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Abstract

The transport selectivity of different cations through cation exchange membranes (CEMs) could be
estimated with the partition coefficient (I(ji) and the cation mobility ratio in the membrane (u;'n/u,’;l),

which in turn can be related to corresponding membrane conductivity and dimensional swelling
degree data [Journal of Membrane Science, 2020, 597, 117645]. This method has been validated in
two hydrocarbon-based CEMs, and the obtained K*/Na* selectivity equals to the one obtained with
conventional electrodialysis (ED) method. However, the K*'/Na* selectivity of perfluorosulfonic acid
(PFSA) membranes, and the bi-/monovalent cation (Mg**/Na*) selectivity of all three types of CEMs
estimated with this ionic conductivity experimental approach deviate noticeably from corresponding
values obtained with ED. In this work, it is proved that this deviation is mostly due to the simplification
of cation activity coefficients in the membrane. Here, the cation activity coefficients in three types of
CEMs are calculated according to Manning's counter-ion condensation model. In this model, the

Manning parameter (¢) characterizing the dimensionless linear charge density is determined by the
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average distance between two adjacent fixed sulfonate groups (b) and the permittivity of hydrated
membranes (¢). In hydrocarbon-based CEMs, the average distance between fixed sulfonate groups
can be estimated by assuming homogeneous distribution of the fixed groups, while in PFSA
membranes three representative structure models are employed to estimate this average distance.
After accounting for the cation activity coefficients in the membrane, the cation transport selectivity
obtained with the ionic conductivity experimental approach agrees well with the selectivity obtained
with the ED method. This work shows the importance of cation activity coefficients in the membrane
phase in interpreting the membrane transport properties, and complements the proposed

conductivity approach to characterize the counter-ion selectivity of ion exchange membranes.

Keywords: cation exchange membrane, activity coefficient, selectivity, counter-ion condensation,

structure models of perfluorosulfonic acid membranes
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1. Introduction

The transport characteristics of ions in ionomers and/or polyelectrolyte systems is interesting
and also important [1]. Such systems can be seen in the biological field like the delicate
sodium/potassium ion pump in cell membranes [2], and also can be witnessed in the artificial world
including the synthetic ion exchange membranes (IEMs) [3, 4]. Though the ability of IEMs to control
ion transport is not as perfect as their biological archetype in the cell membrane of living organisms,
IEMs can still achieve ion transport selectivity at two levels [5]: 1. facilitate the transport of
counter-ions while block the transport of co-ions (that bear the same sign of charge as the
membrane fixed charges) [6]; 2. achieve partial fractionation between counter-ions of different
valences [7, 8]. These two properties have already popularized IEMs in diverse applications for the
water — energy nexus [9-11], for example redox flow batteries for the renewable energy storage.
Therefore, further study of ion transport characteristics in such IEMs is definitely required to help

reach the realm of perfect ion transport selectivity in synthetic membranes.

Study of ion transport in IEMs relies on experimental methods to characterize the ion transport
selectivity [10, 12]. First of all, these methods shall be reliable, then ideally be convenient and swift.
For the counter-/co-ion permselectivity of IEMs, extensive research efforts in the past have
suggested the membrane potential method as a routine characterization method [5, 13]. For the
selectivity of IEMs towards different counter-ions, a subject not fully studied yet, both electrodialysis
(ED) [7, 8, 14] and the bi-ionic potential method [15] can be considered, with the former being the
benchmark technique. As summarized in a recent review [10], ED is time-consuming and requires
dedicated set-ups, and the bi-ionic potential method is not so popular though it is actually an easy
estimation method. Alternatively, in a previous contribution [16] we propose that the membrane
conductivity and dimensional swelling degree can predict the counter-ion selectivity of IEMs, by
assuming linear dependence of membrane conductivity on the equivalent counter-ion composition in
the membrane [17]. This new method will be referred as the ionic conductivity experimental approach
in following discussions. The key idea of this method is to decouple the transport selectivity of two

counter-ions into two parts: the partition selectivity between the membrane and contiguous aqueous

solutions (K]-i), and the mobility ratio of counter-ions in the membrane phase (ulm/u]’-"). The latter part
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can be calculated from the ionic conductivity of membranes at corresponding counter-ion forms.
While the former part, the partition selectivity, can also be obtained from the ionic membrane
conductivity when the membrane is in equilibrium with a solution of two different types of
counter-ions with a known equivalence ratio. Though this new method has been validated in two
hydrocarbon-based cation exchange membranes (CEMs) for K*/Na™ transport, it is observed that the
K*/Na* mobility ratio in one perfluorosulfonic acid (PFSA) membrane and the Mg /Na* mobility ratio
in all the three types of CEMs are underestimated by this ionic conductivity experimental approach
[16]. This underestimation of ion mobility ratio is very likely due to the simplification of cation activity

in CEMs, which of course needs to be confirmed.

The ion activity, instead of ion concentration, is used to reflect the non-ideal behavior of ions in
electrolyte solutions. The deviation of ion activity from ion concentration is quantified through the ion
activity coefficient [18]. This is important for interpreting both the thermodynamic (ion partition) and
kinetic (ion transport) properties of IEMs [19]. Even though swollen IEMs can be approximated as
concentrated polyelectrolyte solutions [20], however, as compared to extensive study and theoretical
frameworks for the ion activity coefficient in electrolyte solutions, there is much less research focused
on ion activity coefficient in IEMs. Back in the 1950s, Mackie and Meares [21] applied the theory of
Katchalsky and Lifson originally developed for polyelectrolyte solutions [22, 23] in one type of CEM,
their theoretical results agreed well with experimental ion activity coefficients. However, with a similar
approach, the results of Lakshminarayanaiah led to an opposite conclusion on the same type of CEM
[24]. Shortly later, Gregor and his co-workers proposed a new model for the ion activity coefficient in
IEMs [20], however this model found limited penetration in the field possibly due to its complexity. A
significant advancement on this topic comes very recently. Kamcev and Freeman et al. adopted
Manning's counter-ion condensation theory that was also originally for polyelectrolyte solutions in
the calculation of ion activity coefficients in IEMs [25-32]. Without adjustable parameters, Manning's
counter-ion condensation theory could predict both the magnitude and variation trend of ion activity
coefficients as a function of the salt concentration in external solutions [26]. This approach has been
applied in several hydrocarbon-based CEMs and anion exchange membranes (AEMs) for
interpreting the ion partition [33], ion (especially co-ion) transport nicely [27, 28, 31, 34, 35]. The

validity of this approach in another considerably different, yet important class of CEMs — PFSA
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membranes (for example Nafion) — remains to be checked [36]. There are already a few literature
reports that claim a large portion of protons (72 ~ 98%) in Nafion 117 equilibrating with pure water
are condensed [37], though the conclusion is at question due to simplification of cation activity
coefficient both in the membrane and in the solutions to be 1. A very recent work reports
experimental evidence revealing similar condensation of counter-ions in Nafion membranes [38],
which makes the application of Manning's counter-ion condensation theory in PFSA membranes
quite interesting. Besides Manning's counter-ion condensation theory, for IEMs of low water
contents (therefore small relative dielectric constants of hydrated membranes), Freger recently
proposes a unified model that aims to describe the ion association between mobile ions and fixed
charge groups within a charged membrane [39]. This seems an interesting step towards predictive
modeling of ion transport in charged membranes, yet some necessary parameters that shall be

determined by experiments are not available at the moment.

In this work, the objective is to apply the Manning's counter-ion condensation theory for the
calculation of cation activity coefficients in not only hydrocarbon-based CEMs, but also in PFSA
membranes. Further, the inclusion of these cation activity coefficients in the proposed ionic
conductivity experimental approach for the characterization of counter-ion transport selectivity in
CEMs can testify whether the previously observed underestimation of cation mobility ratio in CEMs is
due to the simplification of the cation activity. On one hand, this work can complement the proposed
ionic conductivity experimental approach as a potentially reliable, swift and convenient approach for
the counter-ion transport selectivity characterization. On the other hand, it is attempted in such a first
trial to test the feasibility of applying the counter-ion condensation theory in PFSA membranes. It is
necessary to note that the Manning's counter-ion condensation framework is based purely on
electrostatic interactions, and there are other types of interactions — hydration, ion association (as
called by Freger [39]) or non-electrostatic specific physical interaction (as termed by Weber et al.
[40]), and internal pressure in membranes like Nafion [41, 42]. At the present stage, with the
Manning's theoretical framework as a predictive model, it is meaningful to explore the potential of

this model for the applications in PFSA membranes.
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2. Background

2.1. The ionic conductivity experimental approach for the counter-ion selectivity

determination

The transport selectivity between counter-ions i and j measured in electrodialysis (ED), P]-i, is
defined as [5, 7, 8]:

it/

J ZiCL'/ZjCj

where t/* is the transport number of counter-ion i in the membrane phase, C; stands for the
molarity of counter-ion i (mol m?) at the membrane surface on the desalination side, and z; is the
valence of the counter-ion. As is generally known, the transport selectivity of counter-ions measured
in ED depends on the experimental conditions [10], which include but are not limited to the current
density, the equivalence ratio of counter-ions in the solutions [43], the ionic strength of solutions, the
mixing conditions (with or without flow) and the temperature. If one aims at characterizing the
counter-ion transport selectivity of the membrane itself, it is necessary to choose carefully the
experimental conditions to screen out the influence from other factors as much as possible. Though
there are different practices in literature, we employ such one: equal equivalence ratio of
counter-ions in the starting solutions (both the diluate and the concentrate), a current density well
below its limiting value, fast liquid flow through the ED cell, duration that is long enough to determine
the counter-ion concentration change in the solutions in ED (for several times of measurements at a
regular time interval), but not so long that the counter-ion concentration changes exceed 5% as
compared to their starting values (so c¢; in Equation 1 can be approximated with the starting values).
When the current density is well below the limiting one, it is rationale to approximate the counter-ion
concentration at the membrane surface with its concentration in the bulk solution [44]. The
counter-ion transport number in the membrane can be expressed with the ratio of ionic fluxes, which
can be described by the Nernst-Planck equation [45]. With these considerations, the contribution of
ionic diffusion and convection to the ionic fluxes can be neglected, then the counter-ion transport

selectivity can be simplified to the following form [16]:
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J x}"/x u] ]

Kji is the partition coefficient of counter-ions i and j between the solution and the membrane

phase, x/" is the equivalent ratio of counter-ion i among all counter-ions in the membrane phase,
and x; its equivalent ratio in the bulk solution. u* is the mobility of counter-ion i in the membrane

phase (m? s V'), and it is related closely to the membrane conductivity, k™ (S m™), as [18]:
= Faj*u]* = Fy["¢"ui* (3)

F is the Faraday constant (96485 C mol™), a" is the activity of counter-ion i in the membrane, y"
is the counter-ion activity coefficient in the membrane. In our previous work [16], the activity
coefficient was simplified as 1. For the concomitant presence of two different counter-ions, iand j,
in the membrane phase, if we assume the membrane conductivity (k;’;) is linearly dependent on the
counter-ion activity (a more stringent assumption than the use of concentration as reported in [16]),

then:
ki; = Faj'ui" + Faj"uj" = Fy{"C{"u{" + Fyj"C;"uj" (4)

A parameter, the equivalent concentration of all counter-ions in the membrane, C™
(equivalence'm?), is defined to unify the notations for both mono/bivalent counter-ions. It is defined

as:
= |zIC" +|z|c™ (5)

z; is the valence of counter-ion i. Rearrangement of Equation 5 links the counter-ions™ equivalent

ratios as:

lcm zi|lc™
—'Zé'm‘ 4 Bl ’C|m’ =x"+x"=1 (6)

The equivalent concentration of all counter-ions, €™, can also be calculated directly from the
membrane parameters including ion exchange capacity (IEC, mmole-g™ dry polymer), the dry
polymer density (p4ry, kg m?), and the dimensional swelling degree (SD) by the following correlation

[10]:
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C™ = IEC - pary * - =1EC" pary~ (7755)°  (7)

V is the volume of membranes (m®), and the subscript denotes the hydration state (dry or wet). In the
derivation of Equation 7, there is one another assumption that the membranes swell uniformly in
three directions. Though there is proof that PFSA membranes have different dimensional swelling
degrees in the normal and tangential directions to the membrane surface [46], we keep this
assumption here to simplify the calculation. The combination of Equations 3 - 7 gives (the deduction

details are given in the Supporting Information):

M= Kij(1+5D; )3~k ] (1+SD )3

LT kM (1+5D)3— k(145D )3 (8)

This means that the equivalent ratio of counter-ion i in the membrane, x/", can be obtained from
the membrane conductivity and dimensional swelling degree data, when y;"u;" is not dependent on
the membrane counter-ion composition. This result is exactly the same as when the counter-ions’
activity coefficients in the membrane are simplified to 1 (i.e., in Equations 3 and 4, y;" = y;" = 1) [16].

One step further, the partition coefficient in Equation 2 can be expressed as:

ki j(1+5D; )3~k ] (1+SD )3

Ki=2. 9
T xf Kk(T(A+SD)3- k(145D )3 ©)

The deductions shown above for the partition coefficient with the simplification of counter-ion
activity coefficients (y;" = y;" = 1) have been validated experimentally for K'/Na" in cation exchange
membranes (CEMs), and for Mg**/Na* in two hydrocarbon-based CEMs, as reported in our previous
work [16]. However, the mobility ratios of K*/Na* or Mg®*/Na* obtained from the conductivity data are
underestimated, when the cation activity coefficients are simplified [16]. Therefore, based on

Equation 3, the counter-ion mobility ratio shall be expressed in the following way:

m

uw' _ k{"(A+SD)3lzil ¥
m T~ .m m
uj K (1+5Dj)3|Z]'| Y]

(10)

As shown by Equation 2, the transport selectivity of counter-ions i and j can be expressed as
the product of the partition coefficient (I(ji) and the counter-ion mobility ratio in the membrane phase

(u{”/u}” ). Because the ionic conductivity experimental approach can already ensure the

determination of the partition coefficient reasonably well (via Equation 9), so this study will then focus

8
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on the counter-ion activity coefficients in the membrane phase, y/", to increase the accuracy when
determining the counter-ion mobility ratio in the membrane phase via Equation 10. The calculation of

counter-ion activity coefficients in the membrane phase is detailed in the following section.

2.2. Calculation of the counter-ion activity coefficient

The counter-ion (gegen-ion) and co-ion activity coefficients in an IEM, »” and y" respectively,

can be calculated according to Manning's model [25, 28, 47] as:

ﬁ%pg@g cr
m_ Zq _ 2
Ve = C +z,|v.Cr P Cy +|z, v vecy )

2
Gz
2Zg

m m
Cl +|z, v vEC:

Y. =exp

where C”' is the molarity of fixed charges in a hydrated membrane (mol m?), C" is the mobile salt
concentration in the membrane (mol m™), z, and z, are the gegen-ion and co-ion valences,
respectively. v, and v, indicate the stoichiometric number of counter-ions and co-ions in one
mobile salt, respectively, and v = v, +v,. & is the so-called Manning parameter that denotes the

dimensionless fixed linear charge density on a polymer chain of the membrane [47].

When the amount of imbibed co-ion into an IEM can be neglected (namely C” ~0), the

counter-ion activity coefficient in the membrane can then be simplified as:
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Under such a condition, the counter-ion activity coefficient is only related to the counter-ion valence

and the Manning parameter, and the latter is defined as follows [47]:

¢4
dre ckTb b

(14)

where ¢ is the elementary charge (1.60 x 107 C). ¢, is the vacuum dielectric constant (8.85 X

10" F m™"), ¢ is the relative dielectric constant (permittivity) of the hydrated membrane. & is the

Boltzman constant (1.38 X 102 J K'), T stands for the absolute temperatue (K). » is the

average distance between two adjacent fixed charges in a hydrated membrane (m). A, is the

B

Bjerrum length (m) that characterizes the critical distance at which the thermal energy of a
counter-ion is equal to the attractive electrostatic energy between this counter-ion and an interacting
fixed charge group. When the distance between a counter-ion and a fixed charge group (eg. on a
polymer chain) is smaller than the Bjerrum length, the counter-ion is considered as “condensed” with
the fixed charge group. When the distance is larger than the critical value, the counter-ion is
regarded as “free”. In Manning's model, the dimensionless linear charge density & is in fact the
ratio of Bjerrum length to the average distance between two adjacent fixed charge groups (on a

polymer chain).

The model has an important idea of the critical linear charge density, £, which discriminates

the situation whether or not a counter-ion will be condensed with these consecutive fixed charge
groups on a polymer chain. The critical linear charge density is correlated to the valence of the

counter-ion and corresponding fixed charge groups as [47]:

(15)

z, is the valence of the fixed charge groups on polymer chains. For fixed sulfonate groups (z, = —1)

V4

and a monovalent cation (eg. Na*), the critical linear charge density is 1; for the same fixed charge
10
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groups and a bivalent cation (eg. Mg?*), the value is 0.5. Within this framework, counter-ions will be
condensed when the Manning parameter is larger than its critical value, and these condensed
counter-ions could then neutralize some fixed charges and increase the average distance between
two adjacent fixed charge groups, consequently the Manning parameter is reduced until its critical
value is reached. Though Manning's theory was originally developed for polyelectrolyte systems, it
has also been proved valid in similar systems like highly hydrated IEMs, since these IEMs can be
treated as crosslinked ionomers with high fixed charge concentrations. Kamcev and Freeman et al.
have recently extended Manning's theory to IEMs, and obtained excellent results in interpreting the
thermodynamic [25, 29] and transport properties [28, 31] of several types of hydrocarbon-based
CEMs.

In Equation 14, the permittivity of a hydrated membrane (&) can either be measured

experimentally [48-50], or alternatively be approximated by the following additive rule [25]:

=D&, +D,s, (16)

®; is the volume fraction of component i in a hydrated membrane, ¢ is the permittivity of

component i. The subscripts w and p stand for water and polymer, respectively. The value of ¢,

is chosen at 78, the permittivity of bulk water at room temperature. In Equation 14, the average
distance between two adjacent fixed charge groups in an IEM (5 ) can be estimated geometrically,
based on known knowledge of the chemical structure and the membrane composition for
hydrocarbon-based |IEMs [25]. However, for PFSA membranes with significant hydrophobic and
hydrophilic nanophase separation upon hydration, structure models are necessary for estimating the

parameter 5.

3. Characteristics of cation exchange membranes

The chemical schemes of three representative types of CEMs are shown in Figure 1. CMX
(Astom Corp., Japan) is made from sulfonated polystyrene crosslinked by divinylbenzene (Figure 1,
a), and further reinforced with polyvinyl chloride fabric. It is conventionally used as a standard CEM in

11
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ED. SPEEK is short for sulfonated poly(ether ether ketone) (Figure 1, b), and it is representative of
homogeneous CEMs. PFSA membranes are another important class of CEMs, including Nafion from
DuPont and F9120 from Fumatech, and so on. The difference of these PFSA membranes is the
density of side chains (m, n values), and the length of side chains (x, y values in Figure 1, c) [46]. The

spanning length of a monomer residue (b,) in CMX and SPEEK is also shown in the figure.

by =1.70 nm SPEEK

: F, Fy
SOH: ¢ —C c
e n
bo=0.25nm TC—C%C %SOaH
CMX PFSA CFs

Figure 1. Chemical schemes of the three different types of cation exchange polymers that form the
corresponding cation exchange membranes (CEMs): a. CMX, b. SPEEK and c. perfluorosulfonic

acid (PFSA) polymers including F9120. All the polymers are shown in their proton forms.

Table 1 lists the basic physicochemical characteristics of CEMs, including the density of the dry
polymer membrane (pg4.,), the water contents and the dimensional swelling degree. The data of
water contents and swelling degree are based on 10 samples for each condition. The standard
deviations of water contents are all less than 3.5%. The numbers of water molecules per fixed
sulfonate groups (A) in different CEMs are listed in the Supporting Information (Table S1). The
swelling degree is obtained by measuring the thickness of membranes before and after hydration.
There is such a concern that PFSA membranes are anisotropic in swelling [51], which is also
reflected by the inconsistency between F9120 swelling degree in the normal direction and water
contents if isotropic swelling was assumed (Table S2). In this work, the change of membrane
thickness is still chosen as the representative swelling degree because of the convenience in its
measurements. Delicate measurements in the future are necessary to clarify the swelling behaviour

of PFSA membranes.
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Table 1. The characteristics of cation exchange membranes (CEMs)

Water contents Swelling degree (SD)
pdry
Membranes [g H20 - g' dry polymer, %] [%]
[g cm?]
K* Na*  Mg* K* Na* Mg?*
CMX 1.34 18.2 22.0 219 141 4+10 111+ 21 120 + 1.2
SPEEK 1.44 154 25.1 228 138 + 3.3 194 + 84 17.0 + 10.0
F9120 1.77 7.6 16.9 174 191 +13 213 + 11 172 + 5.2

4. Structure models of perfluorosulfonic acid membranes

The average distance between two adjacent fixed sulfonate groups is an important parameter in
the Manning's counter-ion condensation theory, as detailed in Section 2.2. In the case of hydrated
PFSA membranes, ion clusters have been observed [46, 52], which indicates that this average
distance can't be estimated based on the assumption that fixed sulfonate groups are
homogeneously distributed. To this end, knowledge of the PFSA membrane microstructure is
necessary. However, the microstructure of PFSA membranes has long been a subject of hot debate,
one possible reason of which might be the adaptive nature of the PFSA membrane structure as a

response of environmental stimuli, especially the water contents [51].

In this work, three important and influential structure models have been included for the
estimation, and their characteristic features are illustrated in Figure 2. The first one is the famous and
generally accepted cluster-network model proposed by Gierke et al. (Figure 2, a) [53]. In this model,
spherical inverted micelles (called clusters) distribute with a paracrystalline pattern through the
membrane, and these clusters are interconnected by narrow cylindrical channels with a diameter of
around 1 nm (which also depends on the hydration level) [52]. Upon further hydration, clusters grow
and coalesce. The second model introduced by Schmidt and Chen in 2008 is the first quantitative
model obtained by fitting the small angle X-ray scattering (SAXS) data of a hydrated Nafion [54], and

has attracted a lot of attention by far. This model proposes cylindrical water nanochannels arranged
13
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in parallel, with cylinder lengths on the order of some 20 nm [54]. Swelling results in generally the
enlargement of the cylinder diameter (Figure 2, b). This model could explain the fast ion transport in
these PFSA membranes naturally. Despite its popularity, the parallel cylindrical water channel model
is also at question. Kreuer points out that the hydration level of the exact sample whose data have
been employed by Schimdt and Chen in their simulation is not correct, and also the simulation is
limited to only one sample [51]. With the same approach of direct numerical simulation of the
scattering data, Kreuer further developed his semi-quantitative structure model of PFSA membranes.
It is found that the microstructure of the water domains in PFSA should be locally flat, without any
curvature as proposed in the case of cluster-network and parallel cylindrical water channel models
[51]. Because the swelling is observed to be in one direction, so the locally planar water channels
increase their spacing distance as a result of swelling (Figure 2, ¢) [51]. Such planar structures might
be with a length on the order of 30 -100 nm, as reflected by the tortuosity of PFSA membranes
deduced from SAXS data [51].
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Figure 2. Three representative structure models of PFSA membranes and the structure evolution
upon swelling with water. (a) The classical cluster-network model proposed by Gierke et al. (modified
from Reference [52] with permission), (b) the newly introduced model of parallel cylindrical water
channels (simplified from Reference [54] with permission) and (c) the structure model with locally flat

water layer as suggested by Kreuer (modified from Reference [51] with permission).

5. Results and Discussions
5.1. The ion partitioning selectivity factor and the ion mobility ratio

Figure 3 shows the equilibrium partition coefficient of Mg?* over Na* (a), of K* over Na* (b)
between three types of CEMs and the surrounding aqueous solution with varying equivalent ratios of
two different cations. The definition of the partition coefficient is given in Equation 2. For the CMX

and SPEEK membranes, Mg®" ions are preferentially distributed in the membrane phase for the

whole solution composition range investigated, and the partition coefficient Klyﬁﬂ decreases with

the increase of equivalent Mg?* ratio in the solution. This is in accordance with the general principle
of ion exchange [55]. However, for the PFSA membrane F9120, the partition coefficient drops from
1.6 at an equivalent solution Mg?* ratio of 0.1 to values below 1 when the equivalent solution Mg?*
ratio is not less than 0.2. This reversal of the counter-ion partition selectivity in the membrane phase
is not frequently seen, and a reasonable explanation has not been achieved yet. As shown in Figure
3(b), there is no preferential partition of K* between the CMX membrane and the solution, while K*

ions are clearly enriched in the membrane phase of SPEEK and F9120. The partition coefficients

K,’v(; in the F9120 membrane are quite large, especially at low equivalent solution K" ratios.

Because ion exchange membranes prefer the counter-ion with smaller equivalent solvated volume
when different counter-ions have the same valence [55], therefore K* is preferentially enriched over
Na® in the membrane. The underlying reason for this preference of IEMs is the favorable elastic

relaxation of the polymeric matrix when the more hydrated counter-ions are replaced by less

hydrated ones [55]. The large partition coefficients Kl’\,{; at low equivalent solution K* ratios for the

F9120 membrane as compared to the SPEEK membrane indicate that the polymeric matrix of the

F9120 membrane tends to reorganize relatively easier. This is in line with the observation that the
15
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polytetrafluorene ether side chains in PFSA membranes (Figure 1, c) are easier to reorganize as
compared to the stiffer poly(ether ether ketone) hydrocarbon chains [56], which is also reflected by

their corresponding glass transition temperatures.
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Figure 3. The equilibrium partitioning selectivity factor of (a) Mg?* over Na* (KlnyrH), and (b) K" over

Na* (Kll\f;) between three CEMs (CMX, SPEEK and F9120) and aqueous solutions with varying

equivalent cation ratios. The anion is sulfate, and its total molar concentration is 0.5 M. The dashed
lines in the figures indicate no preferential partitioning of cations between the membrane and the

solution phases.

The cation mobility ratio in the membrane phase (u{"/u}”) can be calculated via Equation 2,
when the partition coefficient of cations (Kji) and the transport selectivity (P}) are known. Due to

experimental difficulties in measuring the actual partition coefficient during electrodialysis (ED), the
equilibrium partition coefficient is generally used instead [7]. Table 2 lists the transport selectivity of
Mg?*/Na* and K*/Na* measured by ED. Mg?* ions are preferentially transported as compared to Na*
ions through all three types of CEMs, and so are K* ions. In the ED process, when the current density
is well below its limiting value, the partition of counter-ions between the membrane and the solution
phase can be considered as close to equilibrium [44, 57]. In our ED experiments the current density

at 10 mA cm? is well below the limiting current densities of systems investigated [16], so the
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experimentally measured equilibrium partition coefficients (as shown in Figure 3) can be used to
calculate the counter-ion mobility ratio in the membrane u{”/u]’-” (ED), via Equation 2. As also shown
in Table 2, the Mg*/Na* and K*/Na* mobility ratios determined with the ED selectivity data are larger
than 1, except for the Mg*/Na* pair in the SPEEK membrane and the K*/Na* pair in the F9120
membrane. The unusual phenomenon of smaller K* mobility as compared to Na* in the membrane
phase has also been observed in other PFSA membranes like Nafion [58]. On the other hand, the
cation mobility ratios in the membrane can also be calculated from the membrane conductivity data
at pure counter-ion forms (Equation 10, without cation activity coefficients), the results of u{”/u}" (x)
are tabulated in Table 2. It is clear that only the K*/Na® mobility ratios in the CMX and SPEEK
membranes are close to those calculated with the ED selectivity data. The Mg /Na* mobility ratios
and the K*/Na* mobility ratio in the F9120 membrane calculated from the membrane conductivity
data (without cation activity coefficients) are all smaller than corresponding values calculated from
the ED selectivity data. This discrepancy should be due to the simplification of cation activity
coefficients in the CEMs when the membrane conductivity data are employed for the calculation of
cation mobility ratios in the membrane. Therefore, the calculation of cation activity coefficients in

these CEMs becomes necessary.

Table 2. The measured cation transport selectivity and calculated cation mobility ratio for CEMs

P/(ED) ul"/u" (ED) w" [ (i)
Membranes
Mg®*/Na* K'/Na*  Mg?/Na* K'/Na*  Mg*/Na* K'/Na*
CMX 1.34 1.43 1.07 1.51 0.17 1.62
SPEEK 1.09 1.31 0.83 1.1 0.15 1.19
F9120 1.32 1.30 1.48 0.89 0.37 0.34

5.2. The average distance between two adjacent fixed sulfonate groups

The average distance between two adjacent fixed sulfonate groups (Equation 13, b) in CEMs is
necessary for the calculation of cation activity coefficients in CEMs. For the hydrocarbon-based

CEMs (CMX and SPEEK) it is calculated based on the assumption that these ionic groups are
17
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distributed randomly throughout the whole membrane, and the distribution can be considered as
homogeneous on a microscopic scale. Therefore, with known molar ratio of charged and
non-charged groups, the b values can easily be estimated. Table 3 lists the parameters necessary
for the calculation in the hydrocarbon-based CEMs. The CMX membranes are made from sulfonated
polystyrene cross-linked with divinyl benzene (Figure 1), and these cross-linked copolymers are
further reinforced with inert fabric. The weight fraction of styrene and divinyl benzene copolymers in
the composite membrane is reported to be 45 — 65% [59], and an average value of 55% is used here.
The homogeneous distribution of fixed charge groups in these hydrocarbon-based ionomers is a
rationale assumption, because it is already known that fixed chare groups in these ionomers are
more distributed and show no ion clustering [56]. This assumption has also been adopted by Kamcev
et al. in their calculations, and the calculated cation activity coefficients in the hydrocarbon-based
CEMs show remarkably good agreement with experimental values [25]. As shown in Table 3, though
the CMX and SPEEK membranes have similar IECs, the b value of SPEEK is larger than that of
CMX because the unit distance (b, ) in SPEEK is much larger (Figure 1). A recent study on the small
angle X-ray scattering profiles of SPEEK membranes reveals a scattering peak corresponding to the
average distance between two adjacent sulfonate groups on the polymer backbone [60]. For SPEEK
membranes with IEC in the range of 1.3 - 1.6 mmol-g™, the average distance is around 2.4 nm [60],

which accredits the value calculated in this study.

Table 3. The average distance between two adjacent fixed sulfonate groups (5 ) in CEMs

|IEC non * nc/nnon ¥ bo b
Membranes
[mmol-g™ dry polymer] [mmol-g] [ [nm]  [nm]
CMX 1.66 + 0.06 1.62 0.98 0.25[25] 0.50

SPEEK 1.62 + 0.01 1.28 0.79 1.70 [61] 3.04
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*n, and n, stand for the molar amount of charged and non-charged groups per 1 g of the whole

dry ion exchange polymer. b, is the unit distance between two adjacent fixed charge groups as

schemed in Figure 1.

Different from the situation in the hydrocarbon-based CEMs, estimation of the average distance
between two adjacent fixed sulfonate groups in PFSA membranes relies on the membrane structure
models derived from the scattering data [51, 52, 62]. Since ion clustering is observed in these
membranes, the assumption of homogeneous distribution of fixed charge groups throughout the
whole membrane does not hold any more. The cluster-network model initiated by Gierke et al. [52],
the parallel cylindrical water channel model [54] and the layered locally planar channel model
proposed by Kreuer et al. [51, 56, 62] are typical examples. In these models, the water volume
fraction of the hydrated membranes (®,,) is the most important parameter. As shown in Table 1, the
water content of the F9120 membrane in Na* form is 16.9 wt.%, which is close to 17.8 wt.% of Nafion
in Na* form with an equivalent weight of 1200 g-mol™ (Table 1 from Ref. [52]). For this type of Nafion
membrane at such a hydration level, Gierke et al. estimated a cluster diameter of 3.88 nm and 73
fixed charge sites within a single cluster [52]. By assuming homogeneous distribution of fixed charge
groups within a single spherical cluster (as sketched in Figure 2(a)), an average distance of 0.91 nm
between these fixed charge groups can be obtained. Though the equivalent weight of the F9120
membrane (950 g-mol™) used in this study is different from this type of Nafion described in literature,
we assume that the microstructure of the F9120 membrane resembles this type of Nafion, because
of their similar water contents at Na* form. Following the same procedure of Gierke, and use the
equivalent weight of 950 g-mol” for the calculation of fixed charge group numbers, the cluster
diameter and the number of fixed charge groups per cluster of the F9120 membrane in Na® and K*
forms are obtained, and results are presented in Table 4. The calculation details are provided in the
Supporting Information. There are no scattering data about Mg?*-form Nafion membranes [52],
consequently the Bragg spacing distance necessary for the estimation of the cluster spacing

distance in Nafion is not available. Alternatively, the Bragg spacing distance measured from
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Na*-form Nafion is adopted for the calculation. Because of similar water contents, the b value of the

Mg?*-form F9120 membrane is almost identical to that of the Na*-form membrane.

Table 4. The average distance between two adjacent fixed sulfonate groups (5 ) in PFSA

Cluster/cylinder Fixed charges per

b
Structure model Cation diameter cluster/cylinder
[nm]
[nm] [-]
K* 3.22 93 0.67
Cluster—network [52] Na* 3.73 81 0.83
Mg?* 3.75 81 0.84
K* 1.91 3.98 X 10° 0.56
Parallel cylindrical
Na* 2.76 3.98 X 10° 0.69
water channels [54]
Mg?* 2.80 3.98 X 10° 0.68
K* 0.4* / 0.79
Layered locally
Na* 1.0 / 0.79
planar channels [51]
Mg?* 1.0 / 0.79

* This is the water layer thickness in the layered locally planar channels model.

The parallel cylindrical water channels model suggests that the water nanochannels in PFSA
membranes are parallel cylinders of a few nanometer diameter. This model is based on the direct
numerical simulation of small angle X-ray scattering data of a Nafion117 membrane with 20 vol.% of
water [54]. For such a membrane, the authors find the average diameter of cylinders to be 2.4 nm
[54]. The length of these cylindrical water nanochannels is around 20 nm, however whether these

nanochannels align along the normal direction to the membrane surface is not clear [54]. To simplify
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the calculation, it is assumed that these nanochannels align almost in series across the whole
membrane thickness. So, the estimated value of the nanochannel length is the minimum (and also
equals to the hydrated membrane thickness), and consequently the estimated value of the average
distance between two adjacent fixed charge groups is also the minimum. With the amount of fixed
charge groups (IEC value), the number of fixed charge groups within such a water-filled cylindrical
nanochannel (Figure 2, b) penetrating the membrane thickness is calculated as much as 4.20 x 10°,
by taking into account of 20 vol.% water in the membrane. Then the average distance between two
adjacent fixed charge groups is estimated to be 0.62 nm. This structure model is also transferred to
the F9120 membrane by comparing the water volume fractions, together with the adoption that
PFSA membranes swell/shrink in a fashion that only the diameter of cylindrical water nanochannels
increases/decreases (Figure 2, b). For the K*-form of the F9120 membrane with 7.6 wt.% of water
(12.7 vol.%, Table 5), the diameter of the water nanochannels in the F9120 membrane is 1.91 nm,
and the average distance between two adjacent fixed charge groups is 0.56 nm. In a similar way, the
average distances in Na*-form and Mg®*-form F9120 membranes are obtained, and these two values
are quite close (Table 4) because of similar water contents in these two membranes.

Even though the parallel cylindrical water nanochannels model of Nafion is the first quantitative
structure model and has become popular, it is still at criticism because only a few scattering patterns
were employed for the comparison of simulation and experimental results, and the water volume
fraction of the important sample was also faulty [51]. Kreuer et al. propose a different structure model
by simulations of the scattering patterns in a similar fashion, but with an array of membrane samples
with large variations of the water volume fraction and pre-treatment/relaxation history [51]. Their
results exclude the possibility of the parallel cylindrical water nanochannels model, and instead
suggest cautiously that the water domain is locally flat, and the water and the polymer domains are
most likely layered lamella [51]. According to this model, only the thickness of the water layers
changes with the alteration in the membrane water contents. Therefore, the calculated average
thickness of the water layers changes as the counter-ions of the F9120 membrane change (Table 4).
However, the average distance between two adjacent fixed charge groups pervading
homogeneously on the planar water-polymer interface (Figure 2, c) is not affected, and is constant at

around 0.79 nm.
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These estimated values of b, based upon three different structure models of PFSA membranes,
are all at the same order of magnitude as the reported 0.47 nm obtained by molecular dynamics

simulations [40, 46, 63, 64]. This agreement substantiates our estimations.

5.3 The Manning parameter and cation activity coefficients

With the estimated average distance between two adjacent fixed sulfonate groups (b) in CEMs,
it is then possible to calculate the cation activity coefficients in these CEMs. According to Equation
14, the Manning parameter (§) can be calculated when the b values and the permittivity of hydrated
membranes () are known. The values of ¢ can be measured experimentally [48-50] or alternatively
can be approximated with the average of the membrane polymer and the water permittivity (Equation
16). Table 5 lists the approximated & values, Bjerrum length (15) and & values for the three types of
CEMs. For the calculation of the water volume fraction in the hydrated membranes (®,,), the water
density of 1 g-cm?is chosen. The permittivity of water at room temperature is 78, and for simplicity,
the permittivity of the dry membrane polymer is chosen at 6 as in Reference [25]. One recent work
reports different experimental dielectric constants of crosslinked poly(glycidyl methacrylate)
polymers and Nafion 117 at similar water volume fraction, which suggests that polymer water content
alone may be insufficient for estimating the permittivity of hydrated polymers [50]. This means that
polymer chemistry is also influencing. However, in this work, all the cation exchange polymers have
the same functional groups (sulfonate groups, though slightly different pK, values) and the additivity
rule has been proved valid in similar CEMs [25], we keep the use of additivity rule at the present

stage.
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Table 5. The calculated Bjerrum length (1z) and Manning parameter (&) in CEMs

o, £ A 1S
Membranes Cations
[%]  [[1 [nm] -]
K* 19.6 20.1 2.79 5.6
CMX Na* 228 224 250 5.0
Mg?* 22,7 223 2.51 5.0
K* 18.2 19.1 2.93 0.86
SPEEK Na* 26.5 251 2.23 0.66
Mg?* 247 238 2.35 0.69
K* 12.7 151 3.70 5.52/6.61/4.68
F9120 Na* 26.5 251 2.23 2.69/3.23/2.83

Mg? 272 256 219 2.61/3.22/2.77

As can be seen in Table 5, most of the Az values are in the range of 2.20 — 3.00 nm, because
similar ¢ values are found for these hydrated CEMs at room temperature. However, the € values
differ. For the CMX membrane, the Manning parameters are all larger than corresponding critical
values (1 for K* and Na*, 0.5 for Mg?*), so the three types of cations in the CMX membrane are all
condensed. A recent work reports that the Manning parameter (§) for the CMX membrane is 1.0+0.1,
obtained by fitting the experimental co-ion (CI") concentrations in the membrane according to the
counter-ion condensation theory [33]. This difference is mainly due to smaller water contents in our
case (18.0 — 22.0%) as compared to more absorbed water in literature (around 40%), because more
concentrated external salt solutions of bivalent sulphate anions (therefore larger ionic strength) are
employed in this work. While for the SPEEK membrane, only bivalent Mg®* ions are condensed

because £ is larger than 0.5. The K" and Na" ions in the SPEEK membrane are not condensed, just
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because the average distance between two adjacent fixed sulfonate groups (b values) is large (Table
3), and which is a result of the relatively low IEC values for these SPEEK membranes. For the F9120
membrane, b values estimated from 3 different structure models (Table 4) are used to calculated the
Manning parameter, and the results are grouped in Table 5. As shown, all three types of cations are

condensed in the F9210 membrane, irrespective of which structure model is employed.

When the counter-ions are not condensed, i.e. the Manning parameter § < .. , then the

counter-ion activity coefficient in the membrane phase is calculated with the following formula [47]:

A’
m m
cr+2cy

Iy =3¢ (17)

Since the free salt concentration in the membrane phase can be neglected (CJ* = 0) when bivalent
co-ion SO4* at a total molar concentration of 0.5 M is employed in this study, Equation 17 can then

be simplified as:

vt =exp(-38) (18)

For the case of the SPEEK membranes with K* or Na* ions, the cation activity coefficients should be
calculated with Equation 18, instead of Equation 13 [47]. The calculated results are listed in Table 6.
As can be seen, when the cations are condensed in the membrane, the resultant activity coefficients
are generally only about 10 — 25% of the ideal values (1), which is in general agreement with the
results published in literature [25, 47]. For the Mg?* ions in the SPEEK membrane, the Manning
parameter is slightly larger than the critical value (0.5), so limited portion of counter-ions are
condensed and the Mg?* activity coefficient is therefore larger than 0.5. While for the K* and Na* ions
in the SPEEK membrane, because these cations are not condensed at all in this CEM with a large
distance between two adjacent fixed sulfonate groups, their activity coefficients are as large as 0.651
and 0.719, respectively. In a word, with the aid of Manning's counter-ion condensation theory, all the

cation activity coefficients in CEMs are obtained.
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Table 6. The cation activity coefficients in CEMs calculated via Manning's theory

Membranes Structure model "’
K* Na* Mg*
CMX / 0.131 0.147 0.074
SPEEK / 0.651 0.719 0.533
Cluster-network 0.110 0.225 0.116
F9120 Parallel cylindrical channel  0.092 0.188 0.094

Layered locally planar channel 0.130 0.214 0.110

5.4 The revised ion mobility ratio and resultant ion transport selectivity

As shown in Section 5.1, the cation mobility ratios calculated from the membrane ionic
conductivity data are obviously smaller than corresponding values obtained from the ED data, except
for the cases of K*/Na* transport in the CMX and SPEEK membranes (Table 2). This discrepancy
could be ascribed to the simplification of the cation activity coefficients in CEMs. Now these cation

activity coefficients have been obtained with the Manning's counter-ion condensation theory, and are
listed in Table 6. Then the revised mobility ratios (u}' (k,y)) with the consideration of the cation activity

coefficient can be calculated with Equation 10, and the results are shown in Table 7. For the F9120
membrane, only the results based on the cluster — network structure model are presented in Table 7.
The revised mobility ratios are generally in quantitative agreement with the mobility ratios calculated
from the ED data. As compared to the non-revised mobility ratios, the revised Mg®*/Na* mobility
ratios of the CMX and SPEEK membranes have increased, but are still smaller than the
corresponding ratios from the ED data. At the present stage, we think this might possibly be due to
oversimplification in estimating the average distance between adjacent fixed sulfonate groups (b) by
assuming homogeneous distribution of fixed charge groups in these hydrocarbon-based CEMs. In

the future, it is necessary to figure out how to include the influence of membrane water volume
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fraction (¢, ) on the average distance between fixed sulfonate groups (b ) in these

hydrocarbon-based CEMs.

Table 7. The revised cation mobility ratios considering the cation activity coefficients

u™ [ul™ (ED) ul™ [ul (i) ul™ ful (k,7)
Membranes
Mg®*/Na* K*/Na* Mg®*/Na* K'/Na* Mg®*/Na* K'/Na*
CMX 1.07 1.51 0.17 1.62 0.34 1.82
SPEEK 0.83 1.11 0.15 1.19 0.20 1.31
F9120 1.48 0.89 0.34 0.34 0.72 0.70

The ion transport selectivity values obtained by the conventional ED method and the ionic
conductivity experimental approach we proposed before are illustrated in Figure 4, and numerical

values are provided in the Supporting Information (Table S3). The benchmark values are those
obtained by ED. The cation transport selectivity values Plyff and P,’\f; for the three types of CEMs
are all larger than 1 (indicated by the dashed horizontal line in Figure 4). The Pffff calculated from
the membrane conductivity data (k) without the consideration of cation activity coefficients are all

significantly smaller than their corresponding reference values (Figure 4, a). While for the P,’\f;

calculated in the same fashion, the selectivity values are quite close to the reference values for the

CMX and SPEEK membranes, however not for the F9120 membrane (Figure 4, b). With the
inclusion of the cation activity coefficients in the calculation, the sz&%r” for CEMs all increase to
values quite close to the references. For the F9120 membrane, because 3 different structure models
are employed, so there are 3 different values. The Plyff value revised with the layered locally

planar channel model deviates obviously from the other two values, which results from the

inefficiency of the third structure model in predicting the change of b values (Table 4). For the CMX

and SPEEK membranes, the Pl’\f values revised with the cation activity coefficients are close to the

at
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references, while the P,’\f; values of the F9120 membrane are still slightly smaller than the

. Mg?t +
reference value. Nevertheless, in general the P, ‘% and P{. values calculated from the

conductivity data are close to the reference values after the cation activity coefficients have been

included in the calculation. It is also necessary to note that the sz&q+2+ of SPEEK membrane

measured by ED is only 1.09 (also shown in Table 2), indicating no significant preferential transport
of bivalent Mg?* ions across the membrane. We confirmed this unusual behavior with repeated ED
experiments. After the cation activity coefficients in the SPEEK membrane have been calculated,
now the reason for this unusual behavior is clear: part of the Mg?®* ions in the SPEEK membrane are
condensed to the fixed sulfonic groups (Table 5, £ > 0.5) , and the overall Mg®* activity coefficient is
0.533; however, all the monovalent Na* ions in this membrane are not condensed (therefore being

mobile), and the Na* activity coefficient is 0.719, larger than that of Mg®*. On the other hand, the
partition coefficient Klyﬁﬂ of the SPEEK membrane is around 1.3 when the solution equivalent Mg®*:

Na® ratio is 1 (Figure 3, a). As a result, the Pllfcf’f of the SPEEK membrane is only 1.09. With the

help of Manning's counter-ion condensation theory to calculate the cation activity coefficient, such an

unusual transport selectivity is now rationalized.
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Figure 4. The cation transport selectivity (a) of Mg** over Na* (Pllfcf’f) , and (b) of K" over Na* (Pf\f;)

for three types of CEMs (CMX, SPEEK and F9120) obtained by the conventional ED method (circles),
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by the ionic conductivity experimental approach without (black squares) and with (square) the
correction of cation activity coefficient in the membrane phase (y{*) calculated via Manning's

counter-ion condensation theory.

Conclusions

The Mg*/Na* and K'/Na* transport selectivity through three types of cation exchange
membranes (CEMs) obtained from our newly proposed ionic conductivity experimental approach,
after accounting for the cation activity coefficients in CEMs with Manning's counter-ion condensation

theory, is compared to the results obtained via conventional electrodialysis (ED) method. The new
ionic conductivity experimental approach is able to decouple the partition coefficient (Kj") and mobility

ratio (u{”/u}") components of cation transport selectivity. It is found that calculation of the mobility
ratios of two cations in the membrane (u}”/u}") via the membrane conductivity has to include the

cation activity coefficients in the membrane phase. While for the calculation of the partition
coefficients of two cations between the solution and the membrane phase (Kji), the formula is the

same whether or not the cation activity coefficients are included in the expression of the membrane
conductivity, as long as the counter-ion mobility in the membrane phase is not strongly dependent on
the counter-ion composition. The studied CEMs include CMX, SPEEK and one type of
perfluorosulfonic acid (PFSA) membrane F9120. The K*/Na® selectivity obtained by the ionic
conductivity experimental approach without the consideration of cation activity coefficients in the
membrane phase are not significantly different from the selectivity with the inclusion of cation activity
coefficients, and this is coincidently due to the close values of K* and Na* activity coefficients in the
membrane. However, for the bivalent/monovalent Mg /Na* ion pair, the selectivity obtained by the
ionic conductivity experimental approach without the consideration of cation activity coefficients are
almost half of their corresponding values obtained by the ED method. When both the Mg?* and Na*
activity coefficients are included, the revised Mg*/Na* selectivity values are close to the values

obtained by ED. To further improve the accuracy of our proposed ionic conductivity experimental
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approach for the determination of cation transport selectivity in PFSA membranes, the anisotropic
swelling characteristics of these membranes have to be considered.

It is also shown in this work that the Manning's counter-ion condensation theory could not only
be applied to hydrocarbon-based CEMs, but also can be used in PFSA membranes to calculate the
cation activity coefficients. To do so, the average distance between two adjacent fixed sulfonate
groups in the hydrocarbon-based CEMs (CMX and SPEEK) can be estimated by assuming
homogeneous distribution of the fixed charge groups in the membrane. However, for the PFSA
membrane F9120, models describing the membrane microstructure as a result of the hydrophobic —
hydrophilic microphase separation have to be employed. It is found that the classical cluster-network
model and the recent parallel cylindrical water channel model can give reasonable values of the
average distance and its change as a response of the change in the membrane water contents.
However, the layered locally planar water channel model is presently not effective in predicting the
change of this average distance, and more details have to be included to substantiate this structure
model of PFSA membranes. This work stresses the importance of including the cation activity

coefficients in the interpretation of the membrane counter-ion transport selectivity.

Acknowledgements

This work is supported by “the Fundamental Research Funds for the Central Universities of China”. T.
L. and M.W. would also like to acknowledge the financial support from the European Research
Council (ERC) under the European Union’s Horizon 2020 Research and Innovation Program via an

ERC Advanced Grant (ConFluReM, grant agreement NO. 694946).

29



O 00 N OO U1 b WIN B

A D D W W WWWWWWWWNNNINNNNNNNRRRPRRRRRPRRR
N P O © OO U BN WNRPROOMNOUDWNRPRO OLOOLONOOUMMAWWNLIERO

References

[1] M. Muthukumar, 50th Anniversary Perspective: A Perspective on Polyelectrolyte Solutions,
Macromolecules, 50 (2017) 9528-9560.

[2] I. Kim, T.W. Allen, On the selective ion binding hypothesis for potassium channels, Proceedings of the
National Academy of Sciences of the United States of America, 108 (2011) 17963-17968.

[3] L. Ge, B. Wu, D. Yu, A.N. Mondal, L. Hou, N.U. Afsar, Q. Li, T. Xu, J. Miao, T. Xu, Monovalent cation
perm-selective membranes ( MCPMs): New developments and perspectives, Chinese Journal of Chemical
Engineering, 25 (2017) 1606-1615.

[4] ). Ran, L. Wu, Y. He, Z. Yang, Y. Wang, C. Jiang, L. Ge, E. Bakangura, T. Xu, lon exchange membranes: New
developments and applications, Journal of Membrane Science, 522 (2017) 267-291.

[5] Y. Tanaka, lon Exchange Membranes: Fundamentals and Applications: Second Edition, Elsevier Inc.,
Amsterdam, 2015.

[6] H. Strathmann, A. Grabowski, G. Eigenberger, lon-exchange membranes in the chemical process industry,
Industrial & Engineering Chemistry Research, 52 (2013) 10364-10379.

[7] T. Sata, Studies on anion exchange membranes having permselectivity for specific anions in
electrodialysis - Effect of hydrophilicity of anion exchange membranes on permselectivity of anions, Journal
of Membrane Science, 167 (2000) 1-31.

[8] T. Sata, T. Sata, W.K. Yang, Studies on cation-exchange membranes having permselectivity between
cations in electrodialysis, Journal of Membrane Science, 206 (2002) 31-60.

[9] G. Merle, M. Wessling, K. Nijmeijer, Anion exchange membranes for alkaline fuel cells: A review, Journal
of Membrane Science, 377 (2011) 1-35.

[10] T. Luo, S. Abdu, M. Wessling, Selectivity of ion exchange membranes: A review, Journal of Membrane
Science, 555 (2018) 429-454.

[11] G.M. Geise, D.R. Paul, B.D. Freeman, Fundamental water and salt transport properties of polymeric
materials, Progress in Polymer Science, 39 (2014) 1-42.

[12] Y. Ji, G.M. Geise, The role of experimental factors in membrane permselectivity measurements,
Industrial & Engineering Chemistry Research, 56 (2017) 7559-7566.

[13] T. Sata, lon exchange membranes: Preparation, characterization, modification and application, The
Royal Society of Chemistry, Cambridge, UK, 2004.

[14] W. Wang, R. Liu, M. Tan, H. Sun, Q.J. Niu, T. Xu, V. Nikonenko, Y. Zhang, Evaluation of the ideal
selectivity and the performance of selectrodialysis by using TFC ion exchange membranes, Journal of
Membrane Science, 582 (2019) 236-245.

[15] T. Xu, K. Hu, A simple determination of counter-ionic permselectivity in an ion exchange membrane
from bi-ionic membrane potential measurements: Permselectivity of anionic species in a novel anion
exchange membrane, Separation and Purification Technology, 40 (2004) 231-236.

[16] T. Luo, F. Roghmans, M. Wessling, lon mobility and partition determine the counter-ion selectivity of ion
exchange membranes, Jouranl of Membrane Science, 597 (2020) 117645.

[17] X.T. Le, P. Viel, P. Jégou, A. Garcia, T. Berthelot, T.H. Bui, S. Palacin, Diazonium-induced anchoring
process: An application to improve the monovalent selectivity of cation exchange membranes, Journal of
Materials Chemistry, 20 (2010) 3750-3757.

[18] P. Atkins, J.d. Paula, Physical Chemistry, 8th ed., W. H. Freeman and Company, New York, 2006.

[19] J. Kamcev, B.D. Freeman, Charged polymer membranes for environmental/energy applications, in: J.M.
Prausnitz (Ed.) Annual Review of Chemical and Biomolecular Engineering, 2016, pp. 111-133.

30



O 00 N O U1 b WN B

A D D DS W WWWWWWWWWNNINNNNNNNNERRPRRRRREPRIERERLR
W NP OWOVWNOUDPNMWNRO OONOUOUDRNWNRPROWOWOONOOUNWNIERO

[20] L. Lazare, B.R. Sundheim, H.P. Gregor, A model for cross-linked polyelectrolytes, Journal of Physical
Chemistry, 60 (1956) 641-648.

[21] J.S. Mackie, P. Meares, The sorption of electrolytes by a cation-exchange resin membrane, Proceedings
of the Royal Society of London Series A-Mathematical and Physical Sciences, 232 (1955) 485-498.

[22] R.M. Fuoss, A. Katchalsky, S. Lifson, The potential of an infinite rod-like molecule and the distribution of
the counter ions, Proceedings of the National Academy of Sciences of the United States of America, 37 (1951)
579-589.

[23] A. Katchalsky, S. Lifson, J. Mazur, The electrostatic free energy of polyelectrolyte solutions. 1. Randomly
kinked macromolecules, Journal of Polymer Science, 11 (1953) 409-423.

[24] Lakshminarayana.N, Activity coefficients of small ions in ion-exchange resins, Journal of Polymer Science
Part A-General Papers, 1 (1963) 139-149.

[25] J. Kamcev, D.R. Paul, B.D. Freeman, lon activity coefficients in ion exchange polymers: Applicability of
Manning's counterion condensation theory, Macromolecules, 48 (2015) 8011-8024.

[26] J. Kamcev, M. Galizia, F.M. Benedetti, E.-s. Jang, D.R. Paul, D. Freeman, G.S. Manning, Partitioning of
mobile ions between ion exchange polymers and aqueous salt solutions : Importance of counter-ion
condensation, Physical Chemistry Chemical Physics, 18 (2016) 6021-6031.

[27] J. Kamcev, D.R. Paul, G.S. Manning, B.D. Freeman, Predicting salt permeability coefficients in highly
swollen, highly charged ion exchange membranes, ACS Applied Materials & Interfaces, 9 (2017) 4044-4056.
[28] J. Kamcev, D.R. Paul, G.S. Manning, B.D. Freeman, Accounting for frame of reference and
thermodynamic non-idealities when calculating salt diffusion coefficients in ion exchange membranes,
Journal of Membrane Science, 537 (2017) 396-406.

[29] J. Kamcev, D.R. Paul, B.D. Freeman, Effect of fixed charge group concentration on equilibrium ion
sorption in ion exchange membranes, Journal of Materials Chemistry A, 5 (2017) 4638-4650.

[30] J. Kamcev, R. Sujanani, E.-s. Jang, N. Yan, N. Moe, D.R. Paul, B.D. Freeman, Salt concentration
dependence of ionic conductivity in ion exchange membranes, Journal of Membrane Science, 547 (2018)
123-133.

[31] J. Kamcev, D.R. Paul, G.S. Manning, B.D. Freeman, lon diffusion coefficients in ion exchange membranes:
Significance of counterion condensation, Macromolecules, 51 (2018) 5519-5529.

[32] J. Kamcev, C.M. Doherty, K.P. Lopez, A.J. Hill, D.R. Paul, B.D. Freeman, Effect of fixed charge group
concentration on salt permeability and diffusion coefficients in ion exchange membranes, Journal of
Membrane Science, 566 (2018) 307-316.

[33] G.Q. Chen, K. Wei, A. Hassanvand, B.D. Freeman, S.E. Kentish, Single and binary ion sorption equilibria of
monovalent and divalent ions in commercial ion exchange membranes, Water Research, 175 (2020)
115681-115681.

[34] J. Kamcev, R. Sujanani, E.S. Jang, N. Yan, N. Moe, D.R. Paul, B.D. Freeman, Salt concentration
dependence of ionic conductivity in ion exchange membranes, Journal of Membrane Science, 547 (2018)
123-133.

[35] C.G. Arges, K. Li, L. Zhang, Y. Kambe, G.-P. Wu, B. Lwoya, J.N.L. Albert, P.F. Nealey, R. Kumar, lonic
conductivity and counterion condensation in nanoconfined polycation and polyanion brushes prepared from
block copolymer templates, Molecular Systems Design & Engineering, 4 (2019) 365-378.

[36] R. Sujanani, J. Kamcev, E.-S. Jang, D. Paul, B. Freeman, Developing a new approach to describe ion
sorption and transport in Nafion membranes, Abstracts of Papers of the American Chemical Society, 257
(2019).

31



O 00 N O U1 b WN B

A D D DS W WWWWWWWWWNNINNNNNNNNERRPRRRRREPRIERERLR
W NP OWOVWNOUDPNMWNRO OONOUOUDRNWNRPROWOWOONOOUNWNIERO

[37] K.M. Beers, D.T. Hallinan, Jr., X. Wang, J.A. Pople, N.P. Balsara, Counterion condensation in Nafion,
Macromolecules, 44 (2011) 8866-8870.

[38] A. Muenchinger, K.-D. Kreuer, Selective ion transport through hydrated cation and anion exchange
membranes |. The effect of specific interactions, Journal of Membrane Science, 592 (2019).

[39] V. Freger, lon partitioning and permeation in charged low-T* membranes, Advances in Colloid and
Interface Science, 277 (2020) 102107.

[40] A.R. Crothers, R.M. Darling, A. Kusoglu, C.J. Radke, A.Z. Weber, Theory of multicomponent phenomena
in cation-exchange membranes: Part |. Thermodynamic model and validation, Journal of the Electrochemical
Society, 167 (2020).

[41] K.-D. Kreuer, The role of internal pressure for the hydration and transport properties of ionomers and
polyelectrolytes, Solid State lonics, 252 (2013) 93-101.

[42] K.-D. Kreuer, Corrigendum to "The role of internal pressure for the hydration and transport properties
of ionomers and polyelectrolytes (vol 252, pg 93, 2013)", Solid State lonics, 328 (2018) 35-36.

[43] T. Dong, J. Yao, Y. Wang, T. Luo, L. Han, On the permselectivity of di- and mono-valent cations: Influence
of applied current density and ionic species concentration, Desalination, 488 (2020).

[44] V.V. Nikonenko, N.D. Pismenskaya, E.l. Belova, P. Sistat, P. Huguet, G. Pourcelly, C. Larchet, Intensive
current transfer in membrane systems: Modelling, mechanisms and application in electrodialysis, Advances
in Colloid and Interface Science, 160 (2010) 101-123.

[45] R. Femmer, A. Mani, M. Wessling, lon transport through electrolyte/polyelectrolyte multi-layers,
Scientific reports, 5 (2015) 11583.

[46] A. Kusoglu, A.Z. Weber, New insights into perfluorinated sulfonic-acid ionomers, Chemical Reviews, 117
(2017) 987-1104.

[47] G.S. Manning, Limiting laws and counterion condensation in polyelectrolyte solutions I. Colligative
properties, The Journal of Chemical Physics, 51 (1969) 924-933.

[48] S.J. Paddison, D.W. Reagor, T.A. Zawodzinski, High frequency dielectric studies of hydrated Nafion,
Journal of Electroanalytical Chemistry, 459 (1998) 91-97.

[49] S.J. Paddison, G. Bender, K.D. Kreuer, N. Nicoloso, T.A. Zawodzinski, The microwave region of the
dielectric spectrum of hydrated Nafion and other sulfonated membranes, Journal of New Materials for
Electrochemical Systems, 3 (2000) 291-300.

[50] K. Chang, H. Luo, G.M. Geise, Water content, relative permittivity, and ion sorption properties of
polymers for membrane desalination, Journal of Membrane Science, 574 (2019) 24-32.

[51] K.D. Kreuer, G. Portale, A critical revision of the nano-morphology of proton conducting ionomers and
polyelectrolytes for fuel cell applications, Advanced Functional Materials, 23 (2013) 5390-5397.

[52] T.D. Gierke, G.E. Munn, F.C. Wilson, The morphology in Nafion perfluorinated membrane products, as
determined by wide-angle and small-angle X-ray studies, Journal of Polymer Science Part B-Polymer Physics,
19 (1981) 1687-1704.

[53] W.Y. Hsu, T.D. Gierke, lon transport and clustering in Nafion perfluorinated membranes, Journal of
Membrane Science, 13 (1983) 307-326.

[54] K. Schmidt-Rohr, Q. Chen, Parallel cylindrical water nanochannels in Nafion fuel-cell membranes, Nature
Materials, 7 (2008) 75-83.

[55] F. Helfferich, lon exchange, Dover Publications, Inc., New York, 1995.

[56] K.D. Kreuer, On the development of proton conducting polymer membranes for hydrogen and methanol
fuel cells, Journal of Membrane Science, 185 (2001) 29-39.

32



O 00 N O U1 b WN B

I T = N G S Oy ST O Y
O O N O UL D WN L O

[57] R. abu-Rjal, V. Chinaryan, M.Z. Bazant, |. Rubinstein, B. Zaltzman, Effect of concentration polarization on
permselectivity, Physical Review E, 89 (2014).

[58] S. Shi, A.Z. Weber, A. Kusoglu, Structure-transport relationship of perfluorosulfonic-acid membranes in
different cationic forms, Electrochimica Acta, 220 (2016) 517-528.

[59] S.J. Lue, E.J. Wang, S.Y. Hsiaw, Pervaporation of benzene/cyclohexane mixtures using ion-exchange
membrane containing copper ions, Journal of Membrane Science, 240 (2004) 149-158.

[60] H. Mendil-Jakani, I.Z. Lopez, P.M. Legrand, V.H. Mareau, L. Gonon, A new interpretation of SAXS peaks in
sulfonated poly(ether ether ketone) (sPEEK) membranes for fuel cells, Physical Chemistry Chemical Physics,
16 (2014) 11228-11235.

[61] K. Doi, K. Kato, S. Kawano, Characterization of polymer structures based on Burnside's lemma, Physical
Review E, 84 (2011).

[62] K.-D. Kreuer, S.J. Paddison, E. Spohr, M. Schuster, Transport in proton conductors for fuel-cell
applications: Simulations, elementary reactions, and phenomenology, Chemical Reviews, 104 (2004)
4637-4678.

[63] S. Cui, S.J. Paddison, A molecular dynamics study of the effects of V** and V3* on the local structure of
hydrated Nafion, Journal of Physical Chemistry C, 119 (2015) 12848-12855.

[64] A.R. Crothers, R.M. Darling, A. Kusoglu, C.J. Radke, A.Z. Weber, Theory of multicomponent phenomena
in cation-exchange membranes: Part Il. Transport model and validation, Journal of the Electrochemical
Society, 167 (2020).

33



