and

downstream faces, respectively. Fornasiero et al.'” use Equation (25) to describe the steady-state
diffusion of water through soft-contact-lens materials. The integral in Equation (25) can be determined
analytically.

In the membrane literature, the experimental data are commonly presented in terms of the

permeability of component i that is defined as

N,

I, = m (26)
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In equation (26), Af, is the difference in the fugacities in the upstream and downstream

' Pa’'. The more commonly used

compartments. The SI units for the permeability is mol m m™ s
engineering unit for permeability is the Barrer expressed in cm® (STP) cm cm™ s (cm Hg) ™. To convert
to the commonly used engineering units of Barrers we divide the value in mol m m™ s Pa™ by

3.348x107'6,

Combining equation (25) and (26), we obtain

hs hs
Hl :ﬂ = _LL IDl,effd¢l = _L; 1 lljn alnal d¢1 (27)
A, MV NV, g 1-¢ " 0lng,

The membrane thickness does not appear in the model calculations presented in Equation (27).

If the volume fraction of the component 1 at the downstream face of the polymer membrane is taken

to be vanishingly small, i.e. ¢;~0;f;~0;, and D, , is evaluated at the arithmetic average volume

fraction M , we get
N, 1 1 11
=—t=——=>D -0)=—=D 28
1 Afi Afl I/l l,qﬂ‘(¢10 ) fio I/l 1,eff(¢10) ( )

Equation (28) represents the simplified, i.e. linearized, solution to the Maxwell-Stefan equations.

In order to demonstrate the accuracy of the linearized solution to the M-S equations, let us consider
the unary permeation of penetrants CO, and C,Hg across a cross-linked polyethylene oxide (XLPEO)
membrane (indicated by subscript m). The input data on the Flory-Higgins parameters, and the
Maxwell-Stefan diffusivities are culled from the papers by Ribeiro et al.* * " ' The input data for
temperatures of (a) 298.15 K, and (b) 263.15 K are summarized in Table 1, and Table 2

Figures 18a,b present the experimental data, as reported in Figure 2 of Ribeiro et al.,'® on the
permeabilities for unary permeation of CO, and C,Hs across a cross-linked polyethylene oxide
(XLPEO) membrane at 298.15 K. The continuous solid lines are the calculations using the simplified

linearized Equation (28). The agreement of the linearized solution is indistinguishable from the exact

SM 18



solution given in Equation (27). Both models are in excellent agreement with the experimental data of
Ribeiro et al.'®

Figures 18c,d present the corresponding data for permeabilities for unary permeation of CO, and
C,Hg across a cross-linked polyethylene oxide (XLPEO) membrane at 263.15 K. At the lower
temperature, the volume fractions of the penetrants in the membrane are higher, and interactions
between the penetrants and membrane is stronger. Consquently, the linearized solution deviates slightly
from the exact analytical solution at high upstream fugacities. Both linearized model, and exact

solutions, are in excellent agreement with the experimental data of Ribeiro et al.'®

7. The Maxwell-Stefan description of binary mixture permeation

For binary mixture permeation across a polymeric membrane (indicated with subscript m),

N, =N! =0, we write

_ 1Ld,u1 _ (¢2N1V _¢1N2V)+(¢mN1V)

RT dz b/, b/ 29)
— ¢ 1 du, _ (¢1N2V _¢2N1V)+(¢mN;)
*RT dz P’ Py

Let us define a 2 x 2 dimensional matrix of inverse diffusivities [B] whose elements are given by

¢ . . . ¢

B, = 2V +—- B, = lV
b, D, by,

¢ ¢ . 9

B, =- 2;/ 3 By = ly T
by, b, b,

(30)

It is helpful to express the left member of equation (17) in terms of the volume fraction gradients by

introducing an 2 x 2 dimensional matrix of thermodynamic factors [I']:

SM 19



_alna.

RSN

2
# Ay _ ldlna zr

; L, = ;o Lj=12
RT dz = d dz ¢, 0lng,
Olng, Olng,
Lo | % o
r, T, ¢281na2 ¢281na2
o g,

(1)

The four elements I,,I,,I,,,I,, can be determined by analytic differentiation of Equation (4).

Explicit analytic expressions are provided by Ribeiro et al.”

Combining Equations (29), (30) and (31) and casting these in 2-dimensional matrix notation we write

vV -1 d NlV Bll B12 B Fll FIZ d
UV)Z_B]hWT%L (NVJ:{é B }{r F}EE(

.. . B 11 B 12
The matrix inversion
21 22

¢2 ¢2 ¢m
|:Bll BIZ DZVI BIVZ Dllin

-1
B, B } B
21 22 ¢m( V¢1 - + V¢2 - + V¢m ; J
BZlBlm BIZBZm DlmBZM

The 2 x 2 dimensional matrix of Fick diffusivities is

&
9,

|

-1
} can be performed explicitly

¢1 + ¢m ¢1
vV 14 Vv
DZI D2m DlZ
9, K2 dlna, dlng,
Vv 14 vV ¢1 ¢1
_ —1 _ DZ] B12 Blm a¢] 6¢2
[D)=[8'[r)- oo
b, # + : + b 9, Skt 9, =2
DZlBlm B BZVm DII:nBZVm a¢l 8¢2

The “effective” Fick diffusivities of components 1 and 2 are

d¢, |dz
d, /=

D+, 1 DD,

Dl,eff 12 d¢1/d 2.eff

(32)

(33)

(34)

(35)
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The molar fluxes can be determined from

b b
by b, D,
9, ¢ . 9 dlna, dlng,
17 vV vV + vV ¢1 ¢l
NA_ Yoo D}, b, b, Y o4, |d (& (36)
N, 0 17, o[ b b b g, Ona , dlna, \a:g,
"\ Buby,  Bpb,,  Bb, % o,

1
. . . . . . Bll Bl2 rll r12 .
In the linearized solution, the 2-dimensional matrix is evaluated at the at the
BZI BZZ 1—‘21 1—‘22

. Furthermore, the gradients of the volume fraction are
d[¢1j (¢10 _¢1§J
¢2 _ ¢2o B ¢25

evaluated using the linearized relation: — P 5 .
Iz

arithmetic average volume fractions

(B0 +05)
2

8. Permeation of CO,/C,H¢ mixtures across XLPEO membrane

Generally speaking, thermodynamic coupling effects are important in mixture permeation across
polymer membranes. In order to highlight the importance of thermodynamic coupling effects, let us
consider the permeation of penetrants CO, (component 1) and C,Hgs (Component 2) across a cross-
linked polyethylene oxide (XLPEO) membrane (indicated by subscript m) at 263.15 K. The upstream
face of the membrane is in equilibrium with 70% CO, gas mixture. In the calculations, the partial
fugacity of CO; is increased, keeping the gas mixture composition constant. The input data on the
Flory-Higgins parameters are culled from the papers by Ribeiro et al.> * " '*. Figure 19a shows the

calculations of the four elements of the matrix of thermodynamic factors I',. Particularly noteworthy is

the large magnitude of I', . The significance of thermodynamic coupling may be quantified by the ratio

I_‘11¢1 + 1—112¢2

; see calculations in Figure 19b. For thermodynamically ideal mixtures, this ratio should be
1—‘21¢1 + 1—122¢2

constant. Thermodynamic coupling effects strongly influence trans-membrane fluxes and

permeatbilities, as we shall see below.
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Figure 19¢ presents calculations of the effective Fick diffusivities of CO, (component 1) and C,Hs
(Component 2). Both effective diffusivities show strong increases with increasing partial fugacities of
CO; in the gas mixture in the upstream compartment.

Figures 20a and 20b present experimental data (indicated by symbols) of Ribeiro et al.'® for the
permeabilities, expressed in Barrers, of CO, and C,Hg for binary CO,/C,He mixture permeation across a
cross-linked polyethylene oxide (XLPEO) membrane at 298.15 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 CO, is practically unaffected by the
mixture composition of the bulk gas phase in the upstream compartment. In sharp contrast, we note that
the permeability of C,Hg is strongly influenced (increased) by increasing proportion of CO; in the bulk

gas phase mixture in the upstream compartment. The continuous solid lines in Figures 20a and 20b are

1
1y - . . Bll B12 1_‘11 1_‘12 .
the permeabilities calculated using equation (36), wherein is evaluated at the
BZI B22 FZI 1_‘22

(¢ +5) _($0+0)

arithmetic average volume fractions 5 ~ 7 The linearized set of M-S equations captures,

quantitatively, all the essential features of the composition dependence of the permeabilities of CO, and
C,He.

Figures 21a, and 21b compare the experimental data CO,, and C,H¢ for binary mixture permeation
across a XLPEO at a lower temperature of 263.15 K at which molecule-molecule and molecule-
membrane interactions are significantly stronger, and composition dependent. At this lower
temperature, the permeabilities of both components are influenced by the mixture composition. The
linearized M-S model, in combination with F-H, affords a quantitative reproduction of all the essential

features of the experimental data as presented in Figure 4b and Figure 5b of Ribeiro et al.'®

If the friction between the two penetrants is ignored, i.e. P, >> B/ ; P!, >> P} then the matrix [B]

1m>

simplifies to a diagonal matrix
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B _¢m .

i = B,..; =0; negligible1-2 friction scenario (37)

The calculations in Figure 22a,b are obtained with equation (37) for binary permeation at 263.15 K.
We note that this simplified scenario captures the composition dependence qualitatively, but the

quantitative agreement is not as good as in Figures 21a, and 21b

9. Water/ethanol pervaporation across cellulose acetate membrane
Thermodynamic coupling effects also strongly influence the separation of water/alcohol mixtures by
pervaporation. In order to demonstrate this, Figure 23a presents calculations for the thermodynamic
correction factors for the ternary mixture consisting of water (component 1), ethanol (component 2) and
cellulose acetate (polymer, component m) using the Flory-Huggins parameters from Mulder et al.* "

Cellulose acetate membranes are hydrophilic, and preferentially adsorb water from water/ethanol bulk

T

liquid mixtures. Figure 23b plots the ratios —*, and as a function of the volume fraction of water

11 22

T

in the bulk liquid mixture. The large magnitude of implies that the flux of ethanol is strongly

22
influenced by the driving force for water transport.

The influence of thermodynamic coupling is to suppress the flux of ethanol and enhance the water
flux, a desirable result for pervaporation separations. 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 summary in Table 3. The pervaporation fluxes are

determined from:

B (¢10 - ¢15 )
(Nl):{l/lfl 0 }[Du D12:| b — s (38)

N, 0 1V,| Dy Dy 5 '

The expression for the Fick diffusivity matrix, ignoring the 1-2 interactions is
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¢I7‘L 0

[Dn D12:|: D_Kn [rn F12:|: 1 |:Dlljn 0 }|:r11 r12:| (39)
D, D, 0 2 Ly Iy (1_¢1_¢2) 0 Bzym Dy Iy

Vv
DZm

In the linearized approach, equation (39) is estimated at the arithmetic average volume fractions

(o + ) _ b

2 2
The continuous solid lines in Figure 23c are the calculations of the permeation fluxes using equations
(38) and (39). The origin of the maximum in the water flux can be traced to the corresponding
maximum in the volume fractions of water penetrant, as observed in Figure 7.

The dashed lines in Figure 23c¢ represent calculations of the permeation fluxes assuming a scenario in

I, T 1 0
which the thermodynamic coupling effects are ignored and we assume Lﬂ” Fn} ~ {0 J, the identity
21 22

matrix [/], and therefore the Fick diffusivity matrix is uncoupled

|:D11 D12:|: 1 |:Blljn (?/ :| (40)
D21 Dzz (1_¢1 _¢2) 0 B2m
Neglect of thermodynamic coupling has a relatively stronger effect on the ethanol fluxes. Figure 23d

(V,M,)/(N,M,)

R . Inclusion of
@, / @,

presents calculations of the permeation selectivities defined by

thermodynamic coupling effects improves the separation selectivity in favor of water.

Heintz and Stephan®® have also underscored the importance of diffusional coupling effects for
pervaporation of water/ethanol mixtures across a poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN)
composite membrane. Interestingly, their experimental data also show a maximum in the ethanol fluxes,

analogous to the observations in Figure 23c.

10. Water/ethanol pervaporation across polyimide membrane

Thermodynamic coupling effects are also significant for water/ethanol pervaporation across

polyimide membrane. Figure 24a shows the calculations of the elements of [F] as function of the mass
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fraction of water in the bulk liquid mixture in the upstream compartment. The off-diagonal elements are
non-negligible in comparison with the diagonal elements; see Figure 24b.

112

The experimental data of Ni et al.© on the volumetric fluxes of water, and ethanol are plotted in

Figures 24c, and 24d. Based on unary permeation, the input data values for binary mixture simulations
are the ones provided in Table 1 of Ni et al.'*: P/ =255x107", and D) =2.1x10" m*s'; both
these diffusivities are assumed to be composition independent.

Since no data on D/, is available, we use the approach of Mulder et al.> " and use equation(39),

ignoring 1-2 frictional contribution; the calculations are presented by the dashed lines in Figures 24c,
and 24d. The flux of water is slightly over-predicted, and the ethanol flux is significantly under-

predicted.

vV
1m

In Figure 5 of Ni et al.'” the b/, is determined to be composition dependent, lying between D, and

D) at either ends of the composition scale. For our purposes here, we estimate D/, using the
logarithmic interpolation formula of Vignes *' that has its origins in diffusion in binary liquid mixtures

)@/(ﬂ’lﬂ’z)

(p/7,)=B2,/7:)= (B0, /7, " (o, 77 @1)

The limiting scenarios are

Ble =DII;1; ¢2 -0 42)

Equation (41) is commonly used in the description of binary mixture diffusion in microporous
crystalline materials.”**
The inclusion of 1-2 fraction using Equation (41) provides improved agreement with the experimental

data on ethanol fluxes. In particular the maximum in the ethanol flux is reasonably well captured. Ni et

al.'? also concluded that 1-2 friction cannot be ignored.
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11. Water/ethanol pervaporation across PVA/PAN membrane

Heintz and Stephan®® have also underscored the importance of diffusional coupling effects for
pervaporation of water/ethanol mixtures across a poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN)
composite membrane. Interestingly, their experimental data (see Figure 25a) also show a maximum in
the ethanol fluxes, analogous to the observations in Figure 23¢ and Figures 24d.

They have modelled their experiments using a combination of the Maxwell-Stefan model with the
UNIQUAC description of phase equilibrium. For our purposes here, we use the M-S + F-H combination
to model their pervaporation experiments with the objective of demonstrating the significance of 1-2
friction. The Flory-Huggins model provides a reasonably good descripition of phase equilibrium; see
Figure 11.

Figure 25b shows the M-S+F-H model calculations assuming strong 1-2 friction, taking

b/ =5x10" m’s™";D] =D/ =5x10"" m’s™'; the matrix of Fick diffusivities is evaluated at

m 2m
the average volume fractions in the membrane layer. The maximum in the ethanol fluxes is reasonably

well captured in the simulations with strong 1-2 friction. If the value of D/, is assumed to be ten times

larger, i.e. D], =D/, =5x10"" m’*s™";D] =5x10"" m’s™', the maximum in the ethanol flux

practically disappears; see the simulation results in Figure 25c.

For proper modelling of pervaporation processes, 1-2 friction is strong and cannot be ignored.

12. The M-S formulation for diffusion in multicomponent polymer
solutions

We now turn our attention to the description of diffusion processes in which the polymer is dissolved
in a homogeneous solution. The analysis of the diffusion process is important in a wide variety of
contexts including that for membrane preparation, discussed in the foregoing sections. The diffusion

velocity of the polymer molecules is finite, and equation (16) needs to be modified as follows

SM 26



— ] — + ;
RT dz “5 D b;
J# (43)
| dy, < ‘/ji‘/jj(”i_”j) 8¢, —u,) . _
—¢— = - + ; ; i=12,.n
RT dz “I b D,

The modified M-S diffusivities are the same as encountered in the foregoing analyses of membrane

permeation; they are related to the more common M-S diffusivities defined in terms of mole fractions

— BV, — DV
by: ¢, DV, = %’ =P, ,and ¢, PV, = I%V’” =p" .

Let us define the volumetric diffusion fluxes relative to the volume average velocity of the mixture
JiV :¢i(u1 _u)’ J}'Z :¢m(um _u):_‘]l _JZ __Jn’ u :¢1u1 +¢2u2"‘+¢nun +¢mum (44)
Equation (43) can be re-written in terms of the diffusion fluxes

JiV _¢iJ:Z).

/ Ci=12..m (45)

4 \m
Vv vV
Dij Dim

1 dy, (¢j*]z‘V—¢iJjV> (
_¢iﬁ dz _jz_;‘

J#

Let us start by considering a binary solution consisting of solvent (1) and polymer (m). Equation (43)

simplifies to yield

4 é cgzzl _ (¢1¢mulB—V¢1¢mum) _ (¢'"Ni9_v 4Ny ) _ (¢mJ1;—V ) 46)

The J!,J! are the volumetric diffusion fluxes relative to the volume average velocity of the mixture
JIV = ¢1 (ul - u)’ J}'Z = ¢m (um - Z’l)’ u= ¢1u1 + ¢mum’ JIV = _JrZ’ ¢1 + ¢m = 1 (47)

In view of equation (47), we may re-write equation (46) as

JlV = _Dllfn¢1 L% = _Dlljnl—‘% = _DIV % (48)
RT dz dz dz
Olna, . . : v y Olna, . .
where I' = is the thermodynamic correction factor as before, and D, =D, is the Fick

dlng, " dlng,

diffusivity.
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13. Comparison of M-S and Bearman formulations for diffusion

2 26 it is customary to use the friction

In the vast literature on diffusion in polymer solutions,
formulation for multicomponent diffusion, normally credited to Bearman,”’ written in a manner such as
in equation (1) of Price and Romdhane®®

dy, - P P
— =N e u—u, )2 (u—u 49

=Yl u s g -, (49)

J=1 J m

J#i

or equivalently, as — % = Zn: 5, (ul. —u, )+ S VT
z G

J#i

In equation (49), the ¢,,¢,, are friction coefficients that are related to the modified Maxwell-Stefan
diffusivities

P; g__:RT¢j.Pm - _RTY,
M7 B M, B,

J m

(50)

Furthermore, an alternative flux expression is used to describe for diffusion in polymer solutions; the
mass fluxes, ji, kg m? s, relative to the volume average velocity of the mixture, are expressed as a
linear function of the mass concentration gradients.”® For the specific case of a binary solvent/polymer

system

. M M d
]1=p1(”1_”)=¢1?1(”1_”):?1J1V:_le (51
1 1

The Fick diffusivity, D,, defined above in the volume average reference velocity frame, is related to

the Bearman friction coefficient, and the modified Maxwell-Stefan diffusivity:

D _ Vmpl aIul _ VmRT£ pl all'll j _ Vmpm DV ( pl aIul J _ DV ( pl aﬂlj (52)
1= - - Im - Hlm
glm 8pl glm RT 8pl ¢mMm RT apl RT apl

VP
o

m

In equation (52) we have used the equalities ¢, =c, V, =
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14. Self-diffusivity in binary solvent/polymer solutions: Free-volume
theory

It is also common in the polymer diffusion literature, to relate the Fick diffusivity D, to the self-
diffusivity, D, . The rationale for this is that the free volume theory allows prediction of self-
diffusivity, D, 2228 The relation between D, and D, requires careful and rigorous derivation.

We start with the Bearman equation (49) and apply it to a ternary mixture containing species 1, tagged
species 1*, and polymer (m). The tagged species 1* is identical to species 1 with respect to
thermodynamics and diffusion. This results in the following expression for D,

1 P P
Dl,self RTM, S RTM Sim (53)

P ¢ £ P

From the equalities —2—¢, =-—"2; = we derive the following expression in terms of
q RTM Sim 195,1 RTM, S BIVI g eXp

the M-S diffusivities

1 ilV n ¢_r; (54)

Dl,self Dll Dlm

The B/, is the self-diffusivity of species 1 in pure 1; this can be estimated using the procedure such as
Wilke-Chang.**!

The corresponding expressions for the self-diffusivity of the polymer (m) are

1 1Y P ¢ ¢1
= 2 + =1 4 55
D,., RIM, o RTM, o1m p’. P (55)

1m

Combining equation (52) and (54) we obtain

D, :Bllfn &a/'ﬁ _ P, P Oty (56)
RT dp, { 1 é } RT dp,

D D/,

Lself
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Equation (56) is precisely equivalent to equation (8) of Price and Romdhane.* For the limiting case

of dilute solvent (species 1) in polymer (m) solutions, i.e. ¢ << ¢, , we obtain

D, 21912, &% z¢leself &% (57)
RT op, "7\ RT op,

vV
Im

In view of equation (57), we find D,, =¢,D, ,, for the case of negligible 1-1 friction.

The thermodynamic correction factor POy | _[Olna, | Oln, can be determined from the
RT op, Olng, | Oln p,

Flory-Huggins theory; the correction factor Olngy ~1.
Oln p,

From experiments, we can determine the Fick diffusivity D,, along with the self-diffusivities D, ;- ,
and D, of solvent (1) and polymer (m). As illustration, Figure 26a shows the experimental data as

reported in Figure 6 of Zielinski*? for the self-diffusivities of toluene (1), and polystyrene (m) in
polystyrene at 383 K as a function of the mass fraction of toluene. Also shown are the data for the Fick
(mutual) diffusivity, D;. The plotted data are those obtained from five different types of measurement
techniques. There is a variation of about six orders of magnitude in the diffusivity values as a function
of the mass fraction, @;. This strong variation make the task of predicting, or estimating, diffusivities in
polymer solutions an extremely difficult one.

A further point to note in the experimental data for 0.5 < @; < 1.0 is that Fick diffusivity is lower than

the self-diffusivity of toluene, D by about 1-2 orders of magnitude. We calculate the

Lself

POt

£

thermodynamic correction factor, ( j, taking y =0.354; see Figure 26b. There is a strong

POt

J, by about 1-3 orders of magnitude as @, — 1. Figure 26¢ compares the M-S
P

reduction in [
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diffusivity, calculated using D/, = Dl/ [;:} Zﬂlj , With Dy, D seir, and D seir. We note that D), ~ D, -5
£ o

this implies that the 1-1 friction is not of significant importance.

2, 25, 28

The free-volume theory is commonly used for estimation of the self-diffusivity, D, . The

expression for the self-diffusivity for solvent(1)/polymer(2) system is commonly written as’

(07 +@,877)

a’l(K“j(Kzl _Tgl +T)+ a’z(Klzj(Kzz _ng +T)
4 4

-F
Dl,self = Dl,se_l/',O exp(ﬁ] eXp - (58)

For the system toluene/polystyrene, the free-volume parameters are provided in Table 2 of Alsoy and
Duda.”® The continuous solid line in Figure 26¢ are the estimations of the self-diffusivity for toluene in
polystyrene using equation (58). The excellent agreement is no surprise, because the free-volume
parameters, totaling 12 in number, have been determined by fitting to experimental data on self-
diffusivities.

Broadly speaking, self-diffusivities display an exponential increase with increasing volume fractions.

This provides the rationale for the use of the exponential model”**
BIZZ = Bizz,o exp[Al. (¢z + Cij¢j )] (59)

for describing the composition dependence of the M-S diffusivity.

Verros and Malamataris® provide a further illustration of use of the free-volume theory for estimation
of the diffusivity of acetone (component 1) in cellulose acetate (indicated by subscript m) at 7= 298.15
K. Calculations, using the input data provided in their paper, are presented in Figure 27. For this

system, the penetrant (1) —-membrane (m) interaction parameter is dependent on the volume fraction and

the activities are calculated according to equation (3). The thermodynamic correction factor [% %}
P
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is a strongly decreasing function of the volume fraction, ¢, and mass fraction @, ; see Figure 27a. The

Fick diffusivity is calculated using the approximation D, = ¢, D, (% %} '
o %

15. The Fick diffusivity matrix for diffusion in polymer solutions

For diffusion in a ternary mixture consisting of two solvent species (1, 2) and polymer (m), equations

(45) and (44) yield

_¢1Ldﬂ1 _ (¢2J1V_¢1J2V)+((1_¢1 _¢2)J1V_¢1(_J1V _JzV))

RT dz P b/ (©0)
g Ldm 0 -p7) (=g -y g7 - 01))
*RT dz by p)

For the case of negligible 1-2 friction equation (60) simplifies to yield

_ 1 dy, (1 - )JlV ¢1J;
¢1 - v + 14
RT dz Dy, b,

Im

(61)
1 du, _¢2J1V+(1_¢1)J;

“RRT @ D, bl

We define the matrix of thermodynamic factor as in equation (20). In 2-dimensional matrix notation,

equation (61) takes the form

(1_¢2) & - p Olna, é dlng,
v d 191[;, Blljn 0 1 -0 2
(J ): _[D] cgf) ) [D] = o, (1 - ¢ ) P 0 lfaz ¢ 0 h?% ©
b, B, |7 o4 T o4

The matrix inversion can be performed analytically, and we get the following explicit expression for

the Fick diffusivity matrix
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(l—¢1) _ [ 4 Olng, p Olng,
[D]:% D,, bl o4 o4,
P, __9 (l_¢z) y Olna, y Olna,
p, B |7 o4 7 o4
Olna, Olng,
_ifa-a)on -ant " on o (63)
¢, —o,p.,  (1-¢,)P), " dlna, " dlna,
0, 04,
1 | 0-A)PLa %— 4,554, ag; (1-4)000, 2 aljf’ 4ot g0 ;r;
¢m _¢2Dllin¢l a(;r;lal +(l_¢2 )BZVm¢2 % _¢2DII;1¢1 %‘F(l—% )D;m% ag;jz

Table 1 of Alsoy and Duda® provides four different scenarios (called Cases 1, 2, 3, and 4 in their
paper) for estimation of the elements of the Fick diffusivity matrix; their expressions are in terms of the
self-diffusivities in the ternary mixture.

The expression for the self-diffusivities in a mixture of 1,2 and polymer (m) are

Dl,self Dll BIZ Dlm DZ,self BZZ DIZ DZm

For the case of negligible 1-2, 2-2, and 1-2 friction, equation (64) simplifies to yield
Blljn = ¢mD1,Self; DZVm = ¢mD2,self (65)

In view of equation (65), it is noted that Equation (63) is precisely equivalent to their Case 4.

The free-volume theory™ *> *

is commonly used for estimation of the self-diffusivity, D, , and
D, in the mixture of 1/2/polymer mixture. The expression for the self-diffusivities for 1, and 2 in the

solvent(1)/solvent(2)/polymer(3) system are given by equations (23), (24) and (25) of Zielinski and

Hanley,™ as reproduced below using their nomenclature.
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(a)lVl* +w, ?V; + a’3§13V3*J

- E 23
Dl,self = Dl,self,O exp(_j eXp - (66)
| R a)(K”J(K ~T,+T)+o (K”)(K _T,+T)+
1 21 g1 b3 2 " dg
V4 V4
K
a){BJ(KB _Tg3 +T)
Y
(a)lVl* ?3 + a’sz* + 0)35231/3*j
D, .=D, . exp — |exp|— 1 67
2,self 2,self',0 p( RT) p K” K12 ( )
o, (Ky ~T, +T)+ o, “2 (K, ~T,, +T)+
V4 V4
K
a){ y” J(K23 ~T,+T)

We shall illustrate the estimations of the use of the free-volume theory by estimating the matrix of
Fick diffusivities [D], for methanol (component 1)/toluene (2)/poly(vinylacetate) (PVAc, subscript m)
at T=333.15 K. Figure 28a presents calculations for (a) matrix of thermodynamic correction factors,
[F ], using equation (31) along with the Flory-Huggins parameters y,, =1;%,, =1.19; y,, =0.78.
Particularly note-worthy are the negative values of the off-diagonal elements I,,I,,. The self-
diffusivities are estimated using the equations (66) and (67) along with free-volume parameters
provided in Table 1 of Zielinski and Hanley.”> The Fick diffusivity matrix [D] can then be calculated
by combination of Equation (63) and equation (65); the results are presented in Figure 28b. Both the
off-diagonal elements D,,,D,, are negative. It is also noteworthy that the magnitude of D, is
comparable to the magnitude of D,, ; this implies that the flux of toluene will be strongly influenced by

the driving force of methanol.
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In their Table IV, Cussler and Lightfoot>® report experimental data for the Fick diffusivity matrix [D]

for polystyrene(1)/cyclohexane(2)/toluene(3) mixtures. At composition mass fractions
89 -1.6 2o e
®, =0.05; w, = 0.05; w, = 0.95, they report [D]: 89 2031 x107" m” s™. It is to be stressed that

the values of the Fick diffusivity matrix depending on the component numbering. For the same
compositions, if the numbering is chosen as cyclohexane(1)/toluene(2)/polystyrene(3), the values of the
Fick matrix can be re-calculated, using the basis of the data on the partial specific volumes provided in

212 8.9

Table IV of Cussler and Lightfoot,”® we obtain [D]=
-2358 -3.26

}<10‘11 m’ s In order to

understand the large negative value of D,;, we estimated the matrix of thermodynamic factors for

cyclohexane(1)/toluene(2)/polystyrene(3), using F-H parameters y,, =0.476; y,; =0.51; y,; =0.3548,

093 -0.03

we obtain [[']= [_ 0.877 0.054

}. The large negative value of I';; is the main cause of the large

negative value of D;.
In the literature on diffusion in multicomponent polymer solutions, equation (63) is often further
simplified and used in the following form'’

(7)=-{p)4@). [D]{B@ 0 }[r] %)

dz 0 B;m

We shall use Equation (68) for the analysis of equilibration trajectories in the immersion precipitation
process for membrane preparation. Essentially, we make the assumption that all diffusional coupling

effects accrue from the off-diagonal elements I,,T,.

16. Immersion precipitation process for preparation of cellulose acetate
membrane

The influence of the thermodynamic correction factors is particularly strong in composition regions
close to demixing regions. Diffusion close to demixing regions is of importance in membrane

preparation by immersion precipitation.”” *® In order to illustrate this, let us consider diffusion in the
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ternary mixture consisting of water (non-solvent, component 1), acetone (solvent, component 2) and
cellulose acetate (polymer, component m). The binodal and spinodal curves for this ternary mixture are
shown in Figure 29. The spinodal curve defines the limit of phase stability, and along the spinodal

curve, the condition |F| = 0 must be satisfied, i.e. we must have I',,I,, =TI ,I',,, the product of the off-

3% 40 This situation

diagonal elements is equal in magnitude to the product of the diagonal elements.
implies a significant degree of thermodynamic coupling.

The inset to Figure 29 shows calculations of the elements of the matrix of thermodynamic factors [F]

4

: . . . 25
as a function of the volume fraction of acetone, keeping the ratio - ===. We note that the value of
3

I',, becomes increasingly negative as the binodal curve is approached. This implies that the flux of

acetone is strongly coupled with the flux of water. Strong thermodynamic coupling will induce strong
diffusional coupling.

In order to demonstrate the influence of thermodynamic coupling, let us consider transient inter-
diffusion between two compartments for the mixture water/acetone/CA. The binodal and spinodal
curves for this system were determined using the numerical procedures outlined in Altena and

Smolders.' The right compartment (R) contains the polymer solution with initial volume fractions

#.=0.0;0,, =0.7;¢ ., =0.3. The left compartment (L) is the coagulation bath with initial volume
fractions ¢, =0.26;¢,, =0.507;4,, =0.233, that lie on the binodal curve. The matrix of

thermodynamic  correction factors at this composition in the coagulation bath is

0.1682  -0.0865
[r]=

. Note the large negative value of I',, in relation to I',,; this implies that the
-0.5624  0.543

flux of acetone is strongly influenced by the driving force for water. The transient equilibration process

is described by the coupled two-dimensional matrix equation
(¢1 J _ l((ﬁu + ¢1R j " lerf{—i[D]l/z}( ¢1R - ¢1L ] (69)
¢2 2 ¢2L + ¢2R 2 \/4_f ¢2R _¢2L
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The Sylvester theorem, detailed in Appendix A of Taylor and Krishna,” is required for explicit

determination of the 2-dimensional square matrix [Q] =erf {—L[D]_l/ ?|. The matrix of diffusivities

N

+
! (¢1L Pin . The Fick diffusivity matrix

are calculated from equation (62), at the average composition —
¢2L + ¢2R

is calculated using equation (62), i.e. in the scenario of negligible 1-2 friction.
For the case of two distinct eigenvalues, A,, and A, of the 2-dimensional Fick matrix [D], the

Sylvester theorem yields

fﬂ“l _12 fﬂz _ﬂ“l

In equation (70), [7] is the identity matrix with elements &, . The functions f(4,) are calculated from

f(/%-)Zerj{E% } 71)

For calculation of the diffusional equilibration trajectories, we assume that the modified M-S
diffusivities are the same as for water/ethanol/CA. The calculations can be easily implemented in
MathCad 15.’

Figure 30 shows the equilibration trajectory followed in the two compartments, plotted in ternary
volume fraction space. We note that equilibration trajectory follows a strongly curvilinear path. The
volume fraction profiles on either side of the interface, at time ¢ =1 s, are plotted in the inset to Figure
30. During transient equilibration, both acetone and CA experience overshoots, and undershoots; these
overshoots/undershoots signify the phenomenon of uphill diffusion that is commonly observed for
transient uptake in micro-porous and macro-porous adsorbents.”*® The diffusional equilibration
trajectory follows a strongly curvilinear path in ternary composition space.

Curvilinear equilibration trajectories for water/acetone/CA have been reported in the immersion

37,38

precipitation process for membrane preparation. Figure 31 shows the equilibration trajectories when

a 10% solution of Cellulose Acetate (CA) in acetone is immersed in a bath of pure water; the
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trajectories at three different times, £ = 10 s, =25 s, and # = 50 s are depicted. We note the curvilinear
trajectory at ¢ = 50 s has entered the meta-stable region. This foray into the meta-stable region impacts

37 3% Tsay and McHugh?’ present detailed modelling of the transient

on the membrane structure.
equilibration trajectories for water/acetone/CA systems.

In order to demonstrate the foray into the meta-stable region, we perform transient diffusion from a
well-stirred coagulation bath of constant composition (left compartment) into a polymer solution (right

compartment) in the homogeneous single-phase region of the ternary diagram. The left compartment is

the coagulation bath of constant composition ¢, =0.18067;¢,, =0.10078;¢,, =0.71855; this

composition lies on the binodal curve. The right compartment is the polymer solution of initial

composition ¢, =0.24;¢,, =0.6;¢ , =0.16. We focus on the transient equilibration in the right

compartment, z > 0. The transient development of concentrations of the ions in the Right compartment

is described by

¢1 _ ¢1L - _i —1/2:|(¢1R_¢1LJ 7
(@] [@JW{ NI VY (72

The transient volume fraction profiles in the right compartment is determined using essentially the
same procedure as described above. A step-wise numerical scheme is used in which the matrix of
diffusivity values is re-calculated at the values of volume fractions available for the previous position, z,
as the volume fractions approach the values correspond to those in the left compartment. We note that
the equilibration trajectory experiences a foray into the meta-stable region that lies between the binodal
and spinodal curves. The profiles at time 7 = 1 s are plotted in the inset to Figure 32; the equilibration of
water shows a distinct ¢ overshoot, that is indicative of uphill diffusion.

For the ternary system water (non-solvent, component 1), 1,4 dioxane (solvent, component 2) and
cellulose acetate (polymer, component m), the Flory-Huggins parameters as provided by Altena and
Smolders*' produce binodal and spinodal curves that have similar shapes and characteristics as those for

the water/acetone/CA system. Also, in this case forays into the meta-stable region are observable as
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indicated by the results in Figures 33a,b. In this case, the left compartment is the coagulation bath of

constant composition ¢, =0.181;¢,, =0.113;¢,, =0.706; this composition lies on the binodal curve.
The right compartment is the polymer solution of initial composition ¢, =0.24;¢,, =0.5;¢,, =0.26.

The equilibration trajectory is indicated by the blue line in Figure 33a; this indicates a clear incursion
into the meta-stable region. The volume fraction profiles in the polymer solution (right compartment) at
time ¢t = 1 s after the start are shown in Figure 33b. The equilibration of water shows a distinct ¢;

overshoot, that is indicative of uphill diffusion.

17. Immersion precipitation process for preparation of
poly(ether)sulfone (PES) membrane

Thermodynamic coupling effects and curvilinear diffusional equilibration trajectories are generic
characteristics of ternary membrane forming systems. As further demonstration, Figure 34 shows the
diffusional equilibration trajectory in a ternary system consisting of water (non-solvent, component 1),
N-methyl-2-pyrrolidone (NMP) (solvent, component 2) and poly(ether)sulfone (PES) (polymer,
component m). The calculations are analogous to those presented in Figure 30. At time ¢ = 0, the
composition of the polymer solution in the right compartment is: ¢ = 0.0, ¢ = 0.5. The initial
composition of the coagulation bath (left compartment) is ¢ir = 0.18, @gor = 0.21; these compositions lie
on the binodal curve. The equilibration trajectory follows a strongly curvilinear path in ternary
composition space. The inset to Figure 34 shows the transient volume fractions in either compartment,
monitored at # =1 s. Note the overshoots and undershoots in the volume fraction of PES polymer.

Also for this ternary mixture, forays into meta-stable region is possible. In order to demonstrate the
foray into the meta-stable region, we perform transient diffusion from a well-stirred coagulation bath of
constant composition (left compartment) into a polymer solution (right compartment) in the
homogeneous single-phase region of the ternary diagram. The left compartment is the coagulation bath

of constant composition ¢, =0.1782;¢,, =0.2007;¢,, =0.6211; this composition lies on the binodal

curve. The right compartment 1is the polymer solution of initial composition
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#,.=0.10,,=0.7;¢ ., =0.2. We focus on the transient equilibration in the right compartment, z>0.

The transient development of concentrations of the ions in the right compartment is described by
equation (72).

The transient volume fraction profiles in the right compartment is determined using the same
procedure as described for water/acetone/CA; see Figure 35. The profiles at time # = 1 s are plotted in
the inset to Figure 35. We note that the equilibration trajectory experiences a foray into the meta-stable

region that lies between the binodal and spinodal curves.

18. Immersion precipitation process for preparation of poly(vinylidine
fluoride) (PVDF) membrane

For the ternary system water (non-solvent, component 1), dimethyl formamide (DMF, solvent,
component 2) and poly(vinylidine fluoride) (PVDF, polymer, component m), the binodal and spinodal
curves are shown in Figure 36. Also, in this case forays into the meta-stable region are observable in the
diffusion equilibration trajectories. In this case, the left compartment is the coagulation bath of constant

composition ¢, =0.0631;¢,, =0.072498;¢ , =0.864402 ; this composition lies on the binodal curve.
The right compartment is the polymer solution of initial composition ¢, =0.02;¢,, =0.6;4,, =0.38.

The equilibration trajectory is indicated by the blue line in Figure 36; this indicates a clear incursion
into the meta-stable region. The volume fraction profiles in the polymer solution (right compartment) at
time ¢t = 1 s after the start are shown in the inset to Figure 36. The equilibration of water shows a

perceptible overshoot in volume fraction, that is indicative of uphill diffusion.

19. Immersion precipitation process for preparation of polysulfone
(PSF) membrane

For the ternary system water (non-solvent, component 1), NMP (solvent, component 2) and
polysulfone (PSF, polymer, component m), the binodal and spinodal curves are shown in Figure 37.
Also, in this case forays into the meta-stable region are observable in the diffusion equilibration

trajectories. In this case, the left compartment is the coagulation bath of constant composition
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¢, =0.015568;¢,, =0.200073; ¢

m.

; =0.784359 ; this composition lies on the binodal curve. The right
compartment is the polymer solution of initial composition ¢, =0.01;¢,, =0.6;¢,, =0.39. The

equilibration trajectory is shown by the blue line in Figure 37; this indicates a clear incursion into the
meta-stable region. The volume fraction profiles in the polymer solution (right compartment) at time ¢ =
1 s after the start are shown in the inset to Figure 37. The equilibration of water shows a sharp overshoot

in volume fraction, that is indicative of uphill diffusion.

20. Immersion precipitation process for preparation of poly(etherimide)
(PEI) membrane

For the ternary system water (non-solvent, component 1), NMP (solvent, component 2) and
poly(etherimide) (PEIL polymer, component m), the binodal and spinodal curves are shown in Figure 38.
Also, in this case forays into the meta-stable region are observable in the diffusion equilibration

trajectories. In this case, the left compartment is the coagulation bath of constant composition

@, =0.078955;¢,, =0.200545;¢,, =0.7205; this composition lies on the binodal curve. The right

compartment is the polymer solution of initial composition ¢, =0.06;¢,, =0.6;¢,, =0.34. The

equilibration trajectory is shown by the blue line in Figure 38; this indicates a clear incursion into the
meta-stable region. The volume fraction profiles in the polymer solution (right compartment) at time ¢ =
1 s after the start are shown in the inset to Figure 38. The equilibration of water shows a distinct

overshoot in volume fraction, that is indicative of uphill diffusion.

21. Forays into meta-stable region of methanol/acetone/CA

Forays into meta-stable zones are also feasible for non-solvents other than water. We demonstrate this
for the ternary system methanol (non-solvent, component 1), acetone (solvent, component 2) and
cellulose acetate (CA, polymer, component m), the binodal and spinodal curves are shown in Figure 39.

In this case, the left compartment is the coagulation bath of constant composition

¢, =0.35447;4,, =0.00224; ¢4

m.

; =0.743295; this composition lies on the binodal curve. The right

compartment is the polymer solution of initial composition ¢, =0.36;¢,, =0.52;4,, =0.12. The
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equilibration trajectory is shown by the blue line in Figure 39; this indicates a clear incursion into the
meta-stable region. The volume fraction profiles in the polymer solution (right compartment) at time ¢ =
1 s after the start are shown in the inset to Figure 39. The equilibration of methanol shows a distinct

overshoot in volume fraction, that is indicative of uphill diffusion.

22. Forays into meta-stable region of 2-propanol/DMSO/EVAL

We demonstrate forays into meta-stable region for the ternary system 2-propanol (non-solvent,
component 1), DMSO (solvent, component 2) and poly(ethylene-co-vinylalcohol) (EVAL, polymer,
component m); the binodal and spinodal curves are shown in Figure 40. In this case, the left
compartment is the coagulation bath of constant composition

@, =0.19626;¢,, =0.12796; ¢

m.

; =0.67578; this composition lies on the binodal curve. The right
compartment is the polymer solution of initial composition ¢, =0.15;¢,, =0.45;¢ , =0.4. The

equilibration trajectory is shown by the blue line in Figure 40; this indicates a clear incursion into the
meta-stable region. The volume fraction profiles in the polymer solution (right compartment) at time ¢ =
1 s after the start are shown in the inset to Figure 40. The equilibration of 2-propanol shows a distinct

overshoot in volume fraction, that is indicative of uphill diffusion.
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23. Notation

a; activity of species i, dimensionless

[B] matrix defined by Equations (30), m? s

G molar concentration of species i, mol m™

¢t total molar concentration of mixture, mol m?>

D, Fick diffusivity for unary penetrant 1, m* s

D, M-S diffusivity for unary penetrant 1, m*s™

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

B;./ 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™'
D ¢ Effective diffusivity in mixture, m’s

D sei self-diffusivity in mixture, m’> s’

[D] Fick diffusivity matrix, m*s™
fi fugacity of species i, Pa
fisat saturation fugacity of species i, Pa

[7] Identity matrix with elements o;;, dimensionless

J! volumetric flux of species i relative to volume average velocity, m* m™s™
M, molar mass of species 7, kg mol™

M mean molar mass of mixture, kg mol™

n number of penetrants, dimensionless

m refers to polymer membrane (= species n+1), dimensionless
N; molar flux of species 7, mol m?2s!

N/ volumetric flux of species 7, m* m™s™

P total system pressure, Pa

[Q] matrix quantifying fractional unaccomplished change, dimensionless
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Greek letters

Pi
£io
&

b

Pi

gas constant, 8.314 J mol™ K

time, s

absolute temperature, K

glass transition temperature of polymer, K

mole fraction of component i in fluid phase, dimensionless

velocity of diffusion of species 7, m s™

relative volume fractions in bulk liquid mixture, dimensionless

relative volume fractions in polymer phase, dimensionless

partial molar volume of species i, m® mol™

molar volume of mixture, m’ mol™

direction coordinate, m

membrane or slab thickness, m

Kronecker delta, dimensionless

thermodynamic factors, dimensionless

matrix of thermodynamic factors, dimensionless
molar chemical potential, J mol”

molar chemical potential at standard state, J mol”'
mass density of component i, kg m™

mass density of pure component 7, kg m™

volume fraction of penetrant i in polymer, dimensionless
volume fraction of polymer, dimensionless

volume fraction in bulk liquid mixture, dimensionless
mass density of penetrant i, kg m™

mass density of mixture, kg m™
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V4 interaction parameter in Flory-Huggins model, dimensionless

w; mass fraction of component i, dimensionless
Subscripts

i referring to penetrant i

m referring to membrane

t referring to total mixture

Superscripts

A% referring to use of volume fractions
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Table 1. Flory-Huggins parameters 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. The input parameters are based on calculations using the information presented in

Appendix A of Ribeiro et al.”

Input data:

frow =43x10° Pa
Sruw =28%10° Pa

X, =1.52
Xim = 0.9085
Xom =2.0804

¥V, =4.174x10~° m* mol ™

V,=6.04x10" 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= 298.15 K. The data are taken from Table 6 of Ribeiro et al.’

Input data:

B! =1.069x107" exp(6.86¢, )

D) =3.756x10" exp(11.4(¢, + ¢, )) m*s™".
P, =2.82x10™"
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Table 2. Flory-Huggins parameters 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= 263.15 K. The input parameters are based on calculations using the information presented in

Appendix A of Ribeiro et al.”

Srsw =21x10° Pa
frw =14.5%10° Pa

=282

In(g,)
1, =1.0421+12.3¢,

Tom = 2.821+4.76,[4,
Vl =3.31x10" m’ mol™
V, =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. The data are taken from Table 6 of Ribeiro et al.’

Input data:

D! =8.5x10"" exp(18.45(4 +0.764,)) m>s™
D) =1.489x10"% exp(37.7(¢, +0.8324,)) m?s”

D), =43x10™ exp(109(4, + 4,)) m’s™
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Table 3. 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 ;%% 1

2o =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, =18x10™° m* mol ™
L = O.309;L = 0.002;2 =0.00647;
VZ 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/ =88x107" exp(7.3¢l + 7.3¢2) m’s™

D) =6x10"% exp(7.34, +7.3¢,) m’s”
5=20x10" m
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Table 4. The Flory-Huggins parameters for penetrants water (component 1) and ethanol (Component 2)

in Polyimide membrane (indicated by subscript m) at 7 = 293.15 K. The data are based on the

112

information provided from Ni et al.© The y,, parameters were taken to be the same as for

water/ethanol/CA. The values of y,,, x,, were chosen so that y, —i X, lies between 0.75 and 1.1,
2

as recommended by Ni et al.'?

o =a+ b))+ e} +d(w,) +elw,)'s uy=—2—
¢+,
a=0.9820;b=-1.3483;c =4.15;d =-3.3116;e = 0.889;
Xim =145 1,, =2.4 —I.S(Lj
o + ¢,

V,=18x10° m® mol™

N 0309, 2 0,002, 22 = 0.00649;
V2 Vm

SN

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 are

taken from Table 1 of Ni et al.'%.
b =255x10"" m’s™

P; =21x10" m’s™
0=20x10" m
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Table 5. Flory-Huggins parameters for permeation of penetrants ethanol (component 1) and water
(Component 2) across a PDMS membrane (indicated by subscript m) at 7' = 298.15 K. The Flory-

Huggins parameters are taken from Yang and Lue® (specifically; from the legend to their Figure 7).

= b 2 d 3 4. — ¢2
Xp=a+t (”2)+c(”2) + (”2) +e(u2) s Uy b+,
a=4.969;b=-5.889;¢c=8.056;d = —6.941;e = 2.468;

Xim =2.05; %, =5.65;
¥, =58.69%x10° m* mol™; ¥, =18x10° m* mol™
% ~ O;Z__2 ~0;p, =785, p,, =997;p, =965 kgm™

The uptakes in terms of kg penetrant per kg dry membrane are related to the volume fractions by

Uptake,
Pir ¢,
¢ = ;  Uptake, = -~
Uptake, N Uptake, N 1 b,.p,
PiL P o
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Table 6. Flory-Huggins parameters for permeation of penetrants ethanol (component 1) and water
(Component 2) across a PDMS membrane (indicated by subscript m) at 7' = 298.15 K. The Flory-

Huggins parameters are taken from Yang and Lue® (specifically, from the legend to their Figure 7).

—a+h 2 (Y 4 _ o,
Xnp=a+t (u2)+c(u2) + (”2) +e(u2) 5 Uy b+,
a=4.969;b=-5.889;c=8.056;d =—6.941;e = 2.468;

0.02 0.013
128 ———— iy, =3.064+ ————
K +(1—0.897¢m)2 % +(1—0.93;15,,,)2

9%x107° m’ mol™;¥, =18x10~° m’ mol™'

=58.

==
[}

~0;=2=~0;p, =785 p,, =997;p, =965 kgm™

|
S
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Table 7. Flory-Huggins parameters for permeation of penetrants water (component 1) and ethanol
(Component 2) across a poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN) composite membrane
(indicated by subscript m) at 7= 333 K. The y,, parameters, in the form of a 4-th order polynomial
were determined from the NRTL model parameters for water/ethanol mixtures at 333 K. The values of

Yims X2, Were chosen to match the experimental sorption data presented in Figure 2 of Heintz and

Stephan."

X2 = a+b(u2)+6’(u2)2 +d(u2)3 +e(u2)4; = :ﬁ

a=0.8801;6=0.3362;c=0.1695;d = 0.006046; e = 0.0862;
0.01 0.008

=079+— iy, =16
A +(1—0.8¢m)2 & (1-0.8¢, )

¥, =18x10™° m® mol™;¥, = 58.4x10™° m*> mol™
oot v . . 5
L= 022~ 0:p, =10005 0, =789, <1200 kgm

Membrane thickness: 6 =1.3x10" m. Modified Maxwell-Stefan diffusivities for permeation of

penetrants water (component 1) and ethanol (Component 2) across the PVA/PAN (indicated by

subscript m) at 7= 333 K. Two sets of values were used in the simulations:
Strong 1:2 friction: B/, =5x10™"" m’*s™";D) =5x10" m*s™"; P, =5x10"" m’s™

Weaker 1-2 friction: B], =5x10"° m*s™;D] =5x10"" m’s™";p), =50x10"" m’s™

2m
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Table 8. Flory-Huggins parameters for permeation of penetrants water (component 1) and methanol
(Component 2) across a poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN) composite membrane
(indicated by subscript m) at 7= 333 K. The y,, parameters, in the form of a 3-rd order polynomial
were determined from the NRTL model parameters for water/methanol mixtures at 333 K. The values

of z.,» %, were culled from Asai et al.**

__

h + 9,
a=0.6831948;b=0.4103115;¢c =-1.0144535;d =1.2600830;
Yim =1.57; 1, =1.14;

o =a+b(u; )+ el ) +d ()5,

N

V, =18x10™° m* mol™; ¥, = 40.45x10™° m* mol™; == = 0.002;

S|

o, =1000; p,, =792;p, =1000 kgm™
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Table 9. Modified Maxwell-Stefan diffusivity for water (component 1) in 2-hydroxyethyl methacrylate

(HEMA) (indicated by subscript m) at 7= 296.65 K. The data are culled from Fornasiero et al."”

D =4x10"exp(9.2¢) m’s”

The Flory-Huggins parameters are taken from from Fornasiero et al.'”

Xim = 0..82;

V,=18x10"° m’ mol™”
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Table 10. The Flory-Huggins parameters for penetrants water (anti-solvent, component 1) and acetone
(solvent, Component 2) in cellulose acetate (CA) (polymer, indicated by subscript m) at 7= 298.15 K.

The Flory-Huggins parameters are taken from Altena and Smolders*' and Altinkaya and Ozbas.*’

tn = a+ b )+ e} o+l +elwy)'s uy =——
¢+,

a=1.1;b=-042c=4.09,d =—6.7;e=4.28;

Y =145 7, =0.45;

V, =18x10™° m* mol™

V, =73.92x10° m* mol™

vV =0.030532 m’ mol”

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and acetone

(Component 2) are taken to be the same as for water/ethanol/CA system."

b/ =88x107" exp(7.3¢1 + 7.3¢2) m’s™

m =

b} =6x10"exp(7.34 +7.34,) m’s”

The 1-2 friction is considered to be negligible.
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Table 11. The Flory-Huggins parameters for penetrants water (anti-solvent, component 1) and 1,4
dioxane (solvent, Component 2) in cellulose acetate (CA) (polymer, indicated by subscript m) at 7' =
298.15 K. The Flory-Huggins parameters are taken from Altena and Smolders*' and Altinkaya and

Ozbas. ¥

__®
¢+ 9,

a=0.92;b=-0.69;c =7.15;d =-12.91;e =8.17,

Xim =14 205, = 0.4

V, =18x107° m® mol™
¥, =85.3%x10° m* mol™

V. =0.030532 m’ mol™

Xio = a+b(u2)+c(u2)2 +d(u2)3 +e(u2)4; U,

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and acetone

(Component 2) are taken to be the same as for water/ethanol/CA system."”

D}, =8.8x10"* exp(7.3¢, +7.3¢,) m’s”
D;, =6x10" exp(7.3¢, +7.34,) m’s”

The 1-2 friction is considered to be negligible.
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Table 12. The Flory-Huggins parameters for penetrants water (anti-solvent, component 1) and NMP
(solvent, Component 2) in polyethersulfone (PES, polymer, indicated by subscript m) at 7= 298.15 K.

The Flory-Huggins parameters are taken from Zeman and Tkacik.”

X =1.0; 1, =1.5; %,,, =0.5;
¥, =18.07x107° m® mol™
V, =96.52x10"° m* mol™

V =0.033869 m’ mol™

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and NMP

(Component 2) are taken to be the same as for water/ethanol/CA system."

D! =88x10" exp(7.3¢, +7.3¢,) m’s™
b} =6x10"exp(7.34 +7.3¢4,) m’s”

The 1-2 friction is considered to be negligible.
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Table 13. The Flory-Huggins parameters for penetrants water (anti-solvent, component 1) and DMF

(solvent, Component 2) in PVDF (polymer, indicated by subscript m) at 7 = 298.15 K. The Flory-

Huggins parameters are taken from Yip,”' and Matsuyama et al.’>

¢,
2 =a+b(,)+clu, ) +dw,) +elu,); u, =
12 (uy )+ c(uy) (u, ) +eluy) Sy
a=0.5b=0.04;c=0.8;d =-1.2;¢=0.8;

Yim =2.09; x,, =0.43;

¥V, =18x10™° m* mol™
72 =77.4x107° m’ mol™

V =0.307 m’ mol™

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and acetone

(Component 2) are taken to be the same as for water/ethanol/CA system."

b/ =88x107" exp(7.3¢1 + 7.3¢2) m’s™

m =

bl =6x10"exp(7.34 +7.3¢4,) m’s”

The 1-2 friction is considered to be negligible.
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Table 14. The Flory-Huggins parameters for penetrants water (anti-solvent, component 1) and NMP

(solvent, Component 2) in Polysulfone (PSF, polymer, indicated by subscript m) at 7= 298.15 K. The

Flory-Huggins parameters are taken from Yip,”' and Kim et al.”

¢,
2 =a+b(,)+clu, ) +dw,) +elw,); u, =
12 (uy )+ c(uy) (u,) +eluy) Sy
a=0.785;b=0.66;c =0;d =0;e=0;

Xim =375 ¥, = 0.24;
V, =18x10™° m* mol™
72 =96.2x10° m’ mol™

V =0.016 m’ mol™

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and acetone

(Component 2) are taken to be the same as for water/ethanol/CA system."

b/ =88x107" exp(7.3¢1 + 7.3¢2) m’s™

m =

bl =6x10"exp(7.34 +7.3¢4,) m’s”

The 1-2 friction is considered to be negligible.
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Table 15. The Flory-Huggins parameters for penetrants water (anti-solvent, component 1) and NMP

(solvent, Component 2) in Poly(etherimide) (PEI, polymer, indicated by subscript m) at 7= 298.15 K.

The Flory-Huggins parameters are taken from Yip,”' Kim et al.,”® and Fernandes et al.>*

¢,
2 =a+b(,)+clu, ) +dw,) +elw,); u, =
12 (uy )+ c(uy) (u, ) +eluy) Sy
a=0.785;b=0.66;c =0;d =0;e=0;

Y =21 x,,, =0.507;
V, =18x10™° m* mol™
V, =96.2x10"° m® mol™

vV =0.0176 m’ mol™

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and acetone

(Component 2) are taken to be the same as for water/ethanol/CA system."

b/ =88x107" exp(7.3¢1 + 7.3¢2) m’s™

m =

bl =6x10"exp(7.34 +7.3¢4,) m’s”

The 1-2 friction is considered to be negligible.

SM 60



Table 16. The Flory-Huggins parameters for penetrants methanol (anti-solvent, component 1) and
acetone (solvent, Component 2) in cellulose acetate (CA) (polymer, indicated by subscript m) at 7 =

298.15 K. The Flory-Huggins parameters are taken from Table 5 of Dabral et al.>

2 =138 7, =0.942; y, =0.042;
V, =40.4x10"° m* mol™
¥, =73.32x10° m* mol™

V. =0.030534 m’ mol™

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and acetone

(Component 2) are taken to be the same as for water/ethanol/CA system."

b/ =88x107" exp(7.3¢1 + 7.3¢2) m’s™

m =

bl =6x10"exp(7.34 +7.3¢4,) m’s”

The 1-2 friction is considered to be negligible.
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Table 17. The Flory-Huggins parameters for penetrants 2-propanol (anti-solvent, component 1) and

DMSO (solvent, Component 2) in EVAL (polymer, indicated by subscript m) at 7= 298.15 K. The

Flory-Huggins parameters are taken from Table 1 and Table 2 of Cheng et al.”

1376 b
140.702u,” ° 4+¢,°

2 =135 7, =—1+0.9¢ ;

¥V, =76.56x10° m* mol™

V, =70.96x10"° m* mol™

V. =0.047836 m’ mol”

X, =0.11

Modified Maxwell-Stefan diffusivities for permeation of penetrants water (component 1) and acetone

(Component 2) are taken to be the same as for water/ethanol/CA system."

D}, =8.8x10"2 exp(7.3¢, +7.3¢,) m’s”
D, =6x10" exp(7.3¢, +7.34,) m’s”

The 1-2 friction is considered to be negligible.
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25.  Captions for Figures

Figure 1. Schematic of Flory-Huggins lattice model.

Figure 2. Influence of the interaction parameter on the activity (a;) and thermodynamic correction

factor, I. 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.
Figure 3. Schematic showing mixture permeation across polymeric membrane.

Figure 4. Calculations of the volume fractions of penetrants (a) CO, (component 1) and (b) C,Hg
(Component 2) in a cross-linked polyethylene oxide (XLPEO) membrane (indicated by subscript m) at
298.15 K. 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.'' Note that the experimental component solubility data are
converted to volume fractions of penetrants, using the molar volumes. The continuous solid lines are the

the simultaneous solutions to equations (4) and (5). The input data are summarized in Table 1. 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 5. Calculations of the volume fractions of penetrants (a) CO, (component 1) and (b) C,Hg
(Component 2) in a cross-linked polyethylene oxide (XLPEO) membrane (indicated by subscript m) at
263.15 K. The upstream face of the membrane is in equilibrium with CO,/C,H¢ 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.'' Note that the experimental component solubility data are
converted to volume fractions of penetrants, using the molar volumes. The continuous solid lines are the

the simultaneous solutions to equations (4) and (5). The input data are summarized in Table 2. 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.

Figure 6. (a) Calculations of the interaction factor y,, for ethanol(1)/water(2) mixtures at 298.15 K
using equation (7) and the Wilson parameters provided by Yang and Lue.® Also shown are the 4-th
polynomial fits with coefficients specified in Table 5. (b) Calculations of the interaction factor y,, for
water(1)/ethanol(2) mixtures at 333 K using equation (7) and NRTL parameters. Also shown are the 4-
th polynomial fits with coefficients specified in Table 7. (c) Calculations of the interaction factor y,,

for water(1)/methanol(2) mixtures at 333 K using equation (7) and NRTL parameters. Also shown are

the 3rd polynomial fits with coefficients specified in Table 8.

Figure 7. Calculations of the volume fractions of penetrants water (component 1), ethanol (component
2) in a cellulose acetate 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. In the
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calculations, ,,,%,, are composition independent, and y,, follows the composition dependence

described by equations (8) and (9). The Flory-Huggins parameters are specified in Table 3.

Figure 8. Calculations of the volume fractions 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

parameters are specified in Table 4.

Figure 9. Calculations of the (a) volume fractions, and (b) uptakes per kg dry PDMS, of penetrants
ethanol (component 1), water (component 2) in polydimethylsiloxane (PDMS) membrane (polymer,
component m) at 298.15 K. The upstream face of the membrane is in equilibrium with ethanol/water

liquid mixture of varying volume fractions. In the calculations, y,,, x,, are composition independent,

and y,, follows the composition dependence described by equations (8) and (9). The Flory-Huggins

parameters are specified in Table 5.

Figure 10. Calculations of the (a) volume fractions, and (b) uptakes per kg dry PDMS, of penetrants
ethanol (component 1), water (component 2) in polydimethylsiloxane (PDMS) (polymer, component m)
at 298.15 K. The upstream face of the membrane is in equilibrium with ethanol/water liquid mixture of

varying volume fractions. In the calculations, all three interaction parameters x,,, ¥,,.> X>n ar¢
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dependent on the volume fractions of the penetrants. The Flory-Huggins parameters are specified in

Table 6.

Figure 11. Experimental data (symbols) of Heintz and Stephan'® for binary sorption of water/ethanol
mixtures in poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN) composite membrane. The continuous

solid lines are the F-H model calculations using the input data in Table 7.

Figure 12. Binary sorption of water/methanol mixtures in Nafion membrane. The continuous solid lines

are the F-H model calculations using the input data in Table 8.

Figure 13. Diffusivity of a trace of benzene in different polymers at 300 K. The effect of the glass

transition temperature. The artwork is based on Wesselingh and Krishna.?

Figure 14. Effect of permeant volume in a rubbery and an almost glassy polymer. The artwork is based

on Wesselingh and Krishna.

Figure 15. The effect of swelling. The artwork is based on Wesselingh and Krishna.?
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Olna,

ng,

Figure 16. Calculations for (a) thermodynamic correction factor, I' = , (b) Modified Maxwell-

1 _, Olng
Leff 1_¢1 Im 81n¢1

Stefan diffusivity, D,

1lm >

and (c) Effective Fick diffusivity, D , for water

(component 1) in 2-hydroxyethyl methacrylate (HEMA) (indicated by subscript m) at 7 = 296.65 K.

The input data are provided in Table 9. In these calculations the volume fractions, ¢, are related to the

1
, and @ = ——————— where the p,, are pure component

14 Pol=or 14 Pul=d
P @ Lo 9

mass fractions @, by ¢, =

mass densities.

Figure 17. (a) Fick diffusivities for unary permeation of CO, and C,Hg across a cross-linked
polyethylene oxide (XLPEO) membrane at 298.15 K. The x-axis represents the volume fraction of the
penetrant. (b) Calculations of the thermodynamic factor as a function of the volume fraction of the

penetrant. The input data are summarized in Table 1. Furthermore, 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.

Figure 18. Permeabilities, expressed in Barrers, for unary permeation of (a, ¢) CO, and (b, d) C,Hg
across a cross-linked polyethylene oxide (XLPEO) membrane at (a, b) 298.15 K, and (c, d) 263.15 K.

The input data are summarized in Table 1, and Table 2. Furthermore, in these calculations, the ratio
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L =(, i.e. the molar volume of the penetrant is negligible in comparison to the molar volume of the

||

polymer. The experimental data on component permeabilities are those presented in Figure 2 of Ribeiro

ctal.'®

Figure 19. (a) Calculations of the elements of the matrix of thermodynamic factors for penetrants CO,
(component 1) and C,Hg (Component 2) in a cross-linked polyethylene oxide (XLPEO) membrane
(indicated by subscript m) at 263.15 K. The upstream face of the membrane is in equilibrium with a

70% CO, gas mixture. In the calculations, the partial fugacity of CO; is increased, keeping the gas

1_‘11¢1 + 1_‘12¢2

mixture composition constant. (b) Calculations of the ratio
1_‘21¢1 + 1_‘22¢2

. (¢) Calculation of the effective

Fick diffusivities of CO, (component 1) and C,Hg (Component 2). The input data are summarized in

Table 2. In these calculations, the ratio V=1 =0, i.e. the molar volume of the penetrant is negligible in

m

comparison to the molar volume of the polymer.

Figure 20. Permeabilities, expressed in Barrers, of (a) CO,, and (b) C,Hg for binary CO,/C,H¢ mixture
permeation across a cross-linked polyethylene oxide (XLPEO) membrane at 298.15 K. The x-axis
represents the partial fugacity of (a) CO,, and (b) C,Hg in the bulk gas phase in the upstream

compartment. Five different mixture compositions are considered. The input data are summarized in

. . W . .
Table 1. Furthermore, in these calculations, the ratio V_—l =0, i.e. the molar volume of the penetrant is

m

negligible in comparison to the molar volume of the polymer. The experimental data (symbols) on
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component permeabilities are those presented in Figures 2, 4, and 5 of Ribeiro et al.'"® The continuous

solid lines are the calculations using the linearized M-S equations, along with the F-H model.

Figure 21. Permeabilities, expressed in Barrers, of (a) CO,, and (b) C,H¢ for binary CO,/C,H¢ mixture
permeation across a cross-linked polyethylene oxide (XLPEO) membrane at 263.15 K. The x-axis
represents the partial fugacity of (a) CO,, and (b) C,H¢ in the bulk gas phase in the upstream

compartment. Five different mixture compositions are considered. The input data are summarized in

1

Table 2. Furthermore, in these calculations, the ratio =0, 1.e. the molar volume of the penetrant is

=

negligible in comparison to the molar volume of the polymer. 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 calculations using the linearized M-S equations, along with the F-H model.

Figure 22. Permeabilities, expressed in Barrers, of (a) CO,, and (b) C;Hg for binary CO,/C,H¢ mixture
permeation across a cross-linked polyethylene oxide (XLPEO) membrane at 263.15 K. The x-axis
represents the partial fugacity of (a) CO,, and (b) C;He in the bulk gas phase in the upstream
compartment. Five different mixture compositions are considered. 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 calculations in which the 1-2 friction between the two penetrants is ignored.

Figure 23. (a) Thermodynamic correction factors for the ternary mixture consisting of water (component
1), ethanol (component 2) and cellulose acetate (polymer, component m). (b) Ratio of the elements of

thermodynamic correction factors. (c) Molar fluxes of water, and ethanol across CA membrane
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calculated using the linearized M-S equations, using two different scenarios for [I'] calculations. (d)

(N,M,)/(N, M, )

S , across CA membrane calculated
2 / W,

Water/ethanol permeation selectivity, defined as

using the linearized M-S equations, using two different scenarios for [I'] calculations. The Flory-
Huggins parameters and modified M-S diffusivities are as specified in Table 3. The 1-2 friction is

considered to be negligible.

Figure 24. (a) Thermodynamic correction factors for the ternary mixture consisting of water (component
1), ethanol (component 2) and polyimide (polymer, component m). (b) Ratio of the elements of
thermodynamic correction factors. (¢, d) Volumetric fluxes of (c) water, and (d) ethanol across
polyimide membrane calculated using the linearized M-S equations. The symbols represent the
experimental data as presented in Figure 3 and Figure 4 of Ni et al.'"®>. The continuous solid lines are
the flux calculations using the linearized M-S equations, along with the logarithmic interpolation
formula. The dashed lines are simulations in which the 1-2 friction is considered to be negligible. The

Flory-Huggins parameters, and diffusivity input data are provided in Table 4.

Figure 25. (a) Experimental data (symbols) of Heintz and Stephan®® for permeation of water/ethanol
mixtures across a poly (vinyl alcohol) /poly (acrylonitrile) (PVA/PAN) composite membrane. The input

data are provided in Table 7. (b) M-S+F-H model calculations assuming strong 1-2 friction, taking

b/ =5x10" m’s™; P =5x10"" m’s;D,=5x10"" m’s. (c) M-S+F-H  model

calculations assuming weak 1-2 friction,

taking: D/ =5x10"" m’s™;P) =5x10"" m’s™;D/, =50x10"" m’s".
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Figure 26. (a) Experimental data as reported in Figure 6 of Zielinski®® for the self-diffusivities of
toluene (1), and polystyrene (m) in polystyrene at 383 K as a function of the mass fraction of toluene.

Also shown are the data for the Fick (mutual) diffusivity, D;. (b) Calculations of the thermodynamic

PO

1

correction factor, ( j, taking y =0.354. (c) Comparison of the M-S diffusivity, calculated using

Bﬁn = D1/ (I?T 2’“1} , With Dy, D i, and D se1r. The continuous solid line is the estimation of the self-
£

diffusivity using the free-volume theory.

Figure 27. Calculations for (a) thermodynamic correction factor, I' = Olng, , (b) Fick diffusivity,
no
D =D/ Zin ;jl , and self-diffusivity, D, , for acetone (component 1) in cellulose acetate (indicated
ne, |

by subscript m) at 7=298.15 K. The input data are taken from the Verros and Malamataris.’ In these

. . : 1
calculations the volume fractions, ¢, are related to the mass fractions @, by ¢ =————, and
14 Pu 1z
P O
1 o v,
@, =—  — where the p,, are the mass densities of pure components. Also, = = 0.008.
1+Pn 120 Vo
P @

Figure 28. Calculations for (a) matrix of thermodynamic correction factors, [F], (b) Fick diffusivity
matrix [D], for methanol (component 1)/toluene (2)/poly(vinylacetate)(m) at 7" = 333.15 K. The

calculations are based on the predictions of the self-diffusivities using the free-volume parameters
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provided in Table 1 of Zielinski and Hanley, > along with the Flory-Huggins parameters also provided

in page 6 of their paper: y,, =1;%,, =1.19; 7,, =0.78. In these calculations, the mass fractions of

methanol and toluene are taken to equal each other, i.e. @, = ,.

Figure 29. The binodal and spinodal curves, plotted in volume fraction space, for the ternary mixture
consisting of water (non-solvent, component 1), acetone (solvent, component 2) and cellulose acetate
(polymer, component m). The inset to the Figure are calculations of the thermodynamic correction
factors at compositions that lie along the dotted line indicated in the ternary diagram. The Flory-

Huggins parameters are provided in Table 10.

Figure 30. Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,
component 1), acetone (solvent, component 2) and cellulose acetate (polymer, component m). The
plotted data in ternary composition space are in terms of volume fractions. The equilibration trajectory
is indicated by the blue line in ternary composition space. The inset shows the volume fraction profiles
in the coagulation bath (left compartment) and in the polymer solution (right compartment) at time 7 = 1

s after the start. The Flory-Huggins parameters and diffusivity data are provided in Table 10.

Figure 31. Diffusion trajectories during the immersion precipitation process for membrane preparation;
adapted from the papers of van den Berg and Smolders,”’” and Reuvers and Smolders.”® A 10% solution
of Cellulose Acetate (CA) in acetone is immersed in a bath of pure water. The transient equilibration

trajectories at three different times, 1 =10 s, =25 s, and ¢t = 50 s are depicted.
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Figure 32. Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,
component 1), acetone (solvent, component 2) and cellulose acetate (polymer, component m). The
plotted data in ternary composition space are in terms of volume fractions. The equilibration trajectory
is indicated by the blue line in ternary composition space. The inset shows the volume fraction profiles
in the polymer solution (right compartment) at time ¢ = 1 s after the start. The Flory-Huggins parameters

and diffusivity data are provided in Table 10.

Figure 33. (a) Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,
component 1), 1,4 dioxane (solvent, component 2) and cellulose acetate (polymer, component m). The
equilibration trajectory is indicated by the blue line. (b) Volume fraction profiles in the polymer
solution (right compartment) at time ¢ = 1 s after the start. The Flory-Huggins parameters and diffusivity

data are provided in Table 11.

Figure 34. Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,
component 1), N-methyl-2-pyrrolidone (NMP) (solvent, component 2) and poly(ether)sulfone (PES)
(polymer, component m). The plotted data in ternary composition space are in terms of volume
fractions. The equilibration trajectory is indicated by the blue line in ternary composition space. The
inset shows the volume fraction profiles in the polymer solution and in the coagulation bath at time 7 =1

s. The Flory-Huggins parameters and diffusivity data are provided in Table 12.
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Figure 35. Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,
component 1), N-methyl-2-pyrrolidone (NMP) (solvent, component 2) and poly(ether)sulfone (PES)
(polymer, component m). The plotted data in ternary composition space are in terms of volume
fractions. The equilibration trajectory is indicated by the blue line in ternary composition space. The
inset shows the volume fraction profiles in the polymer solution (right compartment) at time # =1 s. The

Flory-Huggins parameters and diffusivity data are provided in Table 12.

Figure 36. Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,
component 1), DMF (solvent, component 2) and PVDF (polymer, component m). The plotted data in
ternary composition space are in terms of volume fractions. The equilibration trajectory is indicated by
the blue line. The insets show the volume fraction profiles in the polymer solution (right compartment)
at time ¢ = 1 s after the start. The Flory-Huggins parameters and diffusivity data are provided in Table

13.

Figure 37. Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,
component 1), NMP (solvent, component 2) and Polysulfone (PSF, polymer, component m). The plotted
data in ternary composition space are in terms of volume fractions. The equilibration trajectory is
indicated by the blue line. The insets show the volume fraction profiles in the polymer solution (right
compartment) at time ¢ = 1 s after the start. The Flory-Huggins parameters and diffusivity data are

provided in Table 14.

Figure 38. Diffusional equilibration trajectory in a ternary system consisting of water (non-solvent,

component 1), NMP (solvent, component 2) and Pol(etherimide) (PEI, polymer, component m). The
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plotted data in ternary composition space are in terms of volume fractions. The equilibration trajectory
is indicated by the blue line. The insets show the volume fraction profiles in the polymer solution (right
compartment) at time ¢ = 1 s after the start. The Flory-Huggins parameters and diffusivity data are

provided in Table 15.

Figure 39. Diffusional equilibration trajectory in a ternary system consisting of methanol (non-solvent,
component 1), acetone (solvent, component 2) and cellulose acetate (polymer, component m). The
plotted data in ternary composition space are in terms of volume fractions. The equilibration trajectory
is indicated by the blue line in ternary composition space. The inset shows the volume fraction profiles
in the polymer solution (right compartment) at time ¢ = 1 s after the start. The Flory-Huggins parameters

and diffusivity data are provided in Table 16.

Figure 40. Diffusional equilibration trajectory in a ternary system consisting of 2-propanol (non-solvent,
component 1), DMSO (solvent, component 2) and EVAL (polymer, component m). The plotted data in
ternary composition space are in terms of volume fractions. The equilibration trajectory is indicated by
the blue line in ternary composition space. The inset shows the volume fraction profiles in the polymer
solution (right compartment) at time ¢ = 1 s after the start. The Flory-Huggins parameters and diffusivity

data are provided in Table 17.
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Diffusivity vs Temperature
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Fig. S16
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