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ABSTRACT: To optimize the productivity of ion exchange lon Exchange Membrane
membranes used in electric field-driven ion separation processes,
an understanding of the relationship between membrane
structure—property metrics and a measure of ion separation is
necessary. The membrane separation factor is a commonly used
indicator of ion separation efficacy, and as outlined in this review, it
can be related to the intrinsic sorption and diffusion selectivity
properties of the membrane. Doing so connects the separation
factor to key theories that describe ion transport, and this
connection facilitates an analysis of the implications of these
theories on electric field-driven ion separations. The process of
electrodialysis and ion exchange membranes can be applied for
both desalination and ion separation applications, and this review
discusses relationships between commonly used metrics for electric field-driven transport (e.g., transport number) and properties
commonly used in desalination contexts (e.g., sorption and diffusivity selectivity). These relationships provide context for commonly
observed experimental trends. Additionally, some common assumptions (and their implications for describing membrane transport
properties related to a multicomponent ED system) are discussed. This review also links fundamental membrane properties (such as
sorption and diffusivity selectivity) to ion separation-critical properties (such as the ion exchange affinity). While the diffusivity
selectivity may be more important at lower current density values, the sorption selectivity is expected to be important across a wider
range of current density values. This review further highlights the interconnected manner by which ion exchange membrane
properties and external process conditions couple to influence ion separation performance.
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1. INTRODUCTION reverse electrodialysis (for energy production), have been
scaled up in response to this interest.

The electric field-driven nature of ED can lead to higher
process costs in some cases as electricity can be more
expensive compared to other driving forces (e.g, thermal
energy and pressure) that are used to accomplish separa-
tions.”*”’> However, when ED is used in ion separation
applications, the high cost of electricity could be overcome by
the value of the recovered ions. This situation could be
particularly true if the ions, e.g, lithium,”®~"°
elements,”* ™ are sufficiently valuable.

In a typical ED application, cation exchange membranes
(CEMs, which contain fixed negatively charged functional
groups) and anion exchange membranes (AEMs, which

Natural resources and energy, such as freshwater, minerals, and
electricity, are indispensable to human life and the develop-
ment of society, yet continuous global population growth
continues to lead to increased demand that challenges the
supply of each.'”” Polymer membrane-based separation
processes are known for high efficiency, reliability, and cost-
effectiveness, and they have been widely applied to mitigate
stresses on the global supply of natural resources (particularly
water) and are being considered to address challenges related
to emerging production and storage of clean-energy.””"" For
example, highly selective reverse-osmosis (RO) membranes
can effectively desalinate water,'” >* and ion exchange
membranes (IEMs) can be used to selectively extract target

or rare Earth

ions from a mixture of electrolytes”™ ' or to serve as a
selective, conductive barrier in batteries and fuel cells.*>**~* Received: May 15, 2020 |&ECn
Among these membrane-based separations, electric field-driven Revised:  July 13, 2020 —
membrane-based processes are of particular interest in the field Accepted:  July 16, 2020
of desalination,** ™" specific ion separations,’"*'~*° and Published: July 16, 2020
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energy applications. Processes, including electrodialysis

(ED) (for desalination and/or specific ion separations) and
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contain fixed positively charged functional groups) are stacked
in an alternating fashion. As a current is applied, cations will
transport preferentially across the CEMs while anions will
transport preferentially across the AEMs.”*’*** If the
relative rates of transport of one cation, versus another,
through the CEM (or one anion, versus another, through the
AEM) are different, then ED can be used to fractionate ions
and to enrich a target ion via the process. Different strategies,
such as mixing nanomaterials into IEMs*>*° or coating
oppositely charged layers and/or layer-by-layer deposition of
polyelectrolytes,””*>~°**’ 7% haye been considered to enhance
this form of selectivity. These modifications suggest promising
strategies for developing novel IEMs that would enable the
capture or enrichment of specific ions from a multielectrolyte
solution.

Several critical challenges, such as membrane selectivity,
productivity, and durability, still need to be addressed before
this form of ion separation will likely be viable. First, many of
the high value target ions (e.g,, Li*) are present at very low
concentrations compared to other ions (e.g, Na" and Mg**) in
the solution. Therefore, membranes offering hi%h selectivity for
the target ion over other ions are needed. =79 Also, the
process must be productive enough to be viable. Low
productivity in ED leads directly to higher energy consumption
and operating costs.””’”? Finally, membrane durability must
also be considered when designin§ new IEMs. If, for example,
ion selective surface coatings””** “**"~% become damaged
over time,”””" repair or replacement of the membranes will
result in greater cost over time.

Addressing these challenges could be facilitated by improved
understanding of structure—property relationships in IEMs.
For example, understanding what specific functional groups
enhance the separation of specific ions would go a long way
toward engineering new ion selective membranes. While efforts
have been underway, for some time, to answer these questions,
this area represents an opportunity for polymer science and
engineering to understand how the interplay of chemistry and
membrane structure contribute to transport mechanisms and
ultimately transport properties.

Recently, the greater importance of water/salt selectivity
compared to productivity has been emphasized.”>”* It is likely
that the corresponding view (that selectivity is particularly
critical) may also be the case for IEMs used in electric field-
driven processes because small molecule transport is highly
analogous in these membranes. The ion selectivity of an IEM
can be deconvoluted into sorption and diffusion selectivities,”*
and both of these selectivity values can be engineered to
achieve selective transport of one ion over others. For example,
the membrane could be engineered to preferentially sorb the
target ion while excluding the others. Additionally or perhaps
alternatively, it could be engineered to preferentially restrict
the rate of transport of the other ions relative to the target ion.
This review discusses the connections between sorption and
diffusion selectivity and the overall ion selectivity of an ion
exchange membrane.

Here, the ion selectivity and its sorption and diffusion
selectivity contributors are discussed for ion exchange
membranes using the framework of the solution-diffusion
model. First, relevant theory is discussed followed by
discussion of some implications of those theories. In addition
to introducing and discussing the different ion selectivity
measures for ion exchange membranes, we review several
methods that are commonly used to quantify sorption and

diffusion selectivity. We also review important assumptions
and potential artifacts that are associated with the different
methods for determining sorption and/or diffusion selectivity
properties. Ultimately, the discussion connects measures of ion
selectivity to sorption and diffusion contributors in an effort to
provide insight for engineering next generation ion exchange
membranes.

2. THEORY

2.1. Separation Factor. The separation factor (SF)
describes the tendency of a target ion, i, to pass through a
membrane relative to some other ion, j. Typically, the
separation factor (sometimes also called the selectivity or
permselectivity) is defined as a ratio of concentration
normalized fluxes:”*°

G

SF= 1 —
J;/€; (1)

where J; is the average flux of ion i, and C; is the concentration
of ion i in the upstream solution. Normalizing the flux by the
ion concentration in the upstream solution accounts for
differences in concentration, as J;/C; is effectively the
permeance of ion i in the limit where the ion concentration
on the upstream side of the membrane is much %reater than
that on the downstream side of the membrane.”””” Thus, SF
can be viewed as a ratio of the permeance of i to that of j, and it
is often used as a measure of the separation effectiveness (i.e.,
ion i is typically chosen to be the target ion so that SF > 1) of a
membrane for ion separation applications (e.g., electrodialysis
and Donnan dialysis).”*”*

The separation of ions can also be evaluated using the
separation efficiency parameter, Sgp, which is based on the
initial concentrations of the ions in the dilute solution and the
concentrations of the ions in the dilute solution after a fixed
amount of operating time.””'”’ The two approaches for
characterizing the ion separation are related. In an effective
separation where i is the target component, the permeance of i
is greater than that of component j. Therefore, in an effective
separation process, one would expect the retention of
component j at any time ¢ to be greater than the retention
of component i, and this situation results in a separation
efficiency parameter greater than zero and a separation factor
greater than unity. For the purpose of this review, we will focus
on the separation factor (eq 1) as it describes the relative rates
of transport of component i to that of component j.

In addition to eq 1, the separation factor is, in some cases,
also expressed as the ratio of the flux of i to that of j."”" In this
approach, the upstream solution concentrations are not used.
This approach can be useful from a process engineering point
of view because it provides direct insight into how many i ions
transfer per each j ion.

Alternatively, when SF is defined as a ratio of ion
permeances, it provides insight into how intrinsic membrane
properties affect the ion separation. As a ratio of ion
permeance values, eq 1 considers both the relative number
of ions transferred (i.e., flux) and the ion availability (i.e.,
concentration). For example, in typical Li*/Mg*" separations,
the feed solution typically contains much less Li* compared to
Mg** (e.g., the molar ratio of Li*/Mg** can be on the order of
0.1 depending on the source).”® In a membrane separation
process, the Li* flux would be expected to be much less than
that of Mg** as a result of the smaller driving force for Li*

https://dx.doi.org/10.1021/acs.iecr.0c02457
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Table 1. Summary of the SF Expressions Discussed in section 2.1¢

applicability
general by definition

dense membraneS' transport driVen b a concentration
)
gradient

dense membranes; transport driven by an electric field

X 100%  general by definition

index for separation efficiency definition/formula
/C;
SF = J <
e
KD" _ B
separation factor (SF) SE = =
Kb §
z KD
SF =~ —
% KD}
se?aratig(gr}ogﬂiciency parameter Sep(f) = {C}(t)/c](O)} — {c(t)/c(0)}
’ {1 = ¢(8)/(0)} + {1 — ¢(t)/c(0)}

“The separation efficiency parameter, Sgp, stems from an ion retention perspective and is based on the initial concentrations of the ions in the dilute

solution and the concentrations of the ions in the dilute solution after a fixed amount of operating time.

where component i is the target ion, are SF > 1 and Sgp > 0.

99,100 s . .
The criteria for an effective separation,

transport compared to that for Mg2+ transport. Consequently,
comparing only the Li* and Mg®" fluxes could lead to the
conclusion that the membrane is ineffective, as a greater flux of
Mg (i.e, the interfering ion) is observed relative to that of Li*
(i.e., the target ion). However, the process may actually enrich
Li* (relative to Mg?") in the product solution if SF > 1. This
enrichment means that Li* (i.e., the target ion) is concentrated
in the product solution compared to the feed solution, which is
the hallmark of an effective process.m98 Therefore, SF, as
defined in eq 1, is a useful figure of merit to inform membrane
performance for ion separations.

The definition of SF in eq 1 can be used to derive alternate
expressions for the separation factor.”®"” Often, arriving at
these expressions requires knowledge of or assumptions about
the ion transport mechanism in the membrane. Here we focus
on dense, nonporous ion exchange membranes where
transport is described using the solution-diffusion
model.'”'%* While porous membranes have, in some cases,
been used in electrodialysis applications,”'** the scope of this
review is limited to dense, nonporous membranes. The
solution-diffusion model describes cross-membrane ion trans-
port as a three-step process.wz’lm’106 First, ions sorb (or
partition) into the membrane from the upstream solution.
Next, the ion diffuses through the membrane, and finally, the
ion desorbs into the downstream solution.

Fick’s law is often used as the constitutive equation to relate
flux to an external concentration difference driving force.”'"”
When the concentration difference across the membrane is
approximately equal to the concentration on the upstream side
of the membrane (ie., C5 >> Cydowmsteam) Eick’s law can be

. 107
written as

_ KD s
i L ()

where D" is the average diffusion coefficient of ion i in the
membrane phase, L is the membrane thickness, and the ion
sorption coeflicient is defined as K; = C["/C;, where C[" is the
concentration of i in the membrane phase at the upstream
face.'’”'°® The product of the sorption and diffusion
coefficient (i.e., KD") is typically called the permeability of
ion i, and this permeability therefore encapsulates the sorption
and diffusion components of the solution diffusion model.””"*
Correspondingly, the separation factor can be expressed as

KiDim PI
Kp;” B 3)

where the separation factor is also equal to the ion i/j
permeability selectivity (i.e., the ratio of the permeability of ion
i, P, to that of ion j, P)).

In ion separation processes seeking to separate ions of like
charge, electric fields are often used to drive ion transport.
Therefore, in the limiting case where ion transport is driven
primarily by an electric field, the ion flux and separation factor

can be expressed in terms of ion transport numbers as®”'%®
It
=z
zF 4)
_ % ti/ Cis
- s
4 4/G (%)

where I is the current density, z; is the valence of ion i, ; is the
transport number of i, and F is Faraday’s constant. The
appearance of the ion valences in eq S accounts for differences
in the influence of the electric field on the transport of ions of
different valence. The transport number describes the fraction

of current carried by a particular ion and is defined as”>**
z’C D"
ti = 2 ~mpym
Zi z CD; (6)

Arriving at eq S requires an assumption that electric field-
driven mi§ration dominates over diffusive and convective ion
transport.” ”'*® This assumption may be valid when the
concentration difference between the upstream solution and
the downstream solution is relatively low (to suppress the
contribution of diffusive transport) and the applied current
density is sufficiently high.”* The full expression for the
Nernst—Planck equation,1 7 described elsewhere, can be used
in place of this assumption to simultaneously describe the
contributions of diffusion, migration, and convection to the
Aux 1%

By substituting eq 6 into eq S, the separation factor can be

expressed as
z K; D
SF & ———

5 K D; (7)

Both eqs 3 and 7 suggest that the separation factor can be
expressed in terms of the sorption selectivity, K;/Kj, and the

https://dx.doi.org/10.1021/acs.iecr.0c02457
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diffusivity selectivity, D;"/D;". Both of these selectivity values
are intrinsic material properties of the membrane, though as
will be discussed subsequently, the sorption selectivity may
also depend on characteristics of the solution. A summary of
different forms of the separation factor is provided in Table 1.

2.2. lon Sorption Selectivity. The equilibrium ion
sorption coefficient, K;, is defined as the ratio of the
concentration of i in the membrane relative to that in the
external solution.”’?>'%° The partitioning process, or ulti-
mately the concentration of i in the membrane, is affected by
the specific properties of the membrane.”®”” A particularly
profound example of this situation is the one observed when
comparing uncharged membranes and ion exchange mem-
branes (IEMs). The fixed charge groups present in ion
exchange membranes have a significant influence on ion
sorption properties.”®”” Furthermore, the choice of ion i and/
or the way that K; is used to analyze transport can depend on
the application of interest. The following discussion further
describes these differences.

To start, we restrict the discussion to single-electrolyte
systems. In an uncharged membrane (ie., a hydrophilic
material that does not contain ionizable fixed charges), the
equivalent cation and anion concentrations in the membrane
must be equal according to the principle of electro-
neutrality."°”''° For monovalent binary salts, this situation
simplifies to say that the molar cation and anion concen-
trations are identical in the membrane.''° In this case, defining
K; using either the anion or the cation yields the same
result.lo ,110

In IEMs, the concentration of counterions (i.e., cations in
cation exchange membranes or anions in anion exchange
membranes) in the membrane phase is typically greater (and
often much greater) than the concentration of co-ions (i.e.,
ions with the same charge as the fixed charge groups in the
membrane).'*®"'°7!"2 When IEMs are used in desalination,
co-ion sorption is particularly important because the co-ions
are representative of the concentration of mobile salt (ie.,
electrically neutral combinations of ions) in the mem-
brane.'°>""%7""> As such, the co-ion sorption coefficient in
an IEM is equivalent to the salt sorption coeflicient, K, which
is useful for studying salt permeability properties of IEMs and
ultimately salt rejection for desalination applications.'*>"'"'"

When IEMs are used in electrodialysis, however, it is
desirable to have the counterions carry the majority of the
current (i.e, account for the majority of the ion trans-
port).”>'"® As such, it is useful to consider the counterion
sorption coefficient. For example, when defining the separation
factor using eq 7, one would use the counterion sorption
coefficient as counterion transport is desired in this case.”*'"

The previous examples highlight the different contexts and/
or uses of the ion sorption coeflicient. Accordingly, the mobile
salt (S), co-ion (X), or counterion (M) ion sorption
coefficients (for ion i) are defined as''*

G
Ks, = —
G (8)
Cm
Ky, = )2
C )
Cm
Ky, = —2
G (10)

where in each case the sorption coeflicient is the ratio of the
membrane phase ion concentration to the solution phase ion
concentration. Figure 1 further illustrates the nomenclature
embodied by eqs 8—10.

cr =
zyChyf - zxCY

Uncharged Membrane
Kgi=Kuy;=Kx;

Charged Membrane
Ky > Ky,

Figure 1. Nomenclature for the ion sorption coefficients and ion
concentrations for both uncharged and charged (ion exchange)
membranes exposed to a single-electrolyte solution. Often, uncharged
membranes exclude salt, and CI' < C.'%9"* In charged (ion
exchange) membranes, the counterion concentration, Cpj, is often
greater than C; and co-ions generally are excluded from the
membrane (ie, CF < C).'°*'"> In this example, the fixed charge
group (the concentration of which is represented by Cy) is taken to
be monovalent, which is commonly the case in IEMs.”®”*~%%!!3

The charged (ion exchange) membrane depicted in Figure 1
contains fixed charge groups that have charges opposite to that
of the counterions. To maintain electroneutrality, each fixed
charge group (A) must be balanced by a counterion, and
additionally, each co-ion must be balanced by a counterion. If
the fixed charge group is monovalent, then the electro-
neutrality condition requires CJ + zxCy = z,Cop." "¢

This charge balance can be divided by the external salt
solution concentration to connect the charge balance to the
ion sorption coeflicient definitions as

z 1 CY
Ky, = =Ky, + ——
ooz 7 zy G (11)

where zy is the co-ion valence, z); is the counterion valence,
and C} is the membrane fixed charge concentration. For a
monovalent (1:1 MX type) electrolyte (e.g, NaCl where M is
Na* and X is Cl7), eq 11 reduces to

m

CA
o (12)

The relationship for other types of electrolyte (e.g,, M,X) can
be obtained in a similar manner from eq 11 by substituting the
corresponding zyx and zy; values into the equation.
Theoretical models can be used, at least in principle, to
calculate the value of Ky; (and therefore Ky;) for a membrane
equilibrated with a single-electrolyte solution. In perhaps the
simplest case, the ion sorption process can be described as one
where a charge is moved from one dielectric continuum (i.e.,
the external solution phase) to the membrane phase, which is
also taken to be a dielectric continuum, and the Born model
describes this relatively simple situation.'’""”™"'" The
observation of specific ion effects in ion exchange membranes
suggests that dispersion energy may also be important for
describing sorption of ions that exhibit Hofmeister series

Ky = Ky, +

https://dx.doi.org/10.1021/acs.iecr.0c02457
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Upstream Solution:
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Figure 2. Difference in CEM ion sorption behavior between a single-electrolyte system and a multielectrolyte system. In the multielectrolyte
system, both cations are present in the membrane phase, and an ion exchange equilibrium constant is generally used to describe the relative

composition of the counterions associated with the fixed charges.

. 114,119—122
behavior. ™

Activity coefficient effects, long neglected
in the analysis of ion sorption in polymers, are critical for
accurately modeling ion sorption in hydrated polymers, and
the Donnan-Manning model can be effective at quantitatively
predicting the ion sorption properties of some highly swollen
IEMs, 1 112,123,124

The aforementioned models have been applied to describe
single-electrolyte systems. Additional complications arise when
considering the multielectrolyte partitioning problem, which is
at the core of ion separation processes.%’%’w5 A significant
difference between ion partitioning in multielectrolyte systems
and single-electrolyte systems is competition between different
counterions (e.g, Li* and Mg®*) for association with the
membrane fixed charge groups (e.g, A~ or SO, in the cation
exchange membrane example shown as Figure 2).'*>'*° This
competition, arising from different affinities between the
counterions and the membrane fixed charge groups, can be
described by an ion-exchange equilibrium constant."'®"*”

Ion exchange equilibrium between a cation exchange
membrane (CEM) and an electrolyte containing two cations
(M; and M), where M, is a monovalent cation (z; = 1) and M;

127,128
is a dlvalent cation (zi = 2) can be described as'*”

— 24+ o — 2
2AM) + M2 2MT 4 (A, M (13)

This equilibrium relationship can be used to define the ion
exchange equilibrium constant, Ki.,, which is typically defined
using concentrations as opposed to thermodynamic activity
values, as'*®

Iz 1zl

X C[c_) i (c_]
clcm c ) \cr (14)

] ! ] !

The expression can be generalized in terms of Iz and Iz (as
shown on the right-hand side of eq 14). The value of K,
be determined experimentally,'*”'*® but values are reported
often for ion exchange resins prepared using chemistry that is
similar to that used in many ion exchange membranes.'””
The ion exchange equilibrium constant can be expressed
using dimensionless ion concentrations to facilitate use with
ion exchange isotherms. In the solution phase, the dimension-
less composition of counterion j (in a mixture of counterions i
and j) can be written as
S
Iz|C;

5720 + lzIC
G+ 1zlG (15)

The concentration of cations in the solution phase, in units
of equivalents of charge per volume, can be written as

Co= Izjlcj + IzJC; (16)

For example, in the multielectrolyte (MX and M]-XZ) system
described in Figure 2, Cy = 2Cfv[m + Cy,- The corresponding

dimensionless composition of counterion j in the membrane
phase can be written as

m
3 IszCj

oo (17)

14193 https://dx.doi.org/10.1021/acs.iecr.0c02457
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where the fixed charge group has been taken to be monovalent,
ie, Izyl = 1. The value of y; represents the fraction of fixed
charge equivalents that are associated with counterion j, and if
only two counterions are present (i and j), then ;=1 — y;and
represents the fraction of fixed charge equivalents that are
associated with counterion i. Using eqs 15—17 and by taking
counterion i to be a monovalent ion (i.e., lz] = 1), eq 14 can be
simplified by introducing the dimensionless concentrations:”"

(1 _ xj)lzll,yj[ CO ]Izjl—l
Kiex = il Am

x}-(l - y]) '\ Cy (18)
If counterion j is a monovalent ion (i.e, Izl = 1), then the
value of K., does not depend on either the membrane fixed
charge concentration, C), or the equivalent counterion
concentration in the solution, Co.]27 However, if counterion j
is a divalent (i.e., lzjl = 2) or a trivalent (i.e., Iz}l = 3) ion, then
K., is affected by the ratio of C,/Cy, either linearly or
quadratically.”’ To account for this dependence, K, can be
turther normalized by Cy/Cy to yield the dimensionless ion
exchange affinity, o:'”’

1-lz| Iz
Ca x(1 =) (19)

Therefore, if the value of @} is known, one can calculate the
dimensionless counterion composition in the membrane phase,
¥j given a particular solution composition, x;. If the values of y;

and y; are known at given values of x; and x;, then the

dimensionless counterion composition values can be used to

calculate sorption coefficients for each counterion: ">’
(1 -y
1 =%)G (20)
iy
5= x.C
70 (21)

The ratio of these sorption coefficients can be taken to define
the membrane sorption selectivity of counterion i relative to
counterion j.

. K. xj(l - ,y})
Ki=—t=_—T"
Ky —x) (22)

The expression of K; in eq 22 is related to the expression of @]
in eq 19. The relationship between K and o] will be discussed
in further detail in section 3.1.

2.3. Counterion/Counterion Diffusivity Selectivity.
The counterion/counterion diffusivity selectivity, D;"/DJ",
represents the relative kinetic rates of diffusion or mobilitgr of
counterion i relative to counterion j in the membrane.”*”*
Unlike ion sorption selectivity in multielectrolyte systems,
where the selectivity often is determined experimentally, the
ion diffusivity selectivity for multielectrolyte systems can be
either experimentally measured or, in some cases, calculated
via theory. This section describes two theoretical models (the
theory of Mackie and Meares and free volume theory) that are
used to calculate ion diffusion coefficients and experimental
approaches to measure ion diffusivity properties.

2.3.1. Theory of Mackie and Meares. The theory of Mackie
and Meares is a statistical description of small molecule

diffusion in a mixture of polymer and solvent."**"*" The theory

is based on the assumption that the swollen membrane is a
homogeneous mixture of polymer and sorbed water."** This
mixture is represented on a lattice, and lattice positions
occupied by polymer are considered impermeable. Therefore,
small molecules can only diffuse by executing diffusional jumps
between lattice positions that do not contain polymer.

The physical implication of this treatment is that cross-
membrane transport occurs through the volume of the swollen
material that is occupied by the sorbed water. As such, the
presence of the polymer has two effects on transport. First, the
presence of the polymer reduces the effective cross-sectional
area available for transport, and second, it increases the
tortuosity.” Both of these effects lead to reduction in
diffusivity.

The Mackie and Meares model connects the membrane
phase diffusion coefficient, D}, to that in the external solution
via the volume fraction of water as

2
D" Pw

D} |2- ¢y (23)

where D; is the diffusion coefficient in bulk solution, and ¢y,
the only variable in the model, is the membrane water volume
fraction."*”"*" An important feature of eq 23 is that it ensures
the diffusion coefficient in the membrane converges to the
diffusion coeflicient in bulk solution as ¢y, approaches unity
(i.e., the pure solution limit)."*° In general, the Mackie and
Meares model is most likely to be suitable for describin
diffusion in highly swollen membranes (¢, > 0.5)"">'"* and
systems with negligible ion—polymer interactions,'”® and in
these cases, the effects described by the Mackie and Meares
model can be much greater than electrostatic effects.

Applying the Mackie and Meares model for two different
counterions, i and j, and assuming the volume fraction of water
in the membrane, ¢y, is independent of the presence of the
ions, the ion diffusivity selectivity reduces to

P T
D D; (24)

D™  Df

This expression suggests that the membrane ion diffusivity
selectivity is identical to the diffusivity selectivity observed in
solution, i.e., the membrane provides no additional diffusivity
selectivity. Such a condition, which might be realized for some
highly swollen membranes, is often not valid for many
electrodialysis membranes, which typically have lower water
content (e.g,, ¢y ~ 0.3)'** and potentially non-negligible ion—
polymer interactions. Nonetheless, the ion diffusivity selectivity
obtained from the Mackie and Meares model can be treated as
a limiting value for the membrane ion diftusivity selectivity as it
represents the limiting case where the membrane makes no
contribution to the diffusivity selectivity.

2.3.2. Free Volume Theory. Yasuda et al. studied NaCl
transport in a series of hydrogels'*” and suggested that cross-
membrane transport can be described using a free volume-
based model:'**"**

V*

f

D™ ~ exp

(25)

where V* is the minimum free volume size required by a
penetrant, and V; is the total free volume of the membrane.
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Yasuda et al. assumed that the membrane free volume was
proportional to the hydration, H, as'**

mass of water

H=
mass of hydrated polymer (26)
Ve=(1 - H)V;p + HV;y (27)
where (1 — H) is the mass fraction of polymer in the

membrane, V;p is the polymer free volume, and Viyy is the free
volume of water. Yasuda et al. further assumed that salt alone
would not diffuse through the nonhydrated regions (or free
volume) of the polymer.'*® Therefore, the free volume
available for salt transport, in eq 27, was taken to be HV;y
or Vy ~ HV;yy. Equations 25 and 27 lead to a useful correlation,
where H is the only variable, for D™/D5:'**

Dim _ [b(l _ L)]
oy P H (28)

and b is an adjustable parameter related to the size of the
penetrant.

Although Yasuda’s free volume-based theory was initially
applied to hydrogels, it has also been successfully applied to
predict the penetrant diffusivity in IEMs. Xie et al. investigated
the dependence of membrane salt diffusivity on average free
volume element size for a series of sulfonated polysulfone
membranes and found that the experimentally measured
diffusivity values correlated, in a manner consistent with the
free volume-based theory, as'*’

yV*
Vi

D™ = A exp

(29)

where A is a polymer related constant,  is a correction factor
to prevent double counting the free volume elements, and Vi
is the average free volume element size in the hydrated
polymer.

The value of V* necessarily depends on the penetrant. For
example, if NaCl is used as the model penetrant, the V* value
in eq 29 can be taken as the volume for the hydrated sodium
ion."*° This value is used rather than the combined volume of
the hydrated sodium and chloride ions since the former is
larger than the latter (i.e., as long as a free volume element is
sufficiently large to permit a hydrated sodium ion to execute a
diffusional jump, it could also permit a hydrated chloride ion to
execute a diffusional jump)."*> Based on eq 29, the membrane
ion diffusivity selectivity, ap;;), can be expressed as

_ D_,m _ }’(V;k - Vi*)
Ap(ifj) = Dm o exp H
j F (30)

where V* is appropriately defined for either counterion i, Vi,
or counterion j, V;’<

Use of eq 30 requires knowledge of the free volume of the
hydrated polymer, V&, and this information can, at least in
principle, be obtained from positron annihilation lifetime
spectroscopy (PALS) measurements' > * """ or molecular
dynamics (MD)"**'** simulations. However, both the PALS
and MD approaches have some limitations that result in a
situation where Vi data are not always available or easily
obtained for many membranes of interest. This situation limits,
at least to some extent, the use of eq 30.

An alternate approach is to measure the diffusivity selectivity
of other molecules. For example, one could measure the water/
salt diffusivity selectivity using measurements commonly made
on desalination membranes.''>'*® That information, in
principle, can be used to calculate y/V§ using eq 30. This
approach will be discussed in more detail in section 3.2.

2.3.3. Conductivity Measurements. In addition to the
approaches discussed previously, the membrane ion diffusivity
selectivity can also be determined experimentally. For example,
ion transport can be measured using nuclear magnetic
resonance (NMR),'*~'** neutron spin echo,"*’ and/or
conductivity measurements.”>******~® Among these exper-
imental techniques, membrane conductivity measurements
regularly are used to determine ion diffusivity in ion exchange
membranes. When migration dominates over concentration-
driven transport, the ion diffusion coefficients in the membrane
are linked to the ionic conductivity as''®

K= F—Z Z 22C™p™
RT ; 1 1 1 (31)

where k is the ionic conductivity of the membrane, F is
Faraday’s constant, R is the gas constant, and T is the absolute
temperature. For a single electrolyte system, eq 31 becomes

2
kK= E(ZMZCII\I/;D& + ZXZC)T(HD)T) (32)
Typically, solving for both Dy and Dy requires two
measurements (typically a conductivity measurement and a
concentration-driven permeation measurement).'”” In the
concentration-driven permeation measurement, the salt
permeability is measured, and then, it is used to calculate the
salt diffusion coefficient, which can be further deconvoluted
into DY and D®.""® Once the value of DY} is known for each
counterion (e.g., i and j), the ion diffusivity selectivity, Di"/D}",
can be calculated.

In the absence of the concentration-driven permeation
measurement, an approximation can be used to calculate Dy
using eq 32. In ion exchange membranes, due to the presence
of fixed charged groups in the polymer matrix, Cy; is typically
much %reater than C¥ (ie, zyCy = zxC¥ + C¥ or C} >
C2).>*”7 Consequently, the contribution of co-ion migration
to the membrane ionic conductivity is often assumed to be
negligible.m8 In other words, the co-ion migration term is
dropped in eq 32, and Dy can be determined using a single
measurement. This approach only works if the counterion
transport number is sufficiently close to unity.

This assumption can lead to an overestimation of the
membrane jon diffusivity and could be propagated forward as
error when determining the membrane ion diffusivity
selectivity. Therefore, in section 3.3, we will discuss the
importance of accounting for co-ion migration while
determining counterion diffusion coefficients via conductivity
measurements. Specifically, we will discuss the effects of
solution composition and membrane physicochemical proper-
ties on co-ion transport.

Furthermore, conductivity measurements also can be used
to determine the counterion sorption selectivity of the
membrane (for counterions i and j).”*''®'** In the limit
where the transport number is sufficiently close to unity, a
single-electrolyte conductivity measurement can be used to
measure the counterion diffusion coefficients for both

https://dx.doi.org/10.1021/acs.iecr.0c02457
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Figure 3. Ion exchange isotherms for systems containing (A) two monovalent counterions and (B) a divalent (j) and a monovalent (i) counterion.
In both cases, counterion i was set as a monovalent ion, and values of o] values were chosen to span the range of values reported by Miyoshi et al.">’

counterions (i.e, D" and D). Also in this limit, eq 31 can be
written in terms of the two counterions:

FZ 2 ~mpm 2 ~mpym
K=E(zi C'D" + z7C Dj) (33)

The Nernst—Einstein relation can be used to express the ion
. . . . . T 113
diffusion coeflicients as ionic mobilities:

m ZiF m
u. = —D;

' RT ' (34)
k= CyF((1 — y}_)uim + y]ujm) (35)

where 1" is the membrane phase mobility of ion i, and (1 — yj)
is the dimensionless composition of i in the membrane (per eq
17). Arriving at eq 33 from eq 31 requires the assumption that
co-ion migration is negligible in the binary electrolyte system.
This assumption commonly is used for multielectrolyte
systems,”* since the concentration-driven permeation measure-
ments are less standard for multielectrolyte systems compared
to single electrolyte systems. When D} and D;" are available,
;" and " are calculated using eq 34, and the value of y; can be
obtained using eq 35. This approach results in a situation
where the value of K; can be calculated from eq 22. Although
the mathematical formula for eq 35 is rather simple, several
underlying conditions and assumptions (e.g., solution
compositions and ion—polymer interactions) need to be
understood to use eq 35 properly. Those conditions and
assumptions will be discussed further in section 3.4.

3. IMPLICATIONS

The current density is important when performing electric
field-driven experiments to determine the ion separation factor.
This consideration is particularly important for characterizing
novel membranes and for operating electric field-driven
processes. For example, potentiostatic polarization coupled
with impedance spectroscopy can result in transport numbers
that vary with current density.">' Many electric field-driven
membrane characterization experiments, however, are run
below the limiting current density to avoid concentration
polarization effects and/or other electrochemical phenomena
that occur at elevated current densities. The ion diffusivity and
sorption selectivity values are expected to be important at these

lower current density values, and the sorption selectivity is
expected to remain important at higher current density
values.">' In this section, we discuss the implications of
common assumptions and/or analysis/experimental routes on
selectivity characterization from the perspective of both the
diffusivity and sorption selectivity properties while recognizing
that the significance of the diffusivity selectivity may be limited
to lower current density situations.

3.1. Relationship between the Dimensionless lon
Exchange Affinity and the Counterion/Counterion
Sorption Selectivity. In section 2.2, we suggest that
counterion sorption in multielectrolyte systems can be
determined from ion exchange isotherms. Specifically, the
dimensionless ion exchange aflinity, a, is interconnected to the
counterion/counterion sorption selectivity, K]' Qualitatively, K;
is inversely related to @l This relationship can be realized by
considering a given solution composition. An increase in a
suggests that the interactions between counterion j and the
membrane fixed charge groups become more preferential
compared to the interactions between counterion i and the
membrane fixed charge groups.''®'*” Consequently, counter-
ion j is enriched in the membrane phase relative to counterion
i, which corresponds to a decrease in K.

A more quantitative interpretation of the relationship
between K; and o requires knowledge of the valence of
counterion j. When j is a monovalent ion (ie., Izl = 1), K; is
equal to the reciprocal of @] (i.e, Kj = 1/a} as can be seen by
comparing eqs 19 and 22). Hence, K; is a constant when o is a
constant regardless of the solution composition. When j is a
multivalent ion, the only difference between the reciprocal of
K; (ie., K]’) and @ is the valence of counterion j. In this case,
the value of K; varies with the solution composition when o} #
1, which can be found by combining eqs 19 and 22. For
example, if @/ = S for a system containing divalent (j) and
monovalent (i) counterions, then Kj would increase from 0.26
to 0.43 when «; increases from 0.1 to 0.9. In general, when the
multivalent ions are considered, the counterion/counterion
sorption selectivity will depend on the solution composition.

The value of @ provides insight into the relationship
between y; and «; (in addition to its relationship to the
counterion/counterion sorption selectivity). Miyoshi et al.
reported a values for a series of commercial ED
membranes.'*’ Using this range of o] values, ion exchange
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isotherms were generated using eq 19 for systems containing
two monovalent counterions (Figure 3A) or a divalent (j) and
a monovalent (i) counterion (Figure 3B). These two types of
systems are often of interest for practical separation
applications.

When @ is unity (and, accordingly, K]‘ = 1), the
dimensionless composition of counterion j in the membrane
phase is identical to its composition in the solution. In other
words, counterion sorption or ion exchange into the
membrane phase does not result in a situation where
counterion j is enriched relative to the composition in the
external solution. This situation is the case regardless of
whether the solution contains two monovalent counterions
(Figure 3A) or a divalent and a monovalent counterion (Figure
3B). When ] is greater than 1 (and, accordingly, K; < 1), the
dimensionless composition of counterion j in the membrane
phase is always greater than its concentration in the solution
(ie, counterion j is enriched in the membrane phase and
counterion i is excluded by the membrane phase). When o/
values are sufficiently large (e.g, >S5 for a monovalent—
monovalent jon pair or >15 for a divalent—monovalent ion
pair), the dimensionless composition of counterion j in the
membrane phase becomes close to unity (ie, y; > 0.9, the
majority of the counterions in the membrane are counterion j)
when the dimensionless composition of counterion j in the
solution is greater than 0.7. This situation is often encountered
in practical ion separation processes when the nontarget ions,
which often have high o/ values, are the dominating species in
the solution.”*?%'%?

For example, in the Li*/Mg** separation, the molar ratio of
Li*/ Mg2+ is around 0.1 in the external solution.”® In that case,
the dimensionless composition of Mg** in the solution is x; =
0.947, and the binding affinity of Mg** toward sulfonate groups
is greater than that of Li*,"*” so the majority of the counterions
in the membrane will be Mg** (i.e., ¥; > 0.947). Consequently,
the contribution of Mg’* to the membrane ionic conductivity
will be close to 100% (eq 35). Although this behavior does not
affect the determination of the ion sorption selectivity using
ion exchange experiments, it could result in challenges when
determining the ion sorption selectivity from conductivity
measurements, as discussed in section 3.4.

3.2. Using Free Volume Theory to Relate Measures of
Diffusivity Selectivity. In section 2.3, we suggested a free
volume theory-based framework that would allow the
membrane counterion/counterion diffusivity selectivity,
ap(yj, to be estimated from a measure of the water/salt
diffusivity selectivity, apqy,sy (or, in principle the selectivity of
any two other small molecules). One reason to connect aApisj)
and aDgW/S) is that some IEMs, and in particular some
CEMs,">*™1% are of interest for both desalination and electric
field-driven ion separation applications. Using two other probe
molecules (e.g, water, W, and a single electrolyte, S) to
measure diffusivity selectivity (s in this case) could
provide insight into hydrated polymer free volume as

v 1n(%(w/s))
i (V=) (36)
The ratio y/VE is a characteristic of the membrane, and it

could then be used in eq 30 to estimate the counterion/
counterion diffusivity selectivity as

pubs.acs.org/IECR

(V;k - Vi*)
Ap(i/j) = eXp hl(aD(W/S))m -
S w 37

Figure 4 shows an example of this relationship where eq 37
connects transport property data obtained within the context

| _—

Ca”/Na’

-

Cation/Na’ Diffusivity Selectivity
°
T

Mg*/Na*

0.01 —— ) —_— )
10 100
Water/NaCl Diffusivity Selectivity

Figure 4. Counterion/counterion diffusivity selectivity values
calculated using the water/salt diffusivity selectivity (eq 37). The
counterion j was taken as Na*, and the salt (water/salt diffusivity
selectivity) was taken as NaCl. The range of the water/salt diffusivity
selectivity values was chosen based on data reported for a series of
sulfonated polysulfones.'*®

of desalination membranes to that within the context of
electric field-driven counterion separations.

When the membrane water/salt diffusivity selectivity is 2,
which is the limiting value based on water and NaCl diftusion
coefficients in bulk solution, the counterion/counterion
diffusivity selectivity for all of the ion pairs considered reduces
to a value close to the corresponding diffusivity selectivity in
bulk solution (Figure 4).'% This free volume-based approach
also predicts that selectivity for the smaller counterion relative
to the bigger counterion increases as the membrane water/salt
diffusivity selectivity increases. It also predicts that the
diffusivity selectivity is greater when the size difference
between the ions is greater. Both of these observations are
generally aligned with Cohen-Turnbull theory, which forms
the basis of the free volume-based theory."**

As an example of this approach, the water and salt diffusion
coeflicients for the Neosepta CMX membrane are reported to
be 2.5 X 107° cm?/s and 2.1 X 1077 cm?/s, respectively, so
Apewys) = 12 for the CMX membrane.'* According to eq 37,
the values of apk7/n.y and apag/ne"y are 1.77 and 0.147,
respectively, when ap /sy = 12. These values, predicted using
eq 37, only differ by approximately 10% from the
corresponding values measured using a conductivity technique:
Ap(k'/Na") = 1.62 and aD(Mgz+/Na+) = 0.165.94

While eq 37 reveals a connection between a measure of
diffusion selectivity, commonly considered for desalination
membranes, and a measure of counterion/counterion
selectivity that is useful in electric field-driven ion separation
applications, the approach does have limitations. Equation 37
suggests that desalination membranes with high apy/s) values
should also have high ap;/;) values. While this design criterion
results directly from the theory, it may not tell the entire story
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from a practical perspective. For example, a desalination
membrane with a high ap(y/s) value may have very low ionic
conductivity due to the lack of fixed charge carriers.'”"” This
potential situation highlights the need to consider both the
selectivity and productivity (in this case, ionic conductivity)
properties of membranes for separation applications.

Additionally, the approach to selecting specific values of V}*
and V¥ presently is not well-defined. When free volume theory
is applied to a desalination membrane, the V* value represents
the minimum free volume element size for a molecule to
execute a diffusional jump.'* In electrodialysis, both diffusion
and migration occur,’*® and this situation might suggest
different interpretation of the V* values. For the purpose of the
example discussed previously, we applied the same inter-
pretation of the V* values to the counterions and the water and
single electrolyte used to obtain the desalination-based
diffusivity selectivity. While this approach appeared to be
sufficient for connecting the two measures of diffusivity
selectivity for the Neosepta CMX membrane, additional
verification of this V* value analysis could be necessary for
different membranes or ions.

3.3. Influence of Co-ion Transport on Diffusion
Coefficients Determined Using Conductivity Measure-
ments. As discussed in section 2.3.3, conductivity measure-
ments can be used to measure counterion diffusivity (without
the use of an additional experiment, e.g., concentration-driven
permeation measurements) if the contribution of co-ion
migration to conductivity is negligible. This approximation
can lead to an overestimation of individual counterion
diffusivity values, and if these values are used to calculate
counterion/counterion diffusivity selectivity, this overestima-
tion may lead to errors in the membrane ion diffusivity
selectivity. This overestimation artifact becomes more
significant when the membrane counterion transport number
decreases and the fraction of the current carried by the co-ions
increases. This section discusses an approach to estimate the
extent to which neglecting co-ion transport affects the
counterion diffusivity calculation.

3.3.1. Theory to Support Analysis. The co-ion concen-
tration in a charged ion exchange membrane, in the simplest
case, is described by Donnan theory.>”””"'*'>” When an IEM
is brought into equilibrium with an electrolyte solution, an
electric potential (i.e., the Donnan potential) is established at
the IEM/electrolyte interface.'®'*® This Donnan potential
occurs due to the difference in the thermodynamic activity of
the ions inside the membrane relative to their corresponding
thermodynamic activity values in the external solution caused
by the presence of fixed charge groups in the ion exchange
membrane.''®"*® The result of this Donnan potential is that
co-ions are excluded from sorbing into the membrane.''®'*®

The strength or effectiveness of Donnan exclusion increases
with the absolute value of the Donnan potential, so co-ion
sorption is suppressed to a greater extent in situations where
the Donnan potential at the IEM/electrolyte interface is
higher.''® Next, for a given IEM/electrolyte system, the
Donnan potential increases (and co-ion sorption decreases)
with increases in the difference between the counterion activity
in the membrane and that in the external solution.''® The
Donnan potential also decreases as the counterion valence
increases meaning that co-ion sorption tends to be more
significant when the multivalent counterions are exposed to the
membrane.''® At the same time, Donnan exclusion is more
effective at reducing the sorption of multivalent co-ions.''

Therefore, co-ion sorption (and, thus, co-ion transport) is
affected by both solution and membrane factors.

Donnan theory can be used to develop an expression for the
co-ion sorption coefficient:' '

m m )2 s\ m

_ G |G + T 1Cy

2 (cf ) 7 2 ¢

* (38)

where ¥3 is the mean ionic activity coefficient in the solution,

and y7 is the mean ionic activity coefficient in the membrane.

The value of Cy is the fixed charge concentration of the

membrane, and the value of 7 can be determined using the

Pitzer model."**~'¢" Determining the value of ¥}, however, is
less straightforward.

Manning’s counterion condensation theory describes the
thermodynamic circumstances that lead to a situation where
counterions condense or undissociate in the material.'®> The
theory was developed for polyelectrolytes in solution, so it
assumes that the fixed charge groups are distributed evenly
along the polymer backbone.'®> The so-called Manning
parameter, &, defines a critical point at which counterion
condensation occurs in the membrane:

g e

&= ? - 4re ekTh (39)

K .
X 4

1

where Ag is the Bjerrum length (i.e., Ay = ¢*/4meekT), b is the
spacing between two adjacent charge groups on the polymer
backbone, e is the elementary charge, g, is the permittivity of
free space, ¢ is the relative dielectric permittivity (or dielectric
constant) of the hydrated membrane, and k is Boltzmann’s
constant. "> Above the critical point (i.e, when & > &,
where £ = 1 if the fixed charge group is monovalent),
counterion condensation occurs such that the value of £ is to
& ®” Thus, this condensation process acts to reduce the fixed
charge group concentration in the membrane (i.e., Ci
decreases as a result of counterion condensation).''"'®*
Recently, Kamcev et al. used Manning’s counterion con-
densation theory to calculate the value of yT. Their Donnan-
Manning model effectively described co-ion sorption in some
highly swollen commercial IEMs."""

Another result of counterion condensation is that the
counterions in the membrane may exist in one of two different
forms.""> The condensed form is the situation where the
counterions interact strongly with the fixed charged groups and
may reduce the effective membrane fixed charge concentration,
and the uncondensed form is the situation where the
counterions are considered to be dissociated from the fixed
charged groups.''? Condensed counterions may have unique
transport behavior compared to uncondensed counterions.
When transport is driven by a concentration gradient, the
condensed counterions are assumed to be immobile since they
are localized near the polymer backbone.''” When the
transport is driven by an electric field, however, these
condensed counterions are mobile'®*™'°® and may have
greater mobility compared to the uncondensed counterions.' '

3.3.2. Analysis for an Idealized Cation Exchange
Membrane. With that framework in mind, we return to the
analysis about the extent to which neglecting co-ion transport
affects the calculation of the counterion diffusion coefficient
obtained using a single ionic conductivity measurement. To
analyze this scenario, we will consider an idealized case where
ion—polymer interactions are negligible, and the membrane is
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and the other details of the calculation are provided in the Figure S caption.

a CEM with monovalent fixed charge groups and uncondensed
counterions. Therefore, we will use the theory of Mackie and
Meares'*”"*! to describe the diffusion coefficients in the
membrane relative to those in bulk solution. Additionally, we
will calculate the membrane phase co-ion concentration, Cy,
using the Donnan-Manning model (by assuming the
membrane fixed charge concentration and dimensionless linear
charge density values were 6.21 mol/L and 1.5, respectively,
which is representative of the Selemion CMV mem-
brane'**).""" The membrane phase counterion concentration,
Cyw will be calculated using the electroneutrality requirement
(ie., Cy + lzxICR = lzyICyy). Using the information described
above, we will define and calculate the minimum counterion
transport number, ty i, as

2, mpS
m zZp CvDu

2, CiDy; + 24 “C¥D5

M,min —

(40)

Because the minimum counterion transport number describes
the fraction of ionic current carried by the counterions, it can

14199

be used to estimate the extent to which the counterion
diffusion coefficient is overestimated as a result of neglecting
co-ion transport. This calculation can be done as

1

m
M, min

max diffusivity overestimation (%) = -1

X 100%

(41)
where 1/tyf o reflects the overestimation (i.e., as tyfmin
decreases, the counterion diffusivity becomes increasingly
overestimated). To highlight the effects of solution composi-
tion and membrane physicochemical properties on the co-ion
sorption and migration, the minimum counterion transport
number and the maximum diffusivity overestimation are
plotted against the external salt concentration (Figure 5) and
the fixed charge group concentration (Figure 6) used in the
calculations.

The minimum counterion transport number (for this
example that is representative of a Selemion CMV cation
exchange membrane and all electrolytes considered) decreased
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by 0.2—16% as the solution salt concentration increased
(Figure SA), and the maximum diffusivity overestimation
increased by 0.2% to 19% as the solution salt concentration
increased (Figure SB). These results show that co-ion
transport becomes more important as the solution salt
concentration increases, and they are consistent with Donnan
theory.''® When the external salt solution concentration
increases, the difference between the fixed charge concen-
tration and the ion concentration in solution deceases. This
situation leads to a reduction in the Donnan potential (and
therefore a reduction in Donnan exclusion effectiveness).
Consequently, the values of Cy (and, thus, Ky) increase, and
co-ion transport becomes more significant.

In addition to the salt solution concentration, the salt type
also affects the minimum cation transport number and the
maximum diffusivity overestimation. The effects of salt type are
secondary, however, compared to the effects of salt solution
concentration. In the following discussion, we will hold the salt
solution concentration constant.

When the salt type is the same (e.g., NaCl vs KCl), the value
of ', is the only difference in the Donnan-Manning model,' "
and the salt with the lower value of y5 (i.e, KCl) will have
lower co-ion sorption and transport compared to the salt with
the greater value of y%. When the co-ion is the same in both
electrolytes (e.g., NaCl and CaCl,), several factors affect co-ion
sorption. First, the Donnan potential that results from the
divalent Ca®* ion is lower compared to the monovalent Na*
ion, and the lower Donnan potential directly translates into
higher co-ion sorption.''® Next, counterion condensation is
more likely to occur with the divalent Ca?* ion than with the
monovalent Na* ion.''> Counterion condensation reduces the
Donnan lpotential and leads to an increase in co-ion
sorption.''® These two effects overpower the effect of the
lower value of ¥5 for CaCl, compared to that of NaCl. As such,
having a counterion with a greater valence will lead to greater
co-ion sorption and transport. When the counterion is the
same (e.g,, KCI vs K,S0,), Donnan exclusion is more effective
at excluding the co-ion with the higher valence.''® Addition-
ally, the value of y% commonly is lower for higher valent co-
ions (e.g, SO,*”) compared to monovalent co-ions. As such,
both activity coeflicient and Donnan exclusion effects lead to
lower co-ion sorption and transport.

The minimum cation transport number increased by 0.2% to
16% as the fixed charge concentration increased (Figure 6A),
and the maximum diffusivity overestimation decreased by 0.2%
to 19% as the fixed charge concentration increased (Figure
6B). Similar to the results in Figure S, the results in Figure 6
are consistent with Donnan theory.''® If the solution
composition is held constant and counterion condensation
behavior does not change, increasing the value of the fixed
charge concentration leads to an increase in the Donnan
potential (and, therefore, an enhancement in Donnan
exclusion effectiveness). Consequently, the values of Cy
(and, thus, Ky) decrease, and the co-ion transport becomes
less important.

This analysis could inform the design of conductivity
measurements for diffusivity selectivity calculations. The
assumption of negligible co-ion transport will be most
applicable when the solution salt concentration is moderate
(e.g, ~0.5 M), the membrane fixed charge concentration is
high (i.e., C} > 6 mol/L), and the co-ion is chosen to be the
sulfate ion. In situations where greater salt concentration is
required, the membrane fixed charge concentration is low (e.g.,

a CR61 membrane with Cy < 3.5 mol/L), or the sulfate co-ion
cannot be used, the Donnan-Manning analysis should be
performed to estimate influence of co-ion transport on the
counterion diffusion coeflicient. Preferably, the ionic con-
ductivity measurement should be coupled with the concen-
tration-driven permeation measurement to determine the
diffusivity selectivity without the need for an assumption
about the contribution of the co-ion to the ionic conductivity.

3.4. Determining the Counterion/Counterion Sorp-
tion Selectivity Using Conductivity Measurements. An
attractive feature of conductivity measurements is that they can
be used to determine the dimensionless composition of
counterion j in the membrane (i.e., y;) using eq 35. Coupled
with eq 22, the value of K: can be calculated. However, the
applicability of eq 22 depends on the ion—polymer interactions
and the solution compositions.

The linearity of eq 35 suggests that the ionic conductivity of
the membrane exposed to a multielectrolyte system containing
two different counterions is bounded by the separate ionic
conductivity values of the membrane in contact with each of
the two corresponding single-electrolyte systems. Furthermore,
it suggests that the membrane ionic conductivity is expected to
vary linearly with y; (ie., as the counterion composition in the
membrane changes, the conductivity of the membrane will
change accordingly between the two limiting cases (i.e., y; = 0
and y; = 1). Arriving at this linear relationship requires an
assumption that the mobility of each ionic species is
independent of the other ionic species in a solution of interest
and that the conductivity of this solution is the weighted
average of the conductivity of each ionic species (ie. an
assumption that Kohlrausch’s law is valid).'®”

In a hydrated CEM, the value of Cj} is often high (e.g., Ciy >
3 mol/L), so the membrane cannot be treated as a dilute or
ideal system. Furthermore, the presence of fixed charge groups
prevents the ions from moving freely inside the membrane.
Logette et al."*® studied membrane ionic conductivity for a
series of ion pairs and found that the membrane conductivity
for monovalent/divalent and monovalent/trivalent ion pairs
deviated more from the Kohlrausch’s law predicted values than
the conductivity for monovalent/monovalent ion pairs.

Nevertheless, if counterion condensation occurs in the
membrane, as discussed earlier, the condensed counterions
may have a greater mobility than the uncondensed counter-
ions.""® Hence, if two counterions, i and j, have different
condensation behavior, the membrane ion conductivity might
not vary linearly with y,. Therefore, caution is warranted when
using eq 35 with different multielectrolyte systems of interest.
The validity of Kohlrausch’s law for a particular electrolyte
solution should be verified. If eq 35 does not describe the
particular system, ion exchange experiments would be needed
to obtain y; and K.

If eq 35 does describe the system of interest, y; can be
determined by interpolation. The interpolation, however,
requires that the difference in membrane ionic conductivity
between the multielectrolyte system and each single-electrolyte
system is measurable. This requirement might not always be
met in practical ion separation processes. For example, in the
Li*/Mg2+ separation case discussed earlier,”® the membrane
counterions are mostly Mg“, so the contribution of Mgzﬂ in
the Li*/Mg*" mixture, to the membrane ion conductivity is
nearly 100%. Consequently, it could be difficult to differentiate
between the membrane jonic conductivity measured using the
Lit/ Mg2+ solution and that measured using the pure Mngr salt
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solution, which would compromise this approach for character-
izing K based on ionic conductivity measurements.

Equation 35 may be most suitable for systems where the
difference between the dimensionless concentrations of
counterions i and j in the solution is not dramatic (e.g, 0.2
< x; < 0.6), as this situation is likely to translate into a situation
where the dimensionless compositions of counterions i and j in
the membrane are not pushed toward the limiting values. For
systems similar to the Li*/Mg** case encountered in practical
separations, an alternative method could be used. A model
solution, where 0.2 < x < 0.6, could be prepared for the
conductivity measurements, and eq 35 could be applied to
calculate y, which could be further translated into &/ using eq
19. The &’ value could then be used to calculate a new set of
corresponding y; values at x; values of interest, and K}’ could be

j
calculated from this set of data using eq 22.

4. SUMMARY

In this review, definitions of the separation factor were
discussed along with connections to the sorption and
diffusivity selectivity properties of ion exchange membranes
to provide insight into the use of IEMs in electric field-driven
specific ion separation applications. The ion sorption
selectivity can be determined from ion exchange isotherm or
ionic conductivity measurements. When ion exchange
isotherm measurements are used to determine the sorption
selectivity, a dimensionless ion exchange affinity is used to
connect the ion concentration in the membrane for a given
solution composition and membrane fixed charge concen-
tration. Alternatively, conductivity measurements can be used
to determine the sorption selectivity when the counterion form
of the membrane is not dominated by a single counterion and
when ion specific interactions with the polymer are negligible.
The diffusivity selectivity can be estimated using theory or be
determined using ionic conductivity measurements. Free
volume theory may be useful for connecting membrane
water/salt selectivity, which is often measured for materials
that are of interest for desalination, and the counterion/
counterion diffusivity selectivity that is critical for specific ion
separations. The influence of co-ion transport on diffusivity
measurements made via conductivity measurements was
estimated via sample calculations to highlight situations
where neglecting co-ion transport is inappropriate. The
discussion here is most applicable to homogeneous ion
exchange membranes, but the connections between the ion
separation factor and the sorption and diffusivity selectivity
values could form the basis for understanding a wide range of
membranes that are of interest for electric field-driven ion
separation processes.

B AUTHOR INFORMATION

Corresponding Author
Geoffrey M. Geise — Department of Chemical Engineering,
University of Virginia, Charlottesville, Virginia 22904, United
States; ® orcid.org/0000-0002-5439-272X; Phone: +1-434-
924-6248; Email: geise@virginia.edu; Fax: +1-434-982-2658

Authors
Hongxi Luo — Department of Chemical Engineering, University
of Virginia, Charlottesville, Virginia 22904, United States;
orcid.org/0000-0003-4824-9385

Wendy-Angela Saringi Agata — Department of Chemical
Engineering, University of Virginia, Charlottesville, Virginia
22904, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.iecr.0c02457

Notes
The authors declare no competing financial interest.

Biographies

Hongxi Luo is a fourth-year graduate student in the Department of
Chemical Engineering at the University of Virginia. He received his
Bachelor of Science degree in chemical engineering from East China
University of Science and Technology (2015) and University of
Missouri-Columbia (2016) where he conducted research on pollutant
removal using photocatalysts and adsorbents. In Fall 2016, Hongxi
started his doctoral studies in chemical engineering at the University
of Virginia under the direction of Prof. Geoffrey M. Geise. Hongxi is
the recipient of the NAMS Student Fellowship Award (2020) and has
received awards for research and teaching excellence from the
Department of Chemical Engineering at the University of Virginia.
His thesis research focuses on understanding the relationships
between the membrane structure and the membrane small molecule
transport properties and designing better desalination and ion
separation membranes.

—

Wendy-Angela Saringi Agata is a fourth-year graduate student in the
Department of Chemical Engineering at the University of Virginia.
She earned her Bachelor of Science degree in chemical engineering
from Columbia University in May 2016 where she participated in
undergraduate research in a range of renewable energy topics focused
on electrochemistry. Following graduation from Columbia, Saringi
began her doctoral studies in chemical engineering at the University
of Virginia under the direction of Professor Geoffrey M. Geise in
August 2016. Saringi is a recipient of the GEM Full Ph.D. fellowship

https://dx.doi.org/10.1021/acs.iecr.0c02457
Ind. Eng. Chem. Res. 2020, 59, 14189—-14206


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geoffrey+M.+Geise"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5439-272X
mailto:geise@virginia.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongxi+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4824-9385
http://orcid.org/0000-0003-4824-9385
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendy-Angela+Saringi+Agata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c02457?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02457?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

and was awarded the 2019 Sture G. Olsson Fellowship for the School
of Engineering at the University of Virginia. Her thesis research
focuses on understanding how polyamide based thin film composite
membranes’ polymeric structure can be altered to improve selective
ion transport for electrically driven desalination applications.

Py

Geoffrey M. Geise is an Assistant Professor of chemical engineering
at the University of Virginia. After earning a B.S. degree in chemical
engineering from the Pennsylvania State University in 2007, he
proceeded to earn M.S.E. (2010) and Ph.D. (2012) degrees in
chemical engineering from the University of Texas at Austin where he
developed experimental techniques for measuring individual ion
sorption in polymers and established a fundamental selectivity/
permeability trade-off relationship in desalination membrane materi-
als. Subsequently, Dr. Geise joined the Penn State Institutes of Energy
and the Environment and the Department of Materials Science and
Engineering as a postdoctoral scholar at the Pennsylvania State
University to study electric potential-driven ion transport in polymers.
At the University of Virginia, his research focuses on studying the
fundamentals of chemically- and electrochemically driven small
molecule transport through polymeric materials in order to engineer
membranes that will address global water shortages and need for clean
energy. He has received several professional and academic awards and
honors including the NSF CAREER Award, Jefferson Scholars
Foundation Hartfield Excellence in Teaching Award, Robert A.
Moore, Jr. Award in Chemical Engineering, Ralph E. Powe Junior
Faculty Award, Young Membrane Scientist Award from the North
American Membrane Society (NAMS), the New Professor Travel
Award from Engineering Conferences International, and a University
of Virginia Excellence in Diversity Fellowship.

B ACKNOWLEDGMENTS

This material is based upon work supported in part by the
National Science Foundation under Grant No. CBET-
1752048. W.-A.S.A. acknowledges support from the National
GEM Consortium. Acknowledgment is made to the Donors of
the American Chemical Society Petroleum Research Fund for
partial support of this research.

B REFERENCES

(1) Elimelech, M.; Phillip, W. A. The future of seawater desalination:
Energy, technology, and the environment. Science 2011, 333, 712—
717.

(2) The Water-Energy Nexus: Challenges and Opportunities; U. S.
Department of Energy, June 2014.

(3) Geise, G. M.; Lee, H. S.; Miller, D. J.; Freeman, B. D.; McGrath,
J. E; Paul, D. R. Water purification by membranes: The role of
polymer science. J. Polym. Sci,, Part B: Polym. Phys. 2010, 48, 1685—
1718.

(4) Connor, R;; Renata, A.; Ortigara, C.; Koncagiil, E.; Uhlenbrook,
S.; Lamizana-Diallo, B. M.; Zadeh, S. M,; Qadir, M,; Kjellen, M,;
Sjodin, J. United Nations World Water Development Report 2017.
Wastewater: The Untapped Resource, UNESCO: Paris, France, 2017.

(5) Vorosmarty, C. J.; Hoekstra, A. Y.; Bunn, S.; Conway, D.; Gupta,
J. Fresh water goes global. Science 2015, 349, 478—479.

(6) Geise, G. M.; Park, H. B.; Sagle, A. C.; Freeman, B. D.; McGrath,
J. E. Water permeability and water/salt selectivity tradeoff in polymers
for desalination. J. Membr. Sci. 2011, 369, 130—138.

(7) Connor, R. The United Nations World Water Development Report
2015: Water for a Sustainable World, UNESCO Publishing, 2015; Vol.
1.

(8) Nath, K. Membrane Separation Processes, 2nd ed.; PHI Learning
Pvt. Ltd., 2017.

(9) Baker, R. W. Membrane Technology and Applications, 3rd ed.;
Wiley: New York, 2012.

(10) Kamcev, J.; Freeman, B. D. Charged polymer membranes for
environmental/energy applications. Annu. Rev. Chem. Biomol. Eng.
2016, 7, 111—133.

(11) Hickner, M. A. Ion-containing polymers: New energy & clean
water. Mater. Today 2010, 13, 34—41.

(12) Prakash Rao, A; Desai, N.V,; Rangarajan, R. Interfacially
synthesized thin film composite ro membranes for seawater
desalination. J. Membr. Sci. 1997, 124, 263—272.

(13) Misdan, N.; Lau, W.; Ismail, A. Seawater reverse osmosis
(swro) desalination by thin-film composite membrane—current
development, challenges and future prospects. Desalination 2012,
287, 228-237.

(14) Lau, W.; Ismail, A.; Misdan, N.; Kassim, M. A recent progress
in thin film composite membrane: A review. Desalination 2012, 287,
190—199.

(15) Verbeke, R.; Gomez, V.; Vankelecom, 1. F. Chlorine-resistance
of reverse osmosis (RO) polyamide membranes. Prog. Polym. Sci.
2017, 72, 1-15.

(16) Chowdhury, M. R;; Steffes, J.; Huey, B. D.; McCutcheon, J. R.
3d printed polyamide membranes for desalination. Science 2018, 361,
682—686.

(17) Tan, Z; Chen, S; Peng, X; Zhang, L; Gao, C. Polyamide
membranes with nanoscale turing structures for water purification.
Science 2018, 360, S18—521.

(18) Jiang, Z.; Karan, S.; Livingston, A. G. Water transport through
ultrathin polyamide nanofilms used for reverse osmosis. Adv. Mater.
2018, 30, 1705973.

(19) Xie, W.; Geise, G. M.; Freeman, B. D.; Lee, H.-S.; Byun, G.;
McGrath, J. E. Polyamide interfacial composite membranes prepared
from m-phenylene diamine, trimesoyl chloride and a new disulfonated
diamine. J. Membr. Sci. 2012, 403, 152—161.

(20) Yang, Z.; Guo, H.; Tang, C. Y. The upper bound of thin-film
composite (TFC) polyamide membranes for desalination. J. Membr.
Sci. 2019, 590, 117297.

(21) Cohen, Y.; Semiat, R.; Rahardianto, A. A perspective on reverse
osmosis water desalination: Quest for sustainability. AICKE ]. 2017,
63, 1771—1784.

(22) Lee, K. P.; Arnot, T. C.; Mattia, D. A review of reverse osmosis
membrane materials for desalination - development to date and future
potential. J. Membr. Sci. 2011, 370, 1-22.

(23) Luo, H.; Chang, K.; Bahati, K.; Geise, G. M. Functional group
configuration influences salt transport in desalination membrane
materials. J. Membr. Sci. 2019, 590, 117295.

(24) Luo, H.; Chang, K; Bahati, K; Geise, G. M. Engineering
selective desalination membranes via molecular control of polymer
functional groups. Environ. Sci. Technol. Lett. 2019, 6, 462—466.

(25) Tanaka, Y. Ion Exchange Membranes: Fundamentals and
Applications; Elsevier: Amsterdam, The Netherlands, 2007; Vol. 12.

(26) Ran, J; Wu, L,; He, Y.; Yang, Z.; Wang, Y,; Jiang, C.; Ge, L;
Bakangura, E.; Xu, T. Ion exchange membranes: New developments
and applications. J. Membr. Sci. 2017, 522, 267—-291.

(27) Guo, Y.; Ying, Y,; Mao, Y.,; Peng, X,; Chen, B. Polystyrene
sulfonate threaded through a metal—organic framework membrane for

https://dx.doi.org/10.1021/acs.iecr.0c02457
Ind. Eng. Chem. Res. 2020, 59, 14189—-14206


https://dx.doi.org/10.1126/science.1200488
https://dx.doi.org/10.1126/science.1200488
https://dx.doi.org/10.1002/polb.22037
https://dx.doi.org/10.1002/polb.22037
https://dx.doi.org/10.1126/science.aac6009
https://dx.doi.org/10.1016/j.memsci.2010.11.054
https://dx.doi.org/10.1016/j.memsci.2010.11.054
https://dx.doi.org/10.1146/annurev-chembioeng-080615-033533
https://dx.doi.org/10.1146/annurev-chembioeng-080615-033533
https://dx.doi.org/10.1016/S1369-7021(10)70082-1
https://dx.doi.org/10.1016/S1369-7021(10)70082-1
https://dx.doi.org/10.1016/S0376-7388(96)00252-9
https://dx.doi.org/10.1016/S0376-7388(96)00252-9
https://dx.doi.org/10.1016/S0376-7388(96)00252-9
https://dx.doi.org/10.1016/j.desal.2011.11.001
https://dx.doi.org/10.1016/j.desal.2011.11.001
https://dx.doi.org/10.1016/j.desal.2011.11.001
https://dx.doi.org/10.1016/j.desal.2011.04.004
https://dx.doi.org/10.1016/j.desal.2011.04.004
https://dx.doi.org/10.1016/j.progpolymsci.2017.05.003
https://dx.doi.org/10.1016/j.progpolymsci.2017.05.003
https://dx.doi.org/10.1126/science.aar2122
https://dx.doi.org/10.1126/science.aar6308
https://dx.doi.org/10.1126/science.aar6308
https://dx.doi.org/10.1002/adma.201705973
https://dx.doi.org/10.1002/adma.201705973
https://dx.doi.org/10.1016/j.memsci.2012.02.038
https://dx.doi.org/10.1016/j.memsci.2012.02.038
https://dx.doi.org/10.1016/j.memsci.2012.02.038
https://dx.doi.org/10.1016/j.memsci.2019.117297
https://dx.doi.org/10.1016/j.memsci.2019.117297
https://dx.doi.org/10.1002/aic.15726
https://dx.doi.org/10.1002/aic.15726
https://dx.doi.org/10.1016/j.memsci.2010.12.036
https://dx.doi.org/10.1016/j.memsci.2010.12.036
https://dx.doi.org/10.1016/j.memsci.2010.12.036
https://dx.doi.org/10.1016/j.memsci.2019.117295
https://dx.doi.org/10.1016/j.memsci.2019.117295
https://dx.doi.org/10.1016/j.memsci.2019.117295
https://dx.doi.org/10.1021/acs.estlett.9b00351
https://dx.doi.org/10.1021/acs.estlett.9b00351
https://dx.doi.org/10.1021/acs.estlett.9b00351
https://dx.doi.org/10.1016/j.memsci.2016.09.033
https://dx.doi.org/10.1016/j.memsci.2016.09.033
https://dx.doi.org/10.1002/anie.201607329
https://dx.doi.org/10.1002/anie.201607329
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02457?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

fast and selective lithium-ion separation. Angew. Chem., Int. Ed. 2016,
5S, 15120—15124.

(28) Song, J; Niu, X; Li, X.-M,; He, T. Selective separation of
copper and nickel by membrane extraction using hydrophilic
nanoporous ion-exchange barrier membranes. Process Saf. Environ.
Prot. 2018, 113, 1-9.

(29) Rall, D.; Menne, D.; Schweidtmann, A. M,; Kamp, J.; von
Kolzenberg, L.; Mitsos, A.; Wessling, M. Rational design of ion
separation membranes. J. Membr. Sci. 2019, 569, 209—219.

(30) Zhao, Y,; Li, Y,; Zhu, J; Lejarazu-Larrafaga, A.; Yuan, S;
Ortega, E.; Shen, J,; Gao, C.; Van der Bruggen, B. Thin and robust
organic solvent cation exchange membranes for ion separation. J.
Mater. Chem. A 2019, 7, 13903—13909.

(31) Zhang, W.; Miao, M.; Pan, J.; Sotto, A.; Shen, J.; Gao, C.; Van
der Bruggen, B. Separation of divalent ions from seawater concentrate
to enhance the purity of coarse salt by electrodialysis with
monovalent-selective membranes. Desalination 2017, 411, 28—37.

(32) Yuan, Z,; Dai, Q; Qiao, L.; Zhao, Y.; Zhang, H.; Li, X. Highly
stable aromatic poly (ether sulfone) composite ion exchange
membrane for vanadium flow battery. J. Membr. Sci. 2017, $41,
465—473.

(33) Hwang, G.-J.; Kim, S.-W,; In, D.-M,; Lee, D.-Y,; Ryu, C.-H.
Application of the commercial ion exchange membranes in the all-
vanadium redox flow battery. J. Ind. Eng. Chem. 2018, 60, 360—36S.

(34) Chen, D.; Chen, X;; Ding, L.; Li, X. Advanced acid-base blend
ion exchange membranes with high performance for vanadium flow
battery application. J. Membr. Sci. 2018, 5§53, 25-31.

(35) Li, Y.; Sniekers, J.; Malaquias, J. C.; Van Goethem, C.;
Binnemans, K.; Fransaer, J.; Vankelecom, I. F. Crosslinked anion
exchange membranes prepared from poly (phenylene oxide)(PPO)
for non-aqueous redox flow batteries. J. Power Sources 2018, 378,
338—344.

(36) Xue, R; Jiang, F.; Wang, F.; Zhou, X. Towards cost-effective
proton-exchange membranes for redox flow batteries: A facile and
innovative method. J. Power Sources 2020, 449, 227475.

(37) Fu, Z; Liu, J; Liu, Q. SPEEK/PVDF/PES composite as
alternative proton exchange membrane for vanadium redox flow
batteries. J. Electron. Mater. 2016, 45, 666—671.

(38) Zhu, L.; Yu, X.; Hickner, M. A. Exploring backbone-cation alkyl
spacers for multi-cation side chain anion exchange membranes. J.
Power Sources 2018, 375, 433—441.

(39) Pan, J.; Han, J.; Zhu, L.; Hickner, M. A. Cationic side-chain
attachment to poly (phenylene oxide) backbones for chemically stable
and conductive anion exchange membranes. Chem. Mater. 2017, 29,
5321-5330.

(40) Liu, L.; Chu, X,; Liao, J.; Huang, Y.; Li, Y.; Ge, Z.; Hickner, M.
A; Li, N. Tuning the properties of poly (2, 6-dimethyl-1, 4-phenylene
oxide) anion exchange membranes and their performance in h 2/0 2
fuel cells. Energy Environ. Sci. 2018, 11, 435—446.

(41) Zhu, L.; Pan, J.; Wang, Y.; Han, J.; Zhuang, L.; Hickner, M. A.
Multication side chain anion exchange membranes. Macromolecules
2016, 49, 815—824.

(42) Kingsbury, R. S; Chu, K; Coronell, O. Energy storage by
reversible electrodialysis: The concentration battery. J. Membr. Sci.
2015, 495, 502—516.

(43) McCormack, P. M.; Luo, H.; Geise, G. M.; Koenig, G. M., Jr
Conductivity, permeability, and stability properties of chemically
tailored poly (phenylene oxide) membranes for Li+ conductive non-
aqueous redox flow battery separators. J. Power Sources 2020, 460,
228107.

(44) Lee, H.-J.; Sarfert, F.; Strathmann, H.; Moon, S.-H. Designing
of an electrodialysis desalination plant. Desalination 2002, 142, 267—
286.

(45) Lee, H.-].; Strathmann, H.; Moon, S.-H. Determination of the
limiting current density in electrodialysis desalination as an empirical
function of linear velocity. Desalination 2006, 190, 43—50.

(46) Sadrzadeh, M.; Mohammadi, T. Sea water desalination using
electrodialysis. Desalination 2008, 221, 440—447.

(47) Adhikary, S.; Tipnis, U.; Harkare, W.; Govindan, K.
Defluoridation during desalination of brackish water by electro-
dialysis. Desalination 1989, 71, 301—312.

(48) AlMadani, H. Water desalination by solar powered electro-
dialysis process. Renewable Energy 2003, 28, 1915—1924.

(49) McGovern, R. K;; Weiner, A. M.; Sun, L.; Chambers, C. G.;
Zubair, S. M.; Lienhard, J. H., V On the cost of electrodialysis for the
desalination of high salinity feeds. Appl. Energy 2014, 136, 649—661.

(50) Turek, M. Cost effective electrodialytic seawater desalination.
Desalination 2003, 153, 371—376.

(51) Van der Bruggen, B, Koninckx, A; Vandecasteele, C.
Separation of monovalent and divalent ions from aqueous solution
by electrodialysis and nanofiltration. Water Res. 2004, 38, 1347—1353.

(52) Mohammadi, T.; Moheb, A, Sadrzadeh, M. Razmi, A.
Modeling of metal ion removal from wastewater by electrodialysis.
Sep. Purif. Technol. 2008, 41, 73—82.

(53) Mohammadi, T.; Moheb, A. Sadrzadeh, M.; Razmi, A.
Separation of copper ions by electrodialysis using taguchi
experimental design. Desalination 2004, 169, 21-31.

(54) Xu, T.; Huang, C. Electrodialysis-based separation technolo-
gies: A critical review. AICKE J. 2008, 54, 3147—3159.

(55) Zhang, Y.; Paepen, S.; Pinoy, L; Meesschaert, B.; Van der
Bruggen, B. Selectrodialysis: Fractionation of divalent ions from
monovalent ions in a novel electrodialysis stack. Sep. Purif. Technol.
2012, 88, 191-201.

(56) Sata, T. Studies on anion exchange membranes having
permselectivity for specific anions in electrodialysis—effect of
hydrophilicity of anion exchange membranes on permselectivity of
anions. J. Membr. Sci. 2000, 167, 1-31.

(57) Sata, T.; Sata, T.; Yang, W. Studies on cation-exchange
membranes having permselectivity between cations in electrodialysis.
J. Membr. Sci. 2002, 206, 31—60.

(58) Hong, S. U.; Malaisamy, R.; Bruening, M. L. Optimization of
flux and selectivity in Cl7/SO,>” separations with multilayer
polyelectrolyte membranes. J. Membr. Sci. 2006, 283, 366—372.

(59) Cheng, C.; Yaroshchuk, A.; Bruening, M. L. Fundamentals of
selective ion transport through multilayer polyelectrolyte membranes.
Langmuir 2013, 29, 1885—1892.

(60) Cheng, C.; White, N.; Shi, H.; Robson, M.; Bruening, M. L.
Cation separations in electrodialysis through membranes coated with
polyelectrolyte multilayers. Polymer 2014, 55, 1397—1403.

(61) Sheng, C.; Wijeratne, S.; Cheng, C.; Baker, G. L.; Bruening, M.
L. Facilitated ion transport through polyelectrolyte multilayer films
containing metal-binding ligands. J. Membr. Sci. 2014, 459, 169—176.

(62) White, N.,; Misovich, M.; Yaroshchuk, A.; Bruening, M. L.
Coating of Nafion membranes with polyelectrolyte multilayers to
achieve high monovalent/divalent cation electrodialysis selectivities.
ACS Appl. Mater. Interfaces 2018, 7, 6620—6628.

(63) Zhu, Y.; Ahmad, M.; Yang, L.; Misovich, M.; Yaroshchuk, A.;
Bruening, M. L. Adsorption of polyelectrolyte multilayers imparts
high monovalent/divalent cation selectivity to aliphatic polyamide
cation-exchange membranes. J. Membr. Sci. 2017, 537, 177—18S.

(64) Yang, L.; Tang, C.; Ahmad, M.; Yaroshchuk, A.; Bruening, M.
L. High selectivities among monovalent cations in dialysis through
cation-exchange membranes coated with polyelectrolyte multilayers.
ACS Appl. Mater. Interfaces 2018, 10, 44134—44143.

(65) Ahmad, M.; Tang, C.; Yang, L.; Yaroshchuk, A.; Bruening, M.
L. Layer-by-layer modification of aliphatic polyamide anion-exchange
membranes to increase Cl7/SO,*” selectivity. J. Membr. Sci. 2019,
578, 209-219.

(66) Ji, Y.; Luo, H.,; Geise, G. M. Effects of fixed charge group
physicochemistry on anion exchange membrane permselectivity and
ion transport. Phys. Chem. Chem. Phys. 2020, 22, 7283—7293.

(67) Cusick, R. D;; Kim, Y,; Logan, B. E. Energy capture from
thermolytic solutions in microbial reverse-electrodialysis cells. Science
2012, 335, 1474—1477.

(68) Kim, Y.; Logan, B. E. Hydrogen production from inexhaustible
supplies of fresh and salt water using microbial reverse-electrodialysis

https://dx.doi.org/10.1021/acs.iecr.0c02457
Ind. Eng. Chem. Res. 2020, 59, 14189—-14206


https://dx.doi.org/10.1002/anie.201607329
https://dx.doi.org/10.1016/j.psep.2017.09.008
https://dx.doi.org/10.1016/j.psep.2017.09.008
https://dx.doi.org/10.1016/j.psep.2017.09.008
https://dx.doi.org/10.1016/j.memsci.2018.10.013
https://dx.doi.org/10.1016/j.memsci.2018.10.013
https://dx.doi.org/10.1039/C9TA03550H
https://dx.doi.org/10.1039/C9TA03550H
https://dx.doi.org/10.1016/j.desal.2017.02.008
https://dx.doi.org/10.1016/j.desal.2017.02.008
https://dx.doi.org/10.1016/j.desal.2017.02.008
https://dx.doi.org/10.1016/j.memsci.2017.07.036
https://dx.doi.org/10.1016/j.memsci.2017.07.036
https://dx.doi.org/10.1016/j.memsci.2017.07.036
https://dx.doi.org/10.1016/j.jiec.2017.11.023
https://dx.doi.org/10.1016/j.jiec.2017.11.023
https://dx.doi.org/10.1016/j.memsci.2018.02.039
https://dx.doi.org/10.1016/j.memsci.2018.02.039
https://dx.doi.org/10.1016/j.memsci.2018.02.039
https://dx.doi.org/10.1016/j.jpowsour.2017.12.049
https://dx.doi.org/10.1016/j.jpowsour.2017.12.049
https://dx.doi.org/10.1016/j.jpowsour.2017.12.049
https://dx.doi.org/10.1016/j.jpowsour.2019.227475
https://dx.doi.org/10.1016/j.jpowsour.2019.227475
https://dx.doi.org/10.1016/j.jpowsour.2019.227475
https://dx.doi.org/10.1007/s11664-015-4171-0
https://dx.doi.org/10.1007/s11664-015-4171-0
https://dx.doi.org/10.1007/s11664-015-4171-0
https://dx.doi.org/10.1016/j.jpowsour.2017.06.020
https://dx.doi.org/10.1016/j.jpowsour.2017.06.020
https://dx.doi.org/10.1021/acs.chemmater.7b01494
https://dx.doi.org/10.1021/acs.chemmater.7b01494
https://dx.doi.org/10.1021/acs.chemmater.7b01494
https://dx.doi.org/10.1039/C7EE02468A
https://dx.doi.org/10.1039/C7EE02468A
https://dx.doi.org/10.1039/C7EE02468A
https://dx.doi.org/10.1021/acs.macromol.5b02671
https://dx.doi.org/10.1016/j.memsci.2015.06.050
https://dx.doi.org/10.1016/j.memsci.2015.06.050
https://dx.doi.org/10.1016/j.jpowsour.2020.228107
https://dx.doi.org/10.1016/j.jpowsour.2020.228107
https://dx.doi.org/10.1016/j.jpowsour.2020.228107
https://dx.doi.org/10.1016/S0011-9164(02)00208-4
https://dx.doi.org/10.1016/S0011-9164(02)00208-4
https://dx.doi.org/10.1016/j.desal.2005.08.004
https://dx.doi.org/10.1016/j.desal.2005.08.004
https://dx.doi.org/10.1016/j.desal.2005.08.004
https://dx.doi.org/10.1016/j.desal.2007.01.103
https://dx.doi.org/10.1016/j.desal.2007.01.103
https://dx.doi.org/10.1016/0011-9164(89)85031-3
https://dx.doi.org/10.1016/0011-9164(89)85031-3
https://dx.doi.org/10.1016/S0960-1481(03)00014-4
https://dx.doi.org/10.1016/S0960-1481(03)00014-4
https://dx.doi.org/10.1016/j.apenergy.2014.09.050
https://dx.doi.org/10.1016/j.apenergy.2014.09.050
https://dx.doi.org/10.1016/S0011-9164(02)01130-X
https://dx.doi.org/10.1016/j.watres.2003.11.008
https://dx.doi.org/10.1016/j.watres.2003.11.008
https://dx.doi.org/10.1016/j.seppur.2004.04.007
https://dx.doi.org/10.1016/j.desal.2004.08.004
https://dx.doi.org/10.1016/j.desal.2004.08.004
https://dx.doi.org/10.1002/aic.11643
https://dx.doi.org/10.1002/aic.11643
https://dx.doi.org/10.1016/j.seppur.2011.12.017
https://dx.doi.org/10.1016/j.seppur.2011.12.017
https://dx.doi.org/10.1016/S0376-7388(99)00277-X
https://dx.doi.org/10.1016/S0376-7388(99)00277-X
https://dx.doi.org/10.1016/S0376-7388(99)00277-X
https://dx.doi.org/10.1016/S0376-7388(99)00277-X
https://dx.doi.org/10.1016/S0376-7388(01)00491-4
https://dx.doi.org/10.1016/S0376-7388(01)00491-4
https://dx.doi.org/10.1016/j.memsci.2006.07.007
https://dx.doi.org/10.1016/j.memsci.2006.07.007
https://dx.doi.org/10.1016/j.memsci.2006.07.007
https://dx.doi.org/10.1021/la304574e
https://dx.doi.org/10.1021/la304574e
https://dx.doi.org/10.1016/j.polymer.2013.12.002
https://dx.doi.org/10.1016/j.polymer.2013.12.002
https://dx.doi.org/10.1016/j.memsci.2014.01.051
https://dx.doi.org/10.1016/j.memsci.2014.01.051
https://dx.doi.org/10.1021/am508945p
https://dx.doi.org/10.1021/am508945p
https://dx.doi.org/10.1016/j.memsci.2017.05.043
https://dx.doi.org/10.1016/j.memsci.2017.05.043
https://dx.doi.org/10.1016/j.memsci.2017.05.043
https://dx.doi.org/10.1021/acsami.8b16434
https://dx.doi.org/10.1021/acsami.8b16434
https://dx.doi.org/10.1016/j.memsci.2019.02.018
https://dx.doi.org/10.1016/j.memsci.2019.02.018
https://dx.doi.org/10.1039/D0CP00018C
https://dx.doi.org/10.1039/D0CP00018C
https://dx.doi.org/10.1039/D0CP00018C
https://dx.doi.org/10.1126/science.1219330
https://dx.doi.org/10.1126/science.1219330
https://dx.doi.org/10.1073/pnas.1106335108
https://dx.doi.org/10.1073/pnas.1106335108
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02457?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

electrolysis cells. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 16176—
16181.

(69) Luo, X.; Nam, J.-Y.; Zhang, F.; Zhang, X; Liang, P.; Huang, X,;
Logan, B. E. Optimization of membrane stack configuration for
efficient hydrogen production in microbial reverse-electrodialysis
electrolysis cells coupled with thermolytic solutions. Bioresour.
Technol. 2013, 140, 399—405.

(70) Geise, G. M.; Curtis, A. J.; Hatzell, M. C.; Hickner, M. A;
Logan, B. E. Salt concentration differences alter membrane resistance
in reverse electrodialysis stacks. Environ. Sci. Technol. Lett. 2014, 1,
36—39.

(71) Post, J. W.; Veerman, J.; Hamelers, H. V.; Euverink, G. J.; Metz,
S.J; Nymeijer, K,; Buisman, C. J. Salinity-gradient power: Evaluation
of pressure-retarded osmosis and reverse electrodialysis. J. Membr. Sci.
2007, 288, 218—230.

(72) Lacey, R. Energy by reverse electrodialysis. Ocean Eng. 1980, 7,
1—-47.

(73) Mei, Y; Tang, C. Y. Recent developments and future
perspectives of reverse electrodialysis technology: A review.
Desalination 2018, 425, 156—174.

(74) Tufa, R. A; Pawlowski, S.; Veerman, J.; Bouzek, K;
Fontananova, E,; di Profio, G.; Velizarov, S.; Goulao Crespo, J;
Nijmeijer, K.; Curcio, E. Progress and prospects in reverse
electrodialysis for salinity gradient energy conversion and storage.
Appl. Energy 2018, 225, 290—331.

(75) Demircioglu, M.; Kabay, N.; Kurucaovali, L; Ersoz, E.
Demineralization by electrodialysis (ed)—separation performance
and cost comparison for monovalent salts. Desalination 2003, 153,
329-333.

(76) Nie, X.-Y.,; Sun, S.-Y.; Sun, Z; Song, X,; Yu, J.-G. Ion-
fractionation of lithium ions from magnesium ions by electrodialysis
using monovalent selective ion-exchange membranes. Desalination
2017, 403, 128—138S.

(77) Zhao, Z.; Liu, G.; Jia, H.; He, L. Sandwiched liquid-membrane
electrodialysis: Lithium selective recovery from salt lake brines with
high Mg/Li ratio. J. Membr. Sci. 2020, 596, 11768S.

(78) Ji, Z--y.; Chen, Q.-b; Yuan, J.-s.; Liu, J.; Zhao, Y.-y.; Feng, W.x.
Preliminary study on recovering lithium from high Mg2+/Li+ ratio
brines by electrodialysis. Sep. Purif. Technol. 2017, 172, 168—177.

(79) Nie, X.-Y.; Sun, S.-Y,; Song, X.; Yu, J.-G. Further investigation
into lithium recovery from salt lake brines with different feed
characteristics by electrodialysis. J. Membr. Sci. 2017, 530, 185—191.

(80) Massari, S.; Ruberti, M. Rare earth elements as critical raw
materials: Focus on international markets and future strategies.
Resour. Policy 2013, 38, 36—43.

(81) Chen, L.; Wu, Y; Dong, H.; Meng, M,; Li, C.; Yan, Y.; Chen, J.
An overview on membrane strategies for rare earths extraction and
separation. Sep. Purif. Technol. 2018, 197, 70—85.

(82) Binnemans, K.; Jones, P. T.; Blanpain, B.; Van Gerven, T,;
Yang, Y.; Walton, A.; Buchert, M. Recycling of rare earths: A critical
review. J. Cleaner Prod. 2013, 51, 1-22.

(83) Luo, T.; Abdu, S.; Wessling, M. Selectivity of ion exchange
membranes: A review. J. Membr. Sci. 2018, 555, 429—454.

(84) Geise, G. M. Experimental characterization of polymeric
membranes for selective ion transport. Curr. Opin. Chem. Eng. 2020,
28, 36—42.

(85) Cseri, L.; Baugh, J.; Alabi, A.; AlHajaj, A.; Zou, L.; Dryfe, R. A,;
Budd, P. M,; Szekely, G. Graphene oxide—polybenzimidazolium
nanocomposite anion exchange membranes for electrodialysis. J.
Mater. Chem. A 2018, 6, 24728—24739.

(86) Hosseini, S.; Jashni, E; Habibi, M.; Van der Bruggen, B.
Fabrication of novel electrodialysis heterogeneous ion exchange
membranes by incorporating PANI/GO functionalized composite
nanoplates. Ionics 2018, 24, 1789—1801.

(87) White, N.; Misovich, M.; Alemayehu, E.; Yaroshchuk, A;
Bruening, M. L. Highly selective separations of multivalent and
monovalent cations in electrodialysis through Nafion membranes
coated with polyelectrolyte multilayers. Polymer 2016, 103, 478—48S.

(88) Mulyati, S.; Takagi, R.; Fujii, A.; Ohmukai, Y.; Matsuyama, H.
Simultaneous improvement of the monovalent anion selectivity and
antifouling properties of an anion exchange membrane in an
electrodialysis process, using polyelectrolyte multilayer deposition. J.
Membr. Sci. 2013, 431, 113—120.

(89) Femmer, R;; Mani, A; Wessling, M. Ion transport through
electrolyte/polyelectrolyte multi-layers. Sci. Rep. 2015, S, 11583.

(90) Izumrudov, V.; Sukhishvili, S. A. Ionization-controlled stability
of polyelectrolyte multilayers in salt solutions. Langmuir 2003, 19,
5188—-S5191.

(91) Fredin, N. J; Zhang, J; Lynn, D. M. Nanometer-scale
decomposition of ultrathin multilayered polyelectrolyte films.
Langmuir 2007, 23, 2273-2276.

(92) Park, H. B,; Kamcev, J.; Robeson, L. M.; Elimelech, M,
Freeman, B. D. Maximizing the right stuff: The trade-off between
membrane permeability and selectivity. Science 2017, 356, eaab0530.

(93) Werber, J. R;; Deshmukh, A.; Elimelech, M. The critical need
for increased selectivity, not increased water permeability, for
desalination membranes. Environ. Sci. Technol. Lett. 2016, 3, 112—120.

(94) Luo, T.; Roghmans, F.; Wessling, M. Ion mobility and partition
determine the counter-ion selectivity of ion exchange membranes. J.
Membr. Sci. 2020, 597, 11764S.

(95) Saracco, G.; Zanetti, M. C. Ion transport through monovalent-
anion-permselective membranes. Ind. Eng. Chem. Res. 1994, 33, 96—
101.

(96) Saracco, G. Transport properties of monovalent-ion-permse-
lective membranes. Chem. Eng. Sci. 1997, 52, 3019—3031.

(97) Geise, G. M.; Paul, D. R; Freeman, B. D. Fundamental water
and salt transport properties of polymeric materials. Prog. Polym. Sci.
2014, 39, 1-42.

(98) Wen, X,; Ma, P.; Zhu, C,; He, Q; Deng, X. Preliminary study
on recovering lithium chloride from lithium-containing waters by
nanofiltration. Sep. Purif. Technol. 2006, 49, 230—236.

(99) Zhao, Y; Li, Y.; Yuan, S.; Zhu, J.; Houtmeyers, S.; Li, J.; Dewil,
R; Gao, C; Van der Bruggen, B. A chemically assembled anion
exchange membrane surface for monovalent anion selectivity and
fouling reduction. J. Mater. Chem. A 2019, 7, 6348—6356.

(100) Zhao, Y.; Liu, Y.; Wang, C,; Ortega, E.; Wang, X,; Xie, Y. F,;
Shen, J.; Gao, C,; Van der Bruggen, B. Electric field-based ionic
control of selective separation layers. . Mater. Chem. A 2020, 8,
4244—42S51.

(101) Baker, R. W.; Wijmans, J.; Huang, Y. Permeability, permeance
and selectivity: A preferred way of reporting pervaporation perform-
ance data. J. Membr. Sci. 2010, 348, 346—352.

(102) Paul, D. R. Reformulation of the solution-diffusion theory of
reverse osmosis. J. Membr. Sci. 2004, 241, 371—386.

(103) Wijmans, J. G.; Baker, R. W. The solution-diffusion model: A
review. J. Membr. Sci. 1995, 107, 1-21.

(104) Kingsbury, R. S.; Bruning, K.; Zhu, S.; Flotron, S.; Miller, C.;
Coronell, O. Influence of water uptake, charge, manning parameter,
and contact angle on water and salt transport in commercial ion
exchange membranes. Ind. Eng. Chem. Res. 2019, 58, 18663—18674.

(105) Liw, J; Yuan, J; Ji, Z; Wang, B; Hao, Y; Guo, X.
Concentrating brine from seawater desalination process by nano-
filtration—electrodialysis integrated membrane technology. Desalina-
tion 2016, 390, S3—61.

(106) Zhang, H.; Geise, G. M. Modeling the water permeability and
water/salt selectivity tradeoff in polymer membranes. J. Membr. Sci.
2016, 520, 790—800.

(107) Bird, R. B. Transport phenomena. Appl. Mech. Rev. 2002, S5,
R1-R4.

(108) Nikonenko, V. V.; Pismenskaya, N. D.; Belova, E. L; Sistat, P.;
Huguet, P.; Pourcelly, G.; Larchet, C. Intensive current transfer in
membrane systems: Modelling, mechanisms and application in
electrodialysis. Adv. Colloid Interface Sci. 2010, 160, 101—123.

(109) Kim, Y.; Walker, W. S.; Lawler, D. F. Competitive separation
of di- vs. mono-valent cations in electrodialysis: Effects of the
boundary layer properties. Water Res. 2012, 46, 2042—2056.

https://dx.doi.org/10.1021/acs.iecr.0c02457
Ind. Eng. Chem. Res. 2020, 59, 14189—-14206


https://dx.doi.org/10.1073/pnas.1106335108
https://dx.doi.org/10.1016/j.biortech.2013.04.097
https://dx.doi.org/10.1016/j.biortech.2013.04.097
https://dx.doi.org/10.1016/j.biortech.2013.04.097
https://dx.doi.org/10.1021/ez4000719
https://dx.doi.org/10.1021/ez4000719
https://dx.doi.org/10.1016/j.memsci.2006.11.018
https://dx.doi.org/10.1016/j.memsci.2006.11.018
https://dx.doi.org/10.1016/0029-8018(80)90030-X
https://dx.doi.org/10.1016/j.desal.2017.10.021
https://dx.doi.org/10.1016/j.desal.2017.10.021
https://dx.doi.org/10.1016/j.apenergy.2018.04.111
https://dx.doi.org/10.1016/j.apenergy.2018.04.111
https://dx.doi.org/10.1016/S0011-9164(02)01119-0
https://dx.doi.org/10.1016/S0011-9164(02)01119-0
https://dx.doi.org/10.1016/j.desal.2016.05.010
https://dx.doi.org/10.1016/j.desal.2016.05.010
https://dx.doi.org/10.1016/j.desal.2016.05.010
https://dx.doi.org/10.1016/j.memsci.2019.117685
https://dx.doi.org/10.1016/j.memsci.2019.117685
https://dx.doi.org/10.1016/j.memsci.2019.117685
https://dx.doi.org/10.1016/j.seppur.2016.08.006
https://dx.doi.org/10.1016/j.seppur.2016.08.006
https://dx.doi.org/10.1016/j.memsci.2017.02.020
https://dx.doi.org/10.1016/j.memsci.2017.02.020
https://dx.doi.org/10.1016/j.memsci.2017.02.020
https://dx.doi.org/10.1016/j.resourpol.2012.07.001
https://dx.doi.org/10.1016/j.resourpol.2012.07.001
https://dx.doi.org/10.1016/j.seppur.2017.12.053
https://dx.doi.org/10.1016/j.seppur.2017.12.053
https://dx.doi.org/10.1016/j.jclepro.2012.12.037
https://dx.doi.org/10.1016/j.jclepro.2012.12.037
https://dx.doi.org/10.1016/j.memsci.2018.03.051
https://dx.doi.org/10.1016/j.memsci.2018.03.051
https://dx.doi.org/10.1016/j.coche.2020.01.002
https://dx.doi.org/10.1016/j.coche.2020.01.002
https://dx.doi.org/10.1039/C8TA09160A
https://dx.doi.org/10.1039/C8TA09160A
https://dx.doi.org/10.1007/s11581-017-2319-z
https://dx.doi.org/10.1007/s11581-017-2319-z
https://dx.doi.org/10.1007/s11581-017-2319-z
https://dx.doi.org/10.1016/j.polymer.2015.12.019
https://dx.doi.org/10.1016/j.polymer.2015.12.019
https://dx.doi.org/10.1016/j.polymer.2015.12.019
https://dx.doi.org/10.1016/j.memsci.2012.12.022
https://dx.doi.org/10.1016/j.memsci.2012.12.022
https://dx.doi.org/10.1016/j.memsci.2012.12.022
https://dx.doi.org/10.1038/srep11583
https://dx.doi.org/10.1038/srep11583
https://dx.doi.org/10.1021/la034360m
https://dx.doi.org/10.1021/la034360m
https://dx.doi.org/10.1021/la0624182
https://dx.doi.org/10.1021/la0624182
https://dx.doi.org/10.1126/science.aab0530
https://dx.doi.org/10.1126/science.aab0530
https://dx.doi.org/10.1021/acs.estlett.6b00050
https://dx.doi.org/10.1021/acs.estlett.6b00050
https://dx.doi.org/10.1021/acs.estlett.6b00050
https://dx.doi.org/10.1016/j.memsci.2019.117645
https://dx.doi.org/10.1016/j.memsci.2019.117645
https://dx.doi.org/10.1021/ie00025a013
https://dx.doi.org/10.1021/ie00025a013
https://dx.doi.org/10.1016/S0009-2509(97)00107-3
https://dx.doi.org/10.1016/S0009-2509(97)00107-3
https://dx.doi.org/10.1016/j.progpolymsci.2013.07.001
https://dx.doi.org/10.1016/j.progpolymsci.2013.07.001
https://dx.doi.org/10.1016/j.seppur.2005.10.004
https://dx.doi.org/10.1016/j.seppur.2005.10.004
https://dx.doi.org/10.1016/j.seppur.2005.10.004
https://dx.doi.org/10.1039/C8TA11868J
https://dx.doi.org/10.1039/C8TA11868J
https://dx.doi.org/10.1039/C8TA11868J
https://dx.doi.org/10.1039/C9TA13247C
https://dx.doi.org/10.1039/C9TA13247C
https://dx.doi.org/10.1016/j.memsci.2009.11.022
https://dx.doi.org/10.1016/j.memsci.2009.11.022
https://dx.doi.org/10.1016/j.memsci.2009.11.022
https://dx.doi.org/10.1016/j.memsci.2004.05.026
https://dx.doi.org/10.1016/j.memsci.2004.05.026
https://dx.doi.org/10.1016/0376-7388(95)00102-I
https://dx.doi.org/10.1016/0376-7388(95)00102-I
https://dx.doi.org/10.1021/acs.iecr.9b04113
https://dx.doi.org/10.1021/acs.iecr.9b04113
https://dx.doi.org/10.1021/acs.iecr.9b04113
https://dx.doi.org/10.1016/j.desal.2016.03.012
https://dx.doi.org/10.1016/j.desal.2016.03.012
https://dx.doi.org/10.1016/j.memsci.2016.08.035
https://dx.doi.org/10.1016/j.memsci.2016.08.035
https://dx.doi.org/10.1115/1.1424298
https://dx.doi.org/10.1016/j.cis.2010.08.001
https://dx.doi.org/10.1016/j.cis.2010.08.001
https://dx.doi.org/10.1016/j.cis.2010.08.001
https://dx.doi.org/10.1016/j.watres.2012.01.004
https://dx.doi.org/10.1016/j.watres.2012.01.004
https://dx.doi.org/10.1016/j.watres.2012.01.004
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02457?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

(110) Geise, G. M.; Falcon, L. P.; Freeman, B. D,; Paul, D. R.
Sodium chloride sorption in sulfonated polymers for membrane
applications. J. Membr. Sci. 2012, 423—424, 195—208.

(111) Kamcev, J.; Galizia, M.; Benedetti, F. M.; Jang, E.-S.; Paul, D.
R,; Freeman, B. D,; Manning, G. S. Partitioning of mobile ions
between ion exchange polymers and aqueous salt solutions:
Importance of counter-ion condensation. Phys. Chem. Chem. Phys.
2016, 18, 6021—6031.

(112) Kamcev, J.; Paul, D. R; Manning, G. S.; Freeman, B. D.
Predicting salt permeability coefficients in highly swollen, highly
charged ion exchange membranes. ACS Appl. Mater. Interfaces 2017,
9, 4044—4056.

(113) Kamcev, J.; Paul, D. R, Manning, G. S.; Freeman, B. D. Ion
diffusion coefficients in ion exchange membranes: Significance of
counterion condensation. Macromolecules 2018, S1, 5519—5529.

(114) Ji, Y,; Luo, H.; Geise, G. M. Specific co-ion sorption and
diffusion properties influence membrane permselectivity. J. Membr.
Sci. 2018, 563, 492—504.

(115) Luo, H.; Aboki, J.; Ji, Y.; Guo, R; Geise, G. M. Water and salt
transport properties of triptycene-containing sulfonated polysulfone
materials for desalination membrane applications. ACS Appl. Mater.
Interfaces 2018, 10, 4102—4112.

(116) Helfferich, F. G. Ion Exchange; Dover Publications: New York,
199S.

(117) Yaroshchuk, A. E. Non-steric mechanisms of nanofiltration:
Superposition of donnan and dielectric exclusion. Sep. Purif. Technol.
2001, 22—-23, 143—1S8.

(118) Yaroshchuk, A. Dielectric exclusion of ions from membranes.
Adv. Colloid Interface Sci. 2000, 85, 193—230.

(119) Bostrom, M.; Ninham, B. W. Energy of an ion crossing a low
dielectric membrane: The role of dispersion self-free energy. Biophys.
Chem. 2005, 114, 95—101.

(120) Geise, G. M,; Cassady, H. J; Paul, D. R; Logan, B. E;
Hickner, M. A. Specific ion effects on membrane potential and the
permselectivity of ion exchange membranes. Phys. Chem. Chem. Phys.
2014, 16, 21673—21681.

(121) Salis, A,; Ninham, B. W. Models and mechanisms of
Hofmeister effects in electrolyte solutions, and colloid and protein
systems revisited. Chem. Soc. Rev. 2014, 43, 7358—7377.

(122) Duignan, T. T.; Parsons, D. F.,; Ninham, B. W. A continuum
solvent model of the multipolar dispersion solvation energy. J. Phys.
Chem. B 2013, 117, 9412—9420.

(123) Kingsbury, R. S.; Wang, J.; Coronell, O. Comparison of water
and salt transport properties of ion exchange, reverse osmosis, and
nanofiltration membranes for desalination and energy applications. J.
Membr. Sci. 2020, 604, 117998.

(124) Kingsbury, R. S.; Bruning, K; Zhu, S.; Flotron, S.; Miller, C.
T.; Coronell, O. Influence of water uptake, charge, manning
parameter, and contact angle on water and salt transport in
commercial ion exchange membranes. Ind. Eng. Chem. Res. 2019,
58, 18663—18674.

(125) Logette, S.; Eysseric, C; Pourcelly, G; Lindheimer, A;
Gavach, C. Selective permeability of a perfluorosulphonic membrane
to different valency cations. Ion-exchange isotherms and kinetic
aspects. J. Membr. Sci. 1998, 144, 259—274.

(126) Chapotot, A.; Pourcelly, G.; Gavach, C. Transport
competition between monovalent and divalent cations through
cation-exchange membranes. Exchange isotherms and kinetic
concepts. J. Membr. Sci. 1994, 96, 167—181.

(127) Miyoshi, H,; Chubachi, M,; Yamagami, M.; Kataoka, T.
Characteristic coefficients for equilibrium between solution and
neosepta or selemion cation exchange membranes. J. Chem. Eng. Data
1992, 37, 120—124.

(128) Seader, J. D.; Henley, E. J.; Roper, D. K. Separation Process
Principles: Chemical and Biochemical Operations, 3rd ed.; John Wiley &
Sons, Inc.: Hoboken, NJ, 2011.

(129) Anderson, R. E. Ion-exchange separations. In Handbook of
Separation Techniques for Chemical Engineers, 3rd ed.; Schweitzer, P.
A., Ed;; McGraw-Hill: New York, 1997.

(130) Mackie, J.; Meares, P. The diffusion of electrolytes in a cation-
exchange resin membrane I. Theoretical. Proceedings of the Royal
Society of London. Series A. Mathematical Physical Sciences 1955, 232,
498-509.

(131) Mackie, J.; Meares, P. The diffusion of electrolytes in a cation-
exchange resin membrane. II. Experimental. Proceedings of the Royal
Society of London. Series A. Mathematical Physical Sciences 1955, 232,
510-518.

(132) Yasuda, H.; Lamaze, C.; Ikenberry, L. Permeability of solutes
through hydrated polymer membranes. Part i. Diffusion of sodium
chloride. Makromol. Chem. 1968, 118, 19—35.

(133) Yasuda, H.; Lamaze, C.; Peterlin, A. Diffusive and hydraulic
permeabilities of water in water-swollen polymer membranes. Journal
of Polymer Science: Part A-2 1971, 9, 1117—1131.

(134) Turnbull, D.; Cohen, M. H. Free-volume model of the
amorphous phase: Glass transition. J. Chem. Phys. 1961, 34, 120—125.

(135) Xie, W.; Ju, H.; Geise, G. M.; Freeman, B. D.; Mardel, J. L;
Hill, A. J; McGrath, J. E. Effect of free volume on water and salt
transport properties in directly copolymerized disulfonated poly
(arylene ether sulfone) random copolymers. Macromolecules 2011, 44,
4428—4438.

(136) Ohtaki, H.; Radnai, T. Structure and dynamics of hydrated
ions. Chem. Rev. 1993, 93, 1157—1204.

(137) Dlubek, G.; Bondarenko, V.; Pionteck, J.; Supej, M.; Wutzler,
A.; Krause-Rehberg, R. Free volume in two differently plasticized
poly(vinyl chloride)s: A positron lifetime and PVT study. Polymer
2003, 44, 1921—1926.

(138) Hill, A. J.; Freeman, B. D.; Jaffe, M.; Merkel, T. C.; Pinnau, 1.
Tailoring nanospace. J. Mol. Struct. 2005, 739, 173—178.

(139) Pethrick, R. A. Positron annihilation - a probe for nanoscale
voids and free volume? Prog. Polym. Sci. 1997, 22, 1—47.

(140) Jean, Y. C; Mallon, P. E.; Schrader, D. M. Principles and
Applications of Positron & Positronium Chemistry; World Scientific
Publishing Co.: London, 2003.

(141) Dong, A. W.; Pascual-Izarra, C.; Pas, S. J.; Hill, A. J.; Boyd, B.
J; Drummond, C. J. Positron annihilation lifetime spectroscopy
(PALS) as a characterization technique for nanostructured self-
assembled amphiphile systems. J. Phys. Chem. B 2009, 113, 84—91.

(142) Kobayashi, Y.; Mohamed, H. F. M.; Ohira, A. Positronium
formation in aromatic polymer electrolytes for fuel cells. J. Phys. Chem.
B 2009, 113, 5698—5701.

(143) Jean, Y. C; Van Horn, J. D,; Hung, W.-S;; Lee, K-R.
Perspective of positron annihilation spectroscopy in polymers.
Macromolecules 2013, 46, 7133—7145.

(144) Rigby, D.; Roe, R. Molecular dynamics simulation of polymer
liquid and glass. 4. Free-volume distribution. Macromolecules 1990, 23,
5312-53109.

(145) Shen, M.; Keten, S.; Lueptow, R. M. Dynamics of water and
solute transport in polymeric reverse osmosis membranes via
molecular dynamics simulations. J. Membr. Sci. 2016, 506, 95—108.

(146) Xie, W.; Cook, J.; Park, H. B.; Freeman, B. D.; Lee, C. H;
McGrath, J. E. Fundamental salt and water transport properties in
directly copolymerized disulfonated poly (arylene ether sulfone)
random copolymers. Polymer 2011, 52, 2032—2043.

(147) Ogino, T.; Den Hollander, J.; Shulman, R. 39k, 23Na, and 31P
NMR studies of ion transport in saccharomyces cerevisiae. Proc. Natl.
Acad. Sci. U. S. A. 1983, 80, 5185—5189.

(148) Degani, H.; Elgavish, G. A. Ionic permeabilities of
membranes: 23Na and 7Li NMR studies of ion transport across the
membrane of phosphatidylcholine vesicles. FEBS Lett. 1978, 90, 357—
360.

(149) Ogino, T.; Shulman, G; Avison, M; Gullans, S; Den
Hollander, J.; Shulman, R. 23Na and 39K NMR studies of ion
transport in human erythrocytes. Proc. Natl. Acad. Sci. U. S. A. 1988,
82, 1099—1103.

(150) Do, C.; Lunkenheimer, P.; Diddens, D.; Gotz, M.; Weifl, M.;
Loidl, A,; Sun, X.-G.; Allgaier, J; Ohl, M. Li+ transport in poly
(ethylene oxide) based electrolytes: Neutron scattering, dielectric

https://dx.doi.org/10.1021/acs.iecr.0c02457
Ind. Eng. Chem. Res. 2020, 59, 14189—-14206


https://dx.doi.org/10.1016/j.memsci.2012.08.014
https://dx.doi.org/10.1016/j.memsci.2012.08.014
https://dx.doi.org/10.1039/C5CP06747B
https://dx.doi.org/10.1039/C5CP06747B
https://dx.doi.org/10.1039/C5CP06747B
https://dx.doi.org/10.1021/acsami.6b14902
https://dx.doi.org/10.1021/acsami.6b14902
https://dx.doi.org/10.1021/acs.macromol.8b00645
https://dx.doi.org/10.1021/acs.macromol.8b00645
https://dx.doi.org/10.1021/acs.macromol.8b00645
https://dx.doi.org/10.1016/j.memsci.2018.06.010
https://dx.doi.org/10.1016/j.memsci.2018.06.010
https://dx.doi.org/10.1021/acsami.7b17225
https://dx.doi.org/10.1021/acsami.7b17225
https://dx.doi.org/10.1021/acsami.7b17225
https://dx.doi.org/10.1016/S1383-5866(00)00159-3
https://dx.doi.org/10.1016/S1383-5866(00)00159-3
https://dx.doi.org/10.1016/S0001-8686(99)00021-4
https://dx.doi.org/10.1016/j.bpc.2004.11.003
https://dx.doi.org/10.1016/j.bpc.2004.11.003
https://dx.doi.org/10.1039/C4CP03076A
https://dx.doi.org/10.1039/C4CP03076A
https://dx.doi.org/10.1039/C4CS00144C
https://dx.doi.org/10.1039/C4CS00144C
https://dx.doi.org/10.1039/C4CS00144C
https://dx.doi.org/10.1021/jp403595x
https://dx.doi.org/10.1021/jp403595x
https://dx.doi.org/10.1016/j.memsci.2020.117998
https://dx.doi.org/10.1016/j.memsci.2020.117998
https://dx.doi.org/10.1016/j.memsci.2020.117998
https://dx.doi.org/10.1021/acs.iecr.9b04113
https://dx.doi.org/10.1021/acs.iecr.9b04113
https://dx.doi.org/10.1021/acs.iecr.9b04113
https://dx.doi.org/10.1016/S0376-7388(98)00062-3
https://dx.doi.org/10.1016/S0376-7388(98)00062-3
https://dx.doi.org/10.1016/S0376-7388(98)00062-3
https://dx.doi.org/10.1016/0376-7388(94)00107-3
https://dx.doi.org/10.1016/0376-7388(94)00107-3
https://dx.doi.org/10.1016/0376-7388(94)00107-3
https://dx.doi.org/10.1016/0376-7388(94)00107-3
https://dx.doi.org/10.1021/je00005a031
https://dx.doi.org/10.1021/je00005a031
https://dx.doi.org/10.1098/rspa.1955.0234
https://dx.doi.org/10.1098/rspa.1955.0234
https://dx.doi.org/10.1098/rspa.1955.0235
https://dx.doi.org/10.1098/rspa.1955.0235
https://dx.doi.org/10.1002/macp.1968.021180102
https://dx.doi.org/10.1002/macp.1968.021180102
https://dx.doi.org/10.1002/macp.1968.021180102
https://dx.doi.org/10.1002/pol.1971.160090608
https://dx.doi.org/10.1002/pol.1971.160090608
https://dx.doi.org/10.1063/1.1731549
https://dx.doi.org/10.1063/1.1731549
https://dx.doi.org/10.1021/ma102745s
https://dx.doi.org/10.1021/ma102745s
https://dx.doi.org/10.1021/ma102745s
https://dx.doi.org/10.1021/cr00019a014
https://dx.doi.org/10.1021/cr00019a014
https://dx.doi.org/10.1016/S0032-3861(03)00056-9
https://dx.doi.org/10.1016/S0032-3861(03)00056-9
https://dx.doi.org/10.1016/j.molstruc.2004.05.041
https://dx.doi.org/10.1016/S0079-6700(96)00023-8
https://dx.doi.org/10.1016/S0079-6700(96)00023-8
https://dx.doi.org/10.1021/jp805280r
https://dx.doi.org/10.1021/jp805280r
https://dx.doi.org/10.1021/jp805280r
https://dx.doi.org/10.1021/jp901471m
https://dx.doi.org/10.1021/jp901471m
https://dx.doi.org/10.1021/ma401309x
https://dx.doi.org/10.1021/ma00228a002
https://dx.doi.org/10.1021/ma00228a002
https://dx.doi.org/10.1016/j.memsci.2016.01.051
https://dx.doi.org/10.1016/j.memsci.2016.01.051
https://dx.doi.org/10.1016/j.memsci.2016.01.051
https://dx.doi.org/10.1016/j.polymer.2011.02.006
https://dx.doi.org/10.1016/j.polymer.2011.02.006
https://dx.doi.org/10.1016/j.polymer.2011.02.006
https://dx.doi.org/10.1073/pnas.80.17.5185
https://dx.doi.org/10.1073/pnas.80.17.5185
https://dx.doi.org/10.1016/0014-5793(78)80404-9
https://dx.doi.org/10.1016/0014-5793(78)80404-9
https://dx.doi.org/10.1016/0014-5793(78)80404-9
https://dx.doi.org/10.1073/pnas.82.4.1099
https://dx.doi.org/10.1073/pnas.82.4.1099
https://dx.doi.org/10.1103/PhysRevLett.111.018301
https://dx.doi.org/10.1103/PhysRevLett.111.018301
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02457?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

spectroscopy, and molecular dynamics simulations. Phys. Rev. Lett.
2013, 111, 018301.

(151) Vardner, J. T.; Ling, T.; Russell, S. T.; Perakis, A. M.; He, Y.;
Brady, N. W,; Kumar, S. K; West, A. C. Method of measuring salt
transference numbers in ion-selective membranes. J. Electrochem. Soc.
2017, 164, A2940.

(152) Somrani, A.; Hamzaoui, A.; Pontie, M. Study on lithium
separation from salt lake brines by nanofiltration (NF) and low
pressure reverse osmosis (LPRO). Desalination 2013, 317, 184—192.

(153) Xie, W.; Park, H.-B.; Cook, J.; Lee, C. H.; Byun, G.; Freeman,
B. D.; McGrath, J. E. Advances in membrane materials: Desalination
membranes based on directly copolymerized disulfonated poly
(arylene ether sulfone) random copolymers. Water Sci. Technol.
2010, 61, 619—624.

(154) Park, H. B.; Freeman, B. D; Zhang, Z. B; Sankir, M;
McGrath, J. E. Highly chlorine-tolerant polymers for desalination.
Angew. Chem., Int. Ed. 2008, 47, 6019—6024.

(155) Balster, J.; Krupenko, O.; Piint, I; Stamatialis, D.; Wessling,
M. Preparation and characterisation of monovalent ion selective
cation exchange membranes based on sulphonated poly (ether ether
ketone). J. Membr. Sci. 2005, 263, 137—145.

(156) Tanaka, Y. Concentration polarization in ion-exchange
membrane electrodialysis—the events arising in a flowing solution
in a desalting cell. J. Membr. Sci. 2003, 216, 149—164.

(157) Donnan, F. G. The theory of membrane equilibria. Chem. Rev.
1924, 1, 73-90.

(158) Sata, T. Ion Exchange Membranes: Preparation, Character-
ization, Modification and Application; The Royal Society of Chemistry:
Cambridge, UK., 2004; p 308.

(159) Pitzer, K. S. Thermodynamics of electrolytes. I. Theoretical
basis and general equations. J. Phys. Chem. 1973, 77, 268—277.

(160) Pitzer, K. S.; Mayorga, G. Thermodynamics of electrolytes. Ii.
Activity and osmotic coefficients for strong electrolytes with one or
both ions univalent. J. Phys. Chem. 1973, 77, 2300—2308.

(161) Pitzer, K. S.; Mayorga, G. Thermodynamics of electrolytes. Iii.
Activity and osmotic coefficients for 2—2 electrolytes. J. Solution
Chem. 1974, 3, 539—546.

(162) Manning, G. S. Limiting laws and counterion condensation in
polyelectrolyte solutions ii. Self-diffusion of the small ions. J. Chem.
Phys. 1969, 51, 934—938.

(163) Manning, G. S. Polyelectrolytes. Annu. Rev. Phys. Chem. 1972,
23, 117—140.

(164) Manning, G. S. Counterion binding in polyelectrolyte theory.
Acc. Chem. Res. 1979, 12, 443—449.

(165) Netz, R. Polyelectrolytes in electric fields. J. Phys. Chem. B
2003, 107, 8208—8217.

(166) Bordi, F.; Cametti, C.; Colby, R. H. Dielectric spectroscopy
and conductivity of polyelectrolyte solutions. J. Phys.: Condens. Matter
2004, 16, R1423.

(167) Atkins, P. W.; de Paula, J.; Keeler, J. Atkins’ Physical Chemistry,
11th ed.; Oxford University Press: Oxford, U.K, 2018.

14206

https://dx.doi.org/10.1021/acs.iecr.0c02457
Ind. Eng. Chem. Res. 2020, 59, 14189—-14206


https://dx.doi.org/10.1103/PhysRevLett.111.018301
https://dx.doi.org/10.1149/2.0321713jes
https://dx.doi.org/10.1149/2.0321713jes
https://dx.doi.org/10.1016/j.desal.2013.03.009
https://dx.doi.org/10.1016/j.desal.2013.03.009
https://dx.doi.org/10.1016/j.desal.2013.03.009
https://dx.doi.org/10.2166/wst.2010.883
https://dx.doi.org/10.2166/wst.2010.883
https://dx.doi.org/10.2166/wst.2010.883
https://dx.doi.org/10.1002/anie.200800454
https://dx.doi.org/10.1016/j.memsci.2005.04.019
https://dx.doi.org/10.1016/j.memsci.2005.04.019
https://dx.doi.org/10.1016/j.memsci.2005.04.019
https://dx.doi.org/10.1016/S0376-7388(03)00067-X
https://dx.doi.org/10.1016/S0376-7388(03)00067-X
https://dx.doi.org/10.1016/S0376-7388(03)00067-X
https://dx.doi.org/10.1021/cr60001a003
https://dx.doi.org/10.1021/j100621a026
https://dx.doi.org/10.1021/j100621a026
https://dx.doi.org/10.1021/j100638a009
https://dx.doi.org/10.1021/j100638a009
https://dx.doi.org/10.1021/j100638a009
https://dx.doi.org/10.1007/BF00648138
https://dx.doi.org/10.1007/BF00648138
https://dx.doi.org/10.1063/1.1672158
https://dx.doi.org/10.1063/1.1672158
https://dx.doi.org/10.1146/annurev.pc.23.100172.001001
https://dx.doi.org/10.1021/ar50144a004
https://dx.doi.org/10.1021/jp022618w
https://dx.doi.org/10.1088/0953-8984/16/49/R01
https://dx.doi.org/10.1088/0953-8984/16/49/R01
pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c02457?ref=pdf

