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Abstract

The use of ion exchange membranes (IEMs) for electrochemical ion-ion separation leverages the
selectivity of the IEMs toward like-charged species via valence difference and/or other ion-
membrane interactions. A mechanistic model that relates selectivity with membrane structural and
chemical properties is lacking in the literature. Here, we extend the Manning’s counter-ion
condensation model for describing ion partition and ion mobility inside IEMs to mixed salts
scenarios. We evaluate the extended Donnan-Manning model against experimental data from
literature and compare the performance the Donnan-Manning model to that of the ideal Donnan
model and the Donnan-Affinity model. Our analysis shows that, despite its structural complexity,
the Donnan-Manning model has less fitting parameters than the Donnan-Affinity model and
generally outperforms the two other models in predicting counter-ion and co-ion partition. With
the assumption of a higher mobility of condensed ions than that of uncondensed ions, the
generalized Manning’s model can also predict counter-ion mobility selectivity for cation exchange
membranes, but its performance for predicting mobility selectivity for anion exchange membranes

is still unsatisfactory.
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1. Introduction

Precise solute-solute separation is a topic of growing interest due to its relevance in resource
extraction from brine lakes and seawater (e.g., lithium and rare earth elements extraction) and
nutrient recovery from wastewaters (e.g., nitrogen and phosphorus recycling) [1-4].
Electrodialysis (ED) is one of the most promising membrane processes for selective ion-ion
separation [5,6]. The key components that govern the performance of an ED process are ion
exchange membranes (IEMs) which are dense polymer matrices with high density of fixed charge
groups. IEMs allow the transport of counter-ions and repel co-ions and can thus achieve the
separation of species with opposite charges. Historically, an ED process using alternately stacked
cation exchange membranes (CEMs) and anion exchange membranes (AEMs) has been
investigated most extensively for desalination [7-9]. However, recent studies have started to
investigate ED for selective separations, hoping to leverage IEMs’ selectivity between like-
charged species based on valence difference and/or difference in ion-membrane affinity [10—-14].
To guide the design of next generation IEMs for the specific application of ion-ion separation,
fundamental understanding and quantitative description of selective ion transport through IEMs

are critical.

Ion transport across the IEMs can be described by ion partition at two solution-membrane
interfaces and ion transport inside the IEMs. Counter-ion selectivity of IEMs can be approximated
by a product of partition selectivity at interfaces and mobility selectivity inside the membrane
[5,15]. A desired IEM with high selectivity toward the ion of interest should prefer the partition
and transport of target ion inside the membrane. To guide the design of IEMs with better selective
separation ability, a mechanistic model that can relate selectivity with membrane structural and

chemical properties is desired but still under development.

Ion partition to IEMs can be measured by static sorption experiments [16—18]. Donnan
equilibrium is usually applied to predict the ion partition at solution-membrane interfaces but it
only accounts for the ideal Donnan effect. Other models beyond the ideal Donnan model have
been proposed to describe the ion partition. Donnan-Affinity model groups any non-ideal behavior
during partition to an affinity term which results in a simple model with good fitting ability but
lacks mechanistic insights on how to design better IEMs [11,19]. The Donnan-Manning model

applies Manning’s counter-ion condensation theory to describe ion transport across IEMs more
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mechanistically but has only been validated with single salts [20-23]. However, ion transport with
mixed salts can be very different from that with single salts and only mixed salts are practically

relevant under the context of any selective separation [24].

Ion transport inside the IEMs can be described by the Nernst-Planck equations but requires
the knowledge of accurate intra-membrane ion diffusivity. Ion diffusivity can be measured from
salt diffusion experiments and membrane conductivity measurements for single salts or fitted from
ED experiments with the prior measurement of ion partition for mixed salts [20,25]. Tortuosity
effect is usually the only effect considered when modeling the diffusivity impediment inside IEMs
[19]. Recently, models based on Manning’s theory have been applied to account for the impeding
electrostatic effect of fixed charges on ion diffusivity, but only for single salts [26,27]. Extension
and validation of these models to mixed salts are necessary for the investigation of counter-ion

selectivity of IEMs.

In this study, we first generalize the Manning’s counter-ion condensation model to mixed
salts. The generalized model is then validated with results from recent literature for di-/mono-
valent and mono-/mono-valent ion partition experiments using both CEMs and AEMs. We also
compare the generalized Donnan-Manning model with the ideal Donnan model and the Donnan-
Affinity model on counter-ion selectivity and co-ion partition. We next discuss the impacts of
membrane properties on counter-ion partition selectivity. Finally, we compare the model
predictions of mobility selectivity to experimental results and discuss the possible reasons of the

observed deviation.

2. Theory
2.1 Ion-ion selectivity

The ion flux across the IEM, J; [mol m? s!], can be modeled using the extended Nernst-Planck

equations, considering advection flux, diffusion flux and electro-migration flux:

dc™ F d
J; = vc™ — DM d; — zl-cl-le-mﬁﬁ i=1,2,..Ns (1)

where vy, [m s7'] is the superficial water velocity across the membrane, D™ [m? s7'] is the ion

diffusion coefficient inside the membrane accounting for both tortuosity and porosity (i.e., water

4
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volume fraction) effects, /™ [mol m=] is the i™ ion concentration per volume of solution inside the
IEM, x is the coordinate perpendicular to the membrane surface, z; is the ion charge valence, ¢
[V] is the electrical potential, F [96487 C mol'], R [8.314 J mol! K] and T [K] are Faraday
constant, ideal gas constant and absolute temperature, respectively. Ny is number of ion species.
lon-ion selectivity of a membrane process, S;/;, is defined as the ratio of feed concentration-
normalized ion fluxes between species i and j [5,15,24]. When electro-migration dominates the
ion transport over diffusion and advection as in an ED process, the first two terms in Eq. (1) for
ion flux can be ignored and the ion-ion selectivity can be approximated as the product of ion

partition selectivity, S{; j» and mobility selectivity, }j j [5,15]:

Ji/ci K;\ (z: D" K
s =375~ () (o) = @

where ¢ is the ion concentration of the (feed) solution phase concentration of i, K; = ¢;"/c} is the
partition coefficient of ion i (same definitions apply for ion j). We note that the ion concentration

ratio at the feed solution-membrane interface is used to evaluate K;, as the main target is to

selectively separate the ion of interest from the feed solution [5]. Partition selectivity, 55 jo 18
defined as the ratio of partition coefficients. i.e., K;/K;. Mobility selectivity, }j j» 18 defined as the

ratio of ion mobility, u;" /u;" inside the IEM, where w;" = z;D;"F /(RT) and u;" = z;D;"F /(RT).

2.2 Ion partition selectivity
2.2.1 Ideal Donnan model

At ion sorption equilibrium, the electrochemical potential of ion i inside the IEM equals that in the

external solution [28]:

fio + RTIn(y{"ci") + z;Fo™ = fip + RTIn(y;c;) + z;F ¢° 3)
where [I; o [J mol '] is the standard state chemical potential, y;" and y; are activity coefficients of
ion i in the membrane phase (i.e., inside the IEM) and the solution phase (i.e., outside the IEM),
@™ [V] and ¢® [V] are electrical potentials of the membrane phase and the solution phase. When

assuming ideal solution behavior of ions for both phases (i.e., y;" =y = 1), Eq. (3) simplifies to:
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e = ciexp (— 2 ag) )
where Ap = @™ — ¢® is the Donnan potential across the solution-membrane interface and is same
for every ion. Ion concentrations inside the IEM and the Donnan potential can be then solved using

the local electro-neutrality condition:

Zzicim +cx=0 (5)

1

where ¢, [mol m~] is the fixed charge density of the IEM per volume of absorbed solution (i.e.,
positive for AEMs and negative for CEMs) and is typically treated as spatially homogeneous. Thus,

ion partition selectivity of the IEM with mixed salts can be expressed as:

_K /¢ (z: — z)F
55j=;j=cfm—/cfs=exp — g (6)

j 1Y
Eq. (6) means the ideal Donnan model predicts ion partition selectivity as a function of ion valence
difference and the Donnan potential which depends on the membrane charge density and the

external solution composition. Eq. (6) suggests that S{; ; always equals one when ions i and j have

the same valence, i.e., no selectivity is possible for ions with the same valence within the Donnan

model framework.
2.2.2 Donnan-Affinity model

The Donnan-Affinity (D-A) model assumes that there is a difference between the chemical
potential of the standard state of ions in the external solution (ji;) and that inside the IEM (ji{}g

[11,19]:

fiio + RTIn(c™) + z;Fo™ = i}y + RTIn(c}) + z;F p® (7)
This difference is quantified by uf* = 17, — fi;5, where i [J mol™'] is the affinity (or excess
chemical potential) of ion i due to all possible chemical and physical effects beyond the Donnan
effect considered in the ideal Donnan model [11,19]. With this relatively flexible fitting parameter
that broadly accounts for multiple effects, including solution non-ideality, the activity coefficients
of ions are arbitrated to be unity to maintain model simplicity (one way to interpret this treatment
is that the nonideal solution effects have been incorporated into uf*). With these assumptions, the

ion partition is given as:
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z;F usx
¢ = clexp <— ﬁA(p + RL_T> (8)

The partition selectivity of the IEM with mixed salts can be then expressed as:

(z; — z)F Apis;
Sl-l;]- =exp<—%Acp+W (9)

where Aujj; = ui™ — p5* is the affinity (toward the IEM) difference between ions i and j. A
positive Aug); (i.e., pi* > uj*) means that ion species i is preferred over ion species j in
partitioning into the IEM. We note that ion affinity is considered as an intrinsic property of the
ion-IEM pair and is independent of concentration. Thus, S 5 j 18 a constant when ions i and j have
the same valence, as the first term in the exponent of Eq. (9) equals zero and Eq. (9) is reduced to

55 j= exp(Auf/X]- /RT). When using the D-A model, ion affinity terms are usually fitted from

experimental sorption data, and theoretical estimation is currently unavailable [11,19].
2.2.3 Donnan-Manning model

Releasing the simplifying assumption of ideal solution behavior and without introducing an ion

affinity term as a fudge factor, Eq. (3) can be written as:

yrel = yiciexp (-2 ap) (10)
where the ion activity coefficient for an ion in the solution phase, y;, can be estimated using the
Pitzer model [29,30]. To estimate the ion activity coefficient inside the IEM, Manning’s counter-
ion condensation theory has been applied for a single salt system (i.e., the salt contains only one
anion species and one cation species) [21,22]. Based on this theory, the IEM is modeled as a cross-
linked network of linear polyelectrolyte chains with spatially even distribution of charges. When
describing the local interaction between the fixed charges and ions, the Manning parameter (also
known as dimensionless linear charge density) is defined as & = Ag/b, where Ag = e?/
(4megekgT) is the Bjerrum length and b is the distance between fixed charges [31,32]. The
‘counter-ion condensation’ in the Manning’s theory refers to the phenomenon that part of counter-
ions inside the IEM tend to stay in the overlapping electric fields of two adjacent fixed charges

and behave differently from the free counter-ions, if ¢ exceeds a critical value, {.. = 1/ |szg|,

where z, is membrane charge valence and zg is the counter-ion valence. In other words, counter
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ion condensation occurs when b < |ZXZg|/13. From now on, we assume |z,| = 1 for simplicity
(e.g., sulfonic acid groups in CEMs and quaternary amino groups in AEMs). The uncondensed

ions are treated using Debye-Huckel approximation to account for point-to-line electrostatic forces.

Manning’s counter-ion condensation theory has been successfully applied to describe
single salts partition to IEMs [16,21,33-35]. However, the model has yet to be extended to describe
mixed salts partition. The expressions for ion activity coefficients estimation are only derived for
single salts and cannot be directly applied to mixed salts [20,32]. Herein, we extend the expressions
for estimating ion activity coefficients inside IEMs based on Manning’s theory [32,36] (see

Appendix A1 for detailed derivation).

When no counter-ion condensation occurs (i.e., & < &), ;™ of both counter-ions and co-

ions can be estimated by:

&leylz?

2%zt (h

In(y;") = -

Integrating Eq. (10) and (11), when no counter-ion condensation occurs, the partition selectivity

can be then expressed as:

Kk _Yi <_(Zi—Zj)FA _5|Cx|(zjz—zi2)> (12)

gk 1L
i =SSP RT 77 2%(z2c™)

When counter-ion condensation occurs (i.e., £ > &), co-ion and counter-ion activity coefficients

are given as:

In(ymy = Serledze 13)
‘ 28 Yi(zP e fus)
In(rgr) =n(fus) = 555 zemi (14)

where f,, ; is the fraction of counter-ion i inside the IEM that is in the uncondensed state. Consider
a ternary case (i.e., two counter-ions and one co-ion for an IEM) and assume the partial
condensation of both counter-ions [36], the uncondensed fraction of each counter-ion can be

estimated by solving Egs. (15-16) simultaneously:

22le(1 = fur) + I71]eP (1 = fuy) = led (1 -°2) (15)
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|zil (1= fui)/fui

where Eq. (15) describes that condensed counter-ions screen a sufficient number of the fixed

charges, Eq. (16) describes the counter-ion condensation equilibrium, and Auf/oj“ [J mol '] is the

condensation energy difference between the two counter-ions, similar to Manning’s original
treatment on the condensation equilibrium between two monovalent counter-ion species (c.f. Eq.
(35) in reference [36]). Different from Manning’s original assumption that the multi-valent
counter-ions would condense prior to monovalent ions, we here assume both counter-ions may
partially condense simultaneously when the Manning parameter is larger than the lowest critical
value, i.e., ¢ > min ({.;). Moreover, to keep simplicity and reduce fitting parameters, we do not
separately specify any finite volume effect of the condensed counter-ions as Manning did, but

n

consider it has been accounted for in Aw;/;*. Thus, the partition selectivity when counter-ion

condensation occurs can be then expressed as:
K — )/l fu] ( (Zl Zj)FA(p _fczrlcxl(zjz _Zi2)>
Yy ful RT 28 Ni(zE e fui)

We note that Egs. (11, and 13—15) reduce to single salts scenario where the system contains only

(17)

one counter-ion, i.e., when we have binary instead of ternary system (see Appendix A2 for
derivation). The key step of generalization is to calculate the Debye screening parameter of the

mixed electrolytes.

2.3 Mobility selectivity

Ion mobility inside IEMs is slower than that in the bulk solution due to both spatial and electrostatic
effects [20,27]. The spatial effect considers the tortuosity of free volumes inside the IEM and is
usually modeled by the Mackie-Mears model [37]. The electrostatic effect of fixed charges on the
mobile ions has also been modeled by Manning’s counter-ion condensation theory, but only for
single salts [26,31]. Here, we generalize Manning’s equations [31] for ion diffusivity impediment

with mixed salts:
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where ¢, is water volume fraction and the term (2¢—) accounts for the tortuosity effect. The

—Pw
parameter A is a function of ¢ and |c4| and accounts for the electrostatic effect. When no counter-

ion condensation occurs (i.e., & < &),

SERS B 2
c
a= Yy [ : ] (19
L [mE el (mE 4 md) + Bz ™)
m;=—00 My=—00
and when counter-ion condensation occurs (i.e., & > &),
SERS £l 2
c
A= z Z l 2 zcr - 2 _m l (20)
Mmoo mam oo mlcxl(mi +m3) + fZi(zi Ci fu,i)

where m, and m, are two non-zero summation indices (i.e., (m{,m,) # (0,0) ) that come from
the lattice assumption in Manning’s theory [31]. We note that Egs. (18-20) can reduce to single
salts scenario where the system contains only one counter-ion (see Appendix A3 for derivation).

Thus, counter-ion mobility selectivity inside the IEM can be then expressed as:

22

— L
y:zin&(l 3A) )1
Ty @

3

Eq. (21) shows that the tortuosity effect cancels out in the mobility selectivity as both counter-ions

experience the effect to the same extent.

2.4 Model evaluation

In a recent work, Chen et al. [16] experimentally measured the equilibrium partition of KCI/NaCl
and CaCly/NaCl into a CEM (CSE, Astom Co., Japan), and the partition of NaNO3/NaCl and
NaxSO4/NaCl into an AEM (ASE, Astom Co., Japan) as a function of external total salt
concentration. In those experiments, the concentrations of counter-ions and co-ions inside IEMs
were measured. Here, we compare the three models, i.e., the standard Donnan model, the Donnan-

affinity (D-A) model, and the Donnan-Manning (D-M) model, in their ability to fit the membrane-

10



227
228
229
230
231
232
233
234
235
236

237

238
239
240

241

242

243
244
245

phase ion concentrations. The model inputs, outputs and fitting parameters are summarized in
Table 1 and the fitted parameters are summarized in Table S2 and Table S3. Membrane-phase ion
concentrations, ¢/", and the Donnan potential across the interface, A@, can be determined by
solving the ion partition equation (Eq. (4), or (8) or (10)) with the charge neutrality condition (Eq.
(5)) simultaneously. In the D-M model, we use the ¢ value (for each IEM) fitted by Chen et al.
[16] from single salt partition experiments, as ¢ has been validated to be an intrinsic property of
IEMs. As the experimentally observed membrane phase co-ion concentration is roughly an order
of magnitude lower than the counter-ion concentration, we used weighted least squares fitting
(with a weight of 10 for co-ion concentration residuals) to avoid strong bias toward the influence

of counter-ions:

g = argglinz z (a)i (cillnk’eXp — ™ )))2 (22)
PR

m,ex ,mod . . .
where ¢; P and ;"o are experimentally measured and model predicted membrane phase ion

concentration of ion i for the k" data point, respectively, w; is the weight coefficient (equals 1 for
counter-ions and 10 for co-ions), 8 is the fitting parameter, which is uf* in the D-A model and

Au;/;* in the D-M model.

Table 1. Comparison of partition models with mixed salts

Ideal Donnan

model D-A model D-M model
Inputs ¢, cx ¢, cx cl, e, Vi, €
Outputs c™, A c”, Ap ci"s 8o, ¥i", fui
Fitting parameters None us* (Eq. (8)) Apifit (Eq. (16))
Model structure Simple Simple Relatively complex

We further compare the three models using additional experimental results in literature,
including the partition of NaNO3/NaCl and Na;SO4/NaCl into AEMs as a function of external salt
concentration ratio as reported by Zou et al. [17], and the partition of K;SO4/Na>xSO4 and

11
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MgS04/NaxSO4 into CEMs as reported by Luo et al. [18]. The membrane properties and the ¢ for
each IEM (as reported by the authors) in these studies are summarized in Table S1. We note that
the D-M model and the D-A model were applied to only fit counter-ion concentrations inside IEMs
from these two studies, as both studies did not measure co-ion partition. Finally, the generalized
Manning’s mobility model is applied to predict the mobility selectivity of different ion pairs and
compared with experimental results reported in the studies by Zou et al. [17] and by Luo et al. [18].
The experimental mobility selectivity was estimated using Eq. (2) with overall ion-ion selectivity

measured from ED experiments and partition selectivity from sorption experiments.

3. Results and Discussion
3.1 Partition as a function of external total salt concentration

Counter-ion partition and selectivity Experimental equilibrium partition results of K/Na" and
Ca?/Na" into CSE and NO3;/Cl- and SO4*/Cl into ASE as a function of external total salt
concentration were fitted with the D-M model, the D-A model and the ideal Donann model (Figure
1). The ideal Donnan model cannot differentiate counter-ions with the same valence as valence is
the only ion specific property used in the model and thus it predicts same concentrations inside
IEMs for a pair of monovalent counter-ions (Figure 1 A and C). In contrast, the D-M model and
the D-A model can capture the competitive partition of counter-ions with the same valence via the
difference in counter-ion condensation energy and ion-membrane affinity (Eqgs. (9 and 17)),
respectively. In the case of Ca?*"/Na* into a CEM, the ideal Donnan model predicts the partition
well, meaning the Donnan effect may dominate the partition. The D-M model shows good
agreement, but the D-A model overestimates Na' partition and underestimates Ca”" partition
(Figure 1B). The deviation of the D-A model may be because we fitted K*/Na*™ and Ca?"/Na*
partition simultaneously and assumed the mutual counter-ion Na* and the mutual co-ion CI- having
the same affinity in both cases. In other words, we assumed ion-membrane affinity to be an
intrinsic property for a given pair of ion and membrane but independent of the co-existence of

other ions.

Both the D-M and D-A models partially capture the partition difference of NO37/Cl- but fail

to fit the increasing NO3™ uptake when external salt concentration increases, especially at lower

12
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concentration range (Figure 1C). The deviation indicates that both models may miss consideration
of a concentration-dependent effect, e.g., concentration-dependent affinity or condensation energy.
Finite ion volume may also induce a concentration dependence as ions are modeled as point
charges in both the D-M and D-A models, though NO3™ and CI" have similar hydrated radius and
NOs has a larger bare radius (Table S4). Another concentration effect may come from IEM’s
swelling [16]. Water volume fraction and membrane charge density (per volume of absorbed
solution) vary with swelling degree, but the effect has not been accounted for in either model. In
the case of SO4*/Cl-, the AEM preferably sorbed Cl- over SO4>. Both the D-M and D-A models
fit well while the ideal Donnan model predicts the opposite selectivity (Figure 1D). The ideal
Donnan model always predicts a stronger partition of counter-ions with a higher valence over ions
with a lower valence (Eq. (6)). The weaker partition of SO4> is explained by a higher condensation

energy in the D-M model and a lower affinity in the D-A model, respectively (Table S2 and S3).
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107 10" 10°
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Fig. 1 Partition of counter-ions into IEMs. (A) Na* and K* and (B) Na* and Ca?* concentrations inside the
CSE (a type of CEM) as a function of external total salt concentration. External solution contains 1:1 molar
ratio of NaCl/KCI or NaCIl/MgClz. (C) CI- and NOs- and (D) CI- and SO4? concentrations inside the ASE (a
type of AEM) as a function of external total salt concentration. External solution contains 1:1 molar ratio of
NaCl/NaNOs or NaCl/Na2S04. Symbols represent experimental data from reference [16]. Curves represent
model fitting results from this study, including the Donnan model (curves D), Donnan Affinity model (curves
D-A), and Donnan-Manning model (curves D-M).

The ideal Donnan model predicts no selectivity for the partition of monovalent ion pairs
and the D-A model predicts a constant selectivity independent of ion concentration due to the
assumption of constant affinity values. The D-M model predicts a slight decrease of monovalent
ion partition selectivity for both cations (K*/Na*, Figure 2A) and anions (NO37/Cl, Figure 2B) as
external salt concentration increases. Both the D-A and D-M models fit K*/Na* selectivity
reasonably well, but neither captures the slight increase in NO37/Cl" selectivity measured at a high

external concentration (Figure 2B).

—DM---DA----D
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External salt concentration (M) External salt concentration (M)

Fig. 2 lon-ion selectivity for counter-ion partition to IEMs. (A) K*/Na* and Ca?*/Na* partition selectivity of
CSE. (B) NO37/Cl- and SO4?/ClI- partition selectivity of ASE. External solution salt molar ratio is 1:1. Symbols
represent experimental data from reference[16]. Lines represent model fitting results from this study.

Compared to the selectivity of monovalent counter-ion pairs which varies within one order
of magnitude, divalent/monovalent ion selectivity decreases much more dramatically with
increasing salt concentration for both cations (Figure 2A) and anions (Figure 2B), likely due to the
charge screening effect. Such a dependence of selectivity on salt concentration is captured by all
three models (Figure 2A). However, the ideal Donnan model fails to predict the preferable uptake
of CI- over SO4* (Figure 2B). The SO4*/ CI- selectivity is lower than unity likely due to the lack

of consideration of ion-membrane interaction. The D-A model underestimates Ca>'/Na* selectivity
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by about half (Figure 2A) because of the overestimation of Na* partition (Figure 1B). Only the D-
M model fits divalent/monovalent ion selectivity well in both CEM (Figure 2A) and AEM (Figure
2B).

Co-ion partition and selectivity Co-ion partition has received less attention as compared to
counter-ion partition when evaluating ion-ion selectivity. Most studies reported in literature
measured only the partition of counter-ions in the static sorption experiments [17,18,38,39]. Only
a few reported both counter-ion and co-ion partitions [16,21,22]. Although co-ion concentration
inside IEMs may be negligible as compared to the counter-ion concentration (which approaches
membrane charge density if there is only one species of counter-ion) when the external solution is
dilute, co-ion partition increases with increasing external salinity and becomes non-negligible
when external concentration exceeds 0.1 M (Figure 3). Moreover, co-ion transport across IEMs is
important as it reflects the non-ideality of IEMs and affects the current efficiency of ED processes,
especially when back salt diffusion flux becomes non-negligible with a large salinity difference
between the diluate and brine streams [28]. Thus, a partition model that can predict co-ion partition

accurately is also essential to modeling an ED process.

From fitting results of co-ion (i.e., Cl" or Na") partition into CSE and ASE with mixed salt
solutions, the D-M model fits co-ion partition the best in all cases (Figure 3). Both the ideal Donnan
model and the D-A model tend to underestimate the co-ion partition, with deviations within an
order of magnitude. A better fitting of co-ion partition suggests that the D-M model likely better

captures the physics of ion partition.
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represent experimental data from reference [16]. Lines represent model fitting results from this study.

3.2 Ion partition as a function of external salt concentration ratio

To further compare their fitting capability and limitations, we evaluate the D-M model, the D-A
model and the ideal Donann model in fitting experimental results of equilibrium partition of
K*/Na* and Mg?*/Na* into two additional CEMs (CMX and SPEEK) and NO37/Cl- and SO4*/CI-
into two additional AEMs (ACS and FAA) (Figure S1-S2). For the partition of Mg?*/Na*, the ideal
Donnan model overestimates the Mg?" uptake and thus predicts a high selectivity towards Mg>*
(Figure 4A and B), contrasting its good prediction of Ca?*/Na* partition in CSE (Figure 2A). As
Mg?* and Ca®* have similar properties (e.g., radius and hydration energy, Table S4), the deviation

of the ideal Donnan model for the Mg?*/Na* case is likely caused by the difference of membrane
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properties (e.g., CSE has a higher ion exchange capacity and water uptake than CMX and SPEEK,
Table S1). But we also note that the co-ion species is different in the two cases (i.e., SO4> for

Mg?*/Na* and CI- for Ca*"/Na*), which may possibly affect the partition of counter-ions too.
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Fig. 4 lon-ion partition selectivity of IEMs. K*/Na* and Mg2*/Na* partition selectivity of (A) CMX and (B)
SPEEK. NO37/Cl- and SO4%/ClI- partition selectivity of (C) ACS and (D) FAA. External co-ion concentration
is 0.5 M. Symbols represent experimental data from references [17,18]. Lines represent model fitting results
from this study.

The D-M and D-A models fit Mg?*/Na" partition in CMX and SPEEK reasonably well
(Figure S1) because both models have extra membrane-dependent property information in
additional to membrane charge density (as in the ideal Donnan model). Such information includes
the Manning parameter and ion condensation energy in the D-M model, and the ion affinity in the
D-A model (Table S2 and S3). We notice that the D-M model predicts a slight increase of
Mg?*/Na* selectivity in CMX as external Mg?" fraction increases (Figure 4A), which is opposite
to the experimentally measured decrease of Mg?*/Na" selectivity from ~2 to ~1. However, the D-

M model fits the decreasing trend well in SPEEK (Figure 4B).
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For the partition of SO4*/CI-, the D-M model fits the selectivity better than the D-A model
(Figure 4 C and D), especially at low external SO fraction range, although both models fit ion
concentrations inside the IEMs reasonably well (Figure S2). For the monovalent ion pairs, the
ideal Donnan model predicts no selectivity and the D-A model can only fit a constant value as
discussed before. The D-M model partially captures the decreasing trend of NO37/Cl- selectivity

when NOj™ fraction in the external solution increases (Figure 4C and D).

3.3 Impact of membrane properties on partition selectivity

In this section, we apply the generalized the D-M model to investigate the impact of IEM’s
properties on the partition selectivity of practically relevant ion pairs, e.g., Li* extraction from
brine lakes where other cations exist in abundance. The major challenge of Li* extraction is that
all cations have similar radius and properties (Table S4) and Li" usually has a much lower
concentration [40]. One major purpose of membrane-based Li" separation is to remove Mg?"
because MgCO3; would otherwise co-exist in the Li2CO3 precipitate formed in a later stage.
Removal of other monovalent cations, like Na™ and K*, is not as important (as they will not co-
precipitate with Li2CO3) but the presence of these monovalent co-ions may affect the current

efficiency of an ED process applied for selective Li* separation [12,14].

To get a qualitative understanding of the impact of membrane charge density, Manning
parameter, and ion condensation energy difference on ion partition selectivity, we assume that
these variables can be tuned independently (which is likely an oversimplification) as the physical
relationships behind them are complicated or currently unclear. By increasing the charge density
of the CEM, Li*/Mg?" selectivity decreases while Li*/Na* selectivity remains unchanged (Figure
5A). Increasing charge density would have a similar effect as reducing external salt concentration
(Figure 2) that enhances the Donnan effect and promotes the uptake of counter-ions with a higher
valence. Thus, a CEM with lower charge density benefits the counter-ion partition selectivity
toward Li" though the effect is weak, although a lower charge density may reduce counter-ion/co-

ion selectivity and thereby compromise charge efficiency.
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By increasing Manning parameter of the CEM, Li*/Mg?" selectivity increases while
Li*/Na* selectivity decreases (Figure 5B). Manning parameter is a function of permittivity and
distance between fixed charges and may be tuned by polymer hydrophobicity and the distribution
of functional groups in the membrane matrix [20]. Assuming Manning parameter increases by
reducing the permittivity within the polymer matrix, then counter-ions with lower hydration energy
(Table S4) may preferably sorb to the membrane as they are easier to partially dehydrate. The
permittivity related hydration effect has also been modeled by a hydration energy barrier via the
Born model in previous studies of IEM and nanofiltration membrane [38,39,41,42], but the Born

model tends to overestimate the energy barrier.

The variation of either charge density or Manning parameter has limited impact on
increasing CEM selectivity towards Li* (Figure 5A and 5B). The most effective way is to increase
ion condensation energy difference between Li* and other competitive cations, or in other words,
increase membrane’s affinity towards Li" (Figure 5C). Numerous studies have explored the use of
coordination chemistry to enhance a CEM’s selectivity towards a specific ion [43,44]. These
approaches are in principle consistent with increasing membrane’s affinity towards a specific ion
of interest. Lastly, Li" partition selectivity is higher with a lower Li* concentration fraction in the
external solution, which is consistent with previously discussed experimental trends for Mg?*/Na*
and K*/Na" partition (Figure 4). We note that the D-M model is in principle only accurate for

describing the behavior of homogeneous IEMs because it uses average membrane properties and
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a mean field approximation [20]. However, in some cases it has been shown to be useful for

describing the properties of heterogeneous membranes[33,35,45—47].
3.4 Mobility selectivity

Counter-ion mobility selectivity was back-calculated using Eq. (2) with overall ion-ion transport
selectivity experimentally measured in the ED process and partition selectivity measured using
sorption experiments with mixed salt solutions. We compare experimental results from Luo’s and
Zou’s studies [17,18] with predictions of the generalized Manning’s model for mixed salts (Eq.
(21)). However, the mixed salt transport model based on the original Manning theory could not
match experimental mobility selectivity well (Figure 6). One possible reason is the unclear impact
of counter-ion condensation on mobility. In the original Manning’s counter-ion condensation
theory, condensed ions were assumed to be immobile [31]. However, Kamcev et al. measured
counter-ion mobility inside IEMs with single salts and found that condensed ions may migrate
twice as fast as the uncondensed ions under the electric field for Na™ and CI- in CEMs and AEMs,
respectively [26]. Thus, the counter-ion diffusivity inside IEMs was suggested to be modeled as a

weighted average of uncondensed and condensed parts:

D" = fuiDy; + (1 = fui)De (23)
where Dy; [m* '] is the diffusivity of uncondensed counter-ion and is modeled by Eq. (18), D¢}
m

[m? s7'] is the diffusivity of condensed counter-ion. If we assume D} = aDy; and counter-ion

mobility selectivity inside the IEM can be then expressed as:

2
qu zDf (a+ (1 — a)fyy) (1 B %A)
i/j = ziDP (a + (1 — @) fy) (1 72 A)

(24)
3
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indicate mobility selectivity in the external bulk salt solutions. Experimental data were from references
[17,18].

After accounting for the mobility of condensed counter-ions (i.e., assume a = 2 according
to Kamcev’s previous finding [26]), the predicted mobility selectivity is much closer to the
experimental results than that predicted with the assumption of immobile condensed ions for both
CEM (CMX and SPEEK) and for one AEM (FAA) (Figure 6). For the ACS membrane (an AEM),
however, the Manning theory underestimates the mobility selectivity of NO3/Cl and overestimate
the mobility selectivity of SO4>/Cl- regardless of the assumption for condensed ion mobility
(Figure 6). The deviations may arise from imperfection of the current theory or stem from the
inaccuracy of the indirect determination of experimental mobility selectivity via Eq. (2) which
assumes (a) electro-migration flux dominates counter-ion flux and (b) ion partition in the ED
process is the same as that in the static sorption experiments. A more reliable experimental method
for the direct measurement of individual ion diffusivity inside IEMs with mixed salts is needed to
further validate the generalized Manning’s model for mixed salts (predicted membrane phase ion
diffusion coefficients are provided in Table S5). Moreover, it is worth to investigate whether ion
partition is the same in the ED process and static sorption experiments, which can be more complex

when the IEM is heterogeneous with a surface coating layer.

4. Conclusions
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We have extended the Manning’s counter-ion condensation model for describing ion
partition and ion mobility inside [EMs to mixed salts scenarios. The extended Donnan-Manning
model was evaluated against experimental data from literature and compared with other two
existing models, namely the ideal Donnan model, and the Donnan-Affinity model. In general, the
Donnan-Manning model and the Donnan-Affinity model can provide reasonably accurate
prediction of ion partition into IEMs in multiple scenarios, whereas the ideal Donnan model falls
short in predicting any selectivity for ions with the same valence. We showed that the Donnan-
Manning model can fit both counter-ion and co-ion partition well and outperform the Donnan-
Affinity model in these regards. However, neither the Donnan-Manning model nor the Donnan-
Affinity model can sufficiently capture the concentration dependences for counter-ion partition
selectivity observed in all experiments. The generalized Manning’s counter ion condensation
theory has also been applied to predict counter-ion mobility selectivity. Applying the theory to
experimental results suggests that the assumption of higher mobility of condensed ions than that
of uncondensed ions seems to work better than the alternate assumption that condensed ions are

immobile.
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Appendix
Al. Derivation of the generalized Manning’s model

Here, we follow Manning’s original work to derive activity coefficients of mobile ions in
polyelectrolyte solutions from the excess Helmholtz free energy (F¢*) [32]:
d(F*/VRT) 09(—&|cy|lnk)
In(y™) = = S1
n()/L ) acm aC{n ( )

i

where k is the Debye screening parameter. By applying the generalized form of the Debye

screening parameter, k2 = Ag Y;(z*c™), Eq. (S1) results in Eq. (11) in the main text.

When counter-ion condensation occurs (i.e., £ > &), ion activity can be expressed in
terms of either stoichiometric quantities or effective quantities (after condensed counter-ions

screening part of fixed charge groups) [32]:

m _ .,m,m _ ., meff meff
ai =y ¢ =V ¢ (S2)

m,eff

where the effective ion concentration, c; , refers to the uncondensed fraction of ion

m,eff

meff _ fuici”. The effective activity coefficient, y; ', is evaluated via Eq. (11)

concentration, ¢;
by substituting ¢ and |c4| by & and the effective charge density % |ck|, respectively. The Debye
screening parameter should also be evaluated using uncondensed fraction of ion concentrations.

Thus, y" = fu,l-yl-m'eff, which then leads to Egs. (13-14) in the main text.

Manning also expressed diffusion coefficients of uncondensed ions in terms of the Fourier

components of the electrostatic potential set up by the fixed polyions [31]:

Dy zf 2
e 1——E S3
q

where Zq|(pq|2is equivalent to the parameter A in Eqgs. (18-20) in the main text. The Fourier

component can be expressed as [31]:

Pq = 4néa"?(q* + k)™ (S4)
where q = 2ma~1(m,, m,) represents the coordinate vectors with distribution periodicity as the

polyions are considered in a lattice space. The periodic unit volume containing a single fixed
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664

charge is a®b (i.e., |cx| = 1/a?b). Applying the generalized form of the Debye screening

parameter in Eq. (S4) results in Eq. (19) in the main text for uncondensed case. For condensed

case, ¢ and |cy| in Eq. (19) are replaced by é.. and the effective charge density %ICXI,

respectively, which results in Eq. (20) in the main text.

A2. Derivation of activity coefficient expressions for single salts

Here, we present the derivation of activity coefficient expressions for the single salt case
when condensation occurs (i.e., § > &) from the general expressions in the main text. We use
subscripts g and c to represent counter-ion and co-ion, respectively, consistent with literature [20—

22]. For a single salt, Eq. (13) becomes:

§lexlzé
In(y™) = — (S5)
¢ Zf(ZgZCénfu,g + Zczc{:n)
As there is only one counter-ion in the single salt, Eq. (15) becomes:
|zg|cf (1= fug) = lexl (1 - %) (S6)

By substituting Eq. (S2) into Eq. (S1), and combined with the electro-neutrality condition inside
the IEM (Eq. (5)), we get:

§erlexlze

2¢ (|zgzc|cén + |zgcx| % + zczcén)

In(y&") = — (S7)

By defining X as the ratio of the fixed charge density to the salt concentration inside the I[EM, i.e.,

X = |cgl/cs™, where ¢ = ¢/ v, and v, and v, are dissociation constants of the single salt (e.g.,

Ve = 2 and v = 1 for MgCly), Eq. (S7) can be re-organized as:

§&rzeX

In(ye™) = — (S8)

2¢ (|zgzc|vC + |zg| %X + zczvc)

Recall &, = 1/|Zg|, and apply the relation |z.|v. = |zg|vg, Eq. (S8) becomes:
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(&) x
Zg

1
() = > » (89)
2 X+—€ Izcl(vc+v )
ECI‘ &
From Eq. (S6), the uncondensed fraction of counter-ion, f; ¢, can be expressed as:
lexl (1)
—1_ S10
Jog =17 T Gl

which can be further transformed with the electro-neutrality condition and the introduction of X

to:
zcle Lo lzclveHiEX  |zglvg+isx s
BTzl Hlexl  lzclvetx  |zglvgtx

We note that Egs. (S7 and S11) have the same form as literature studies [20]. The same derivations

can be done for single salts when no condensation occurs (i.e., & < &p).

A3. Derivation of diffusivity expressions for single salts

Here, we present the derivation of diffusion coefficient expressions for the single salt case
when condensation occurs (i.e., £ > &) from the general expressions in the main text. For a single

salt, the function A in Eq. (20) becomes:

&S £urlil i
C
A= Z Z I oo l (S12)
. " |y | (Mg +m2)+E(z§cg’fu‘g+z§cgl)

1:—00 m2=—

Following the same derivation procedure in Appendix A2, A becomes:

+ o0 + oo

A= Z Z Serlcxl (S13)

mi==comy==oo |T|Cx|(MF + m3) + & (|Zgzc|cén + |zge| % + zgcgn)

Then, we recall .. =1/ |Zg| , introduce X and apply the relation |z.|v, = |Zg|1/g, Eq. (S13)

becomes:
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z : z 1 2 2 élzcl(lc | lg)
A= - ln(m] + mz) +1 +—E X (814)

mlz—oo mZ =—00
678  We note that Eq. (S14) has the same form as literature studies [20], and the same derivations can

679  be done for single salts when no condensation occurs (i.e., & < &p).
680

681  Table S1. IEM properties

Ion exchange
capacity Water Manning
Type  Membrane Manufacturer Ref.
(mmol per g uptake (%) parameter

dry membrane)

Astom Co.,
CSE 2.07 30~37 2.8 [16]
Japan
CEMs Astom Co.,
CMX 1.66 19~22 5.2 [18]
Japan
SPEEK Lab-made 1.62 18~25 0.74 [18]
Astom Co.,
ASE 2.36 19~26 5.4 [16]
Japan
Astom Co.,
ACS 2.02 21~25 5.8 [17]
AEMs Japan
FuMa-Tech
FAA GmbH, 1.42 15~16 3.6 [17]
German

682

con

683  Table S2. Fitted condensation energy difference (Ay; ;" /RT) in Donnan-Manning model

CEMs K*vs Na* Ca>* (Mg?") vs Na" | AEMs NOs vs CI SO4* vs CI
CSE -0.86 2.2 ASE -1.49 1.28
CMX -0.08 -1.79 ACS -1.62 0.21

SPEEK NA* 0.13 FAA -2.15 0.82
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684  *:no counter-ion condensation occurs.
685  Table S3. Fitted ion affinity (4{*/RT) in Donnan-Affinity model
Ca’* Cr
CEMs K* Na* AEMs  NOj Cr S04  Na'
(Mg*)  (SO4*)
CSE 1.78 1.23 0.87 -0.92 ASE 4.00 3.15 0.54 -1.92
CMX -2.37 238 -6.32 0 ACS -792  -9.01 -22.63 0
SPEEK  -2.18  -2.49 -6.31 0 FAA -7.80  -9.04 -22.93 0
686
687  Table S4. Ion properties [54,55]
Enthalpy of Diffusivity in
Bare radius Hydrated radius
Ions hydration water
(nm) (nm)
(kJ mol ") (10° m? s7)
K* 0.133 0.331 -322 1.95
Na* 0.095 0.358 -409 1.33
Li* 0.06 0.382 -519 1.03
Ca’* 0.099 0.412 -1577 0.92
Mg?>* 0.065 0.428 -1921 0.707
NO3- 0.264 0.335 -314 1.70
Crr 0.181 0.332 -381 2.03
SO4* 0.29 0.379 -1059 1.06
688
689  Table S5. Predicted membrane phase ion diffusion coefficients (x10-'! m? s°!)
K*/Na* Mg?*/Na* NO37/CI SO4*/CI-
CEMs AEMs
K* Na* Mg?* Na* NOs Cr SO4* Cr
CMX 6.76 4.58 2.81 5.71 ACS 4.99 4.55 3.08 6.94
SPEEK  5.32 3.63 2.00 4.84 | FAA 2.12 1.69 1.20 2.93
690
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Fig. S1 Partition of counter-ions into CEMs. (A) Na* and K* and (B) Na* and Mg?* concentrations inside the
CMX as a function of external K* and Mg?* fraction. (C) Na* and K* and (D) Na* and Mg?* concentrations
inside the SPEEK as a function of external K* and Ca?* fraction. External co-ion concentration is 0.5 M.

Symbols represent experimental data from references [17,18]. Lines represent model fitting results from
this study.
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Fig. S2 Partition of counter-ions into AEMs. (A) CI- and NOs- and (B) CI- and SO4% concentrations inside
the ACS as a function of external NOs- and SO4% fraction. (C) CI- and NOs- and (D) CI and SOs?*
concentrations inside the FAA as a function of external NOs and SO4* fraction. External co-ion
concentration is 0.5 M. Symbols represent experimental data from references [17,18]. Lines represent
model fitting results from this study.
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