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Abstract: The selective separation of metal species from various sources is highly desirable in
applications such as hydrometallurgy, water treatment, and energy production but also challenging.
Monovalent cation exchange membranes (CEMs) show a great potential to selectively separate one
metal ion over others of the same or different valences from various effluents in electrodialysis.
Selectivity among metal cations is influenced by both the inherent properties of membranes and
the design and operating conditions of the electrodialysis process. The research progress and recent
advances in membrane development and the implication of the electrodialysis systems on counter-ion
selectivity are extensively reviewed in this work, focusing on both structure–property relationships
of CEM materials and influences of process conditions and mass transport characteristics of target
ions. Key membrane properties, such as charge density, water uptake, and polymer morphology,
and strategies for enhancing ion selectivity are discussed. The implications of the boundary layer at
the membrane surface are elucidated, where differences in the mass transport of ions at interfaces
can be exploited to manipulate the transport ratio of competing counter-ions. Based on the progress,
possible future R&D directions are also proposed.

Keywords: monovalent selective cation exchange membranes; electrodialysis; metal recovery; ion
selectivity; membrane properties; ionic characteristics; boundary layer; membrane preparation;
process conditions; current density

1. Introduction

The use of metal species has considerably increased with the progress of the indus-
trialized world, leading to the rapid depletion of resources and hazardous waste streams
discharged into the surface water [1]. Typically, metal species are present in various sources,
such as spent acids or electroplating processes that mainly involve transition metal ions,
which are generally known as industrial metals (i.e., Ag+, Cu2+, Ni2+, and Fe3+) and seawa-
ter having a high amount of alkali (i.e., Li+, Na+, and K+) or alkaline earth metals (i.e., Mg2+

and Ca2+) [2,3]. Even the treated streams of these sources contain metal ions in various
amounts and compositions. Given the significance of the wide use of these metal species in
diverse industries, their selective separation is imperative to recover metal values, conserve
natural metal resources, and avoid environmental pollution. Traditional technologies (i.e.,
adsorption, precipitation, and extraction) have been applied successfully to selectively
recover metal ions. However, there still exist serious drawbacks, such as the use of highly
hazardous and toxic chemicals, the production of large amounts of sludge, incomplete
metal removal, and metal precipitation [4]. Given the stringent environmental standards,
waste production should be minimized, and high recovery of targeted metal ions must
be achieved.
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Cation exchange membranes (CEMs), on the other hand, are separation membranes
that continue attracting considerable attention to treat metal-contaminated water, partic-
ularly in technologies involving electrodialysis [5]. Electrodialysis can offer numerous
advantages compared to conventional technologies, such as excellent selective recovery,
treatment of dilute concentrations of targeted ions, and a more environmentally friendly op-
eration [6,7]. Unlike other membrane processes that primarily focus on water purification,
electrodialysis targets more mineral recovery.

CEMs can be considered cation exchange polymers and resins in the film form [8],
usually carrying pendant sulfonic groups in the polymer matrix that separate cations in a
solution of opposing charge (counter-ions) from anions having the same ionic charge as
the fixed ionic groups (co-ions). However, when the preferential permeation of multiple
metal counter-ions of different or equal valency in solution is desirable, it is not ideal with
standard CEMs, thus restricting many potential industrial applications of CEMs. Hence,
strategies to enhance the selectivity of one metal ion over another one of the same or
different valences in a mixture are highly desirable. One strategy is to design selective
CEMs for a particular metal ion, and another strategy is to control operating conditions to
favor the transport of a targeted metal ion over others. Understanding the characteristics of
target ions, the membrane properties, and transport basics are paramount to achieving the
intended selectivity.

Several review articles have addressed ion selectivity of counter-ions in the literature.
Sata et al. [9] reviewed the modification of CEMs for selectivity among cations in 2003. In
2017, Xu and co-workers [10] summarized monovalent cation selective membranes with an
emphasis on fabrication strategies for diffusion dialysis and electrodialysis applications,
while Khoiruddin et al. [11] described approaches to surface modification of IEMs and
monovalent ion selectivity. Luo et al. [12] published a comprehensive review of IEMs in
2018, including the separation of both anions and cations, focusing on advancements in
fabrication methods, ion transport mechanisms, and experimental methods to determine
ion selectivity. More recently, a review of various types of membrane processes for alkali
and alkaline-earth metal ions separation was provided by Wang et al. [13], in which
monovalent selective CEMs in electrodialysis were included as a section. Juve et al. [4] also
discussed the types, limitations, and challenges of the electrodialysis process, but mostly
for the removal of metal ions from acid effluents, with only a small section for the selective
separation of metal ions.

In the current study, a comprehensive review of the research progress and recent
advances of CEMs for enhanced monovalent cation selectivity are presented. Both the
membrane material development and process optimization aspects are discussed, including
CEMs’ surface modification, membrane matrix regulation, incorporation of additives as
well as solution/membrane boundary layers, mass transport characteristics in the solution,
and the influence of the operating conditions on metal ion selectivity. For the reader’s
convenience, we have briefly outlined relevant theory and background, including the ion
selectivity concept and the characteristics of selected metal cations (i.e., hydrated radius,
valency, and hydration energy) to explain ionic permeation ability through CEMs. The
structure–property relationships of CEMs are discussed to connect membrane properties to
ion selectivity, focusing on the key membrane properties that play key roles in ion sorption
and mobility, i.e., membrane charge, water uptake, and polymer morphology. Transport
phenomena affecting the ion fluxes and CEM selectivity mechanisms in the electrodialysis
process design are also discussed. The implications of ion transport across the boundary
layer and its role in counter-ion selectivity and the formation of a boundary layer are
analyzed for cation selectivity enhancement. Progress in membrane design, the effect of
stack configuration/design and solution properties, and operating conditions on metal ion
selectivity are elaborated. Lastly, strengths, challenges, and possible future research and
development directions on monovalent selective CEMs are proposed.
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2. Theory and Background
2.1. Electrodialysis Process

Electrodialysis is an ion-exchange membrane (IEM) process for ion separation or
accumulation by applying an electric current across the cell [14]. In an electrodialysis
process, ions transport from one compartment to another through IEMs under the applied
potential as a driving force. Figure 1 illustrates a typical electrodialysis cell consisting of
several cell pairs (an anion exchange membrane (AEM)), a dilute compartment, a CEM,
and a concentrate compartment) sandwiched between an anode and a cathode. Since
electrochemical reactions take place at the electrodes that deplete or create ions, causing a
charge imbalance and the formation of an electric field across the cell. As a result, cations
migrate toward the cathode, passing through the CEM, and reciprocally, anions migrate
toward the anode through the AEM. Consequently, each second compartment is desalinated
while ions accumulate in each alternate compartment.
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A rinse solution is circulated in the electrode compartments, where electrochemical reactions take
place [7].
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fluxes and their feed concentrations. The selectivity of two counter-ions can be calculated
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where CA and CB (mol·L−1) are the concentrations at the membrane surface of the desalting
side of the system, and tA and tB (mol·m−2·s−1) are the transport number of the components
A and B.

The separation efficiency, S(t) (%), is also used to parameterize the selective separation
of components A and B and is expressed as follows [15]:
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where CA(0) and CB(0) are the initial concentrations of components A and B; and CA(t) and
CB(t) are the concentrations of A and B at time t. S(t) > 0 indicates that selective separation
is achieved, whereas S(t) < 0 indicates no selective separation of the two components.

2.3. Ion Selectivity Mechanisms

Ion transport through an IEM can be divided into five distinctive steps, namely
(1) ion transport from the diluted compartment to the membrane surface across a solution
boundary layer; (2) partitioning of the ion into the membrane at the surface; (3) ion
transport through the bulk of the membrane; (4) egress of the ion on the other side of the
membrane surface; and (5) ion transport across a solution boundary layer to a concentrated
compartment [16]. The extent of counter-ion selectivity is mostly decided during the
partitioning of ionic species into the membrane and the migration of the ions through the
membrane matrix and boundary layer in the electrolyte solution.

In the presence of two or more competing counter-ions, different mechanisms of
ion selectivity have been found to be influential on the selectivity of partitioning. One
mechanism is identified as an electrostatic barrier effect due to the differences in the
electrostatic interaction of counter-ions with the membrane surface (Figure 2a). Generally
speaking, electrostatic affinity is more pronounced for counter-ions possessing higher
valency or of the larger size of the same valency or lower hydration energy [9,17,18].
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Figure 2. Different parameters of ion selectivity: (a) electrostatic barrier effect—imparting a cationic
layer on CEM establishes an electrostatic repulsion of the cation with higher valency compared
to the monovalent cation; (b) dielectric effect—increasing the hydrophobicity of the membrane
restricts the passage of cations with higher hydration energy compared to ions with lower hydration
energy; (c) sieving—introducing a crosslinking agent creates a compact network reduces the ingress
of the larger cations, while smaller cations can permeate through the membrane; and (d) boundary
layer separation—ion depletion within the boundary layer succeeds more or less fast for competing
counter-ions based on their concentration, ion characteristics, and the applied current.

Another mechanism is related to the affinity of water of the ion, defined by the
Gibbs hydration energy; and the hydrophobicity of the membrane’s surface, affecting the
selectivity of ions entering a membrane (Figure 2b) [19]. In this case, selectivity is controlled
by the action of the ion partially shedding its water molecules of ions, with ions of lower
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hydration energy shedding water molecules more easily, allowing the ion to transport
through the hydrophobic membrane.

The steric hindrance may also be a mechanism that governs the selectivity of counter-
ions by reducing the partition of larger ions in the case of the dense structure on the IEM,
differentiating the ingress rate of the ions, where the dimensions of the hydrophilic entrance
into the IEM are typically sub-nanometer, with smaller ions entering much faster than
larger ions (Figure 2c) [20]. Partitioning-related mechanisms suggest that the easiness of
partition of the counter-ions into the membrane mainly depends on an ions’ size, valency,
and hydration energy, as well as the membranes’ properties (i.e., fixed-charge concentration
and water uptake) [18,21].

The selectivity of a particular ion is also highly influenced by its mobility in the
membrane [18]. The rate of diffusion of the different ions through the bulk of the membrane
is largely determined by the size of the ions and their interaction with the fixed ionic groups,
as in the process of partitioning ions from solution into the membrane [18]. In addition,
the nature of the ionic pathway in the membrane (i.e., hydrophobicity/hydrophilicity,
tortuosity, and dimensions) plays a strong role in ion transport and hence selectivity. These
parameters are determined by the nature of the polymer that forms the membrane and,
more specifically, the morphology of the membrane and its ability to swell in water or
resistance to swelling in water.

Selective separation of counter-ions is also affected by the electrodialysis operating
parameters (i.e., current density and flow rate) [4,22,23]. As a consequence of faradaic
current flow between two electrodes that necessitates ion flow across an IEM placed
between the electrodes, a thin layer is established in the solution at the membrane/solution
interface where the ions are depleted. The thickness of the boundary layer is variable,
depending on the condition, and influences the rate of ion transport to the membrane
surface (Figure 2d) [22]. Control of the current density is important to ion selectivity since
ions diffuse at different specific rates across the boundary layer.

2.4. Factors Affecting Ion Selectivity
2.4.1. Ionic Characteristics

The selectivity of counter-ions through an IEM is determined by thermodynamic
(affinity of the membrane for the ion) and kinetic (mobility through the membranes)
considerations, which are influenced by the specific characteristics of ions. Understanding
these characteristics is important to controlling counter-ion selectivity. In this section, the
basic characteristics of ions related to ion selectivity are discussed.

The radii of hydrated ions affect the easiness of the partition and mobility of the ions.
Water is polarizable. When salts are dissolved, water molecules interact and align around
the ionized components in response to the charge density of the ion. This phenomenon
leads to the formation of a hydration shell around the ions [20,24]. Hence, ion transport
in solution is correlated with the radii of hydrated ions rather than simply the radii of the
bare ion [25,26].

The charge density of the ion corresponds to the charge distribution over the volume
of the ion (C·mm−3), as calculated according to the following formula [27,28]:

Charge Density =
ne(

4
3

)
πr3

(3)

where the ionic radii, r, are the Shannon–Prewitt values; e is the electron charge; and n
represents the ionic charge (valence number, e.g., nNa+ = 1, nMg2+ = 2, etc.). Ions with
smaller ionic radii possess a higher charge density, causing an increase in the hydrated radii
of the ions. Therefore, the radius of the hydrated ions generally increases as the ionic radius
decreases. The inverse relationship between the ionic radius and the hydrated radius of
several ions is shown in Figure 3.
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smaller sizes tend to become more hydrated due to having a higher charge density. The figure
is reprinted with permission from “Railsback (15 May 2020) as accessed at http://railsback.org/
FundamentalsIndex.html (accessed on 25 May 2023) ”, where Railsback (2020) is “Railsback, L.B., 2020,
Some Fundamentals of Mineralogy and Geochemistry. http://railsback.org/FundamentalsIndex.
html (accessed on 25 May 2023) ” [29].

Valency is another paramount characteristic of ions, playing an active role in ion
partitioning and migration, influencing selective separation. In general, counter-ions of
higher valency are more enriched in the membrane network as a result of the stronger
coulombic attraction of species with the oppositely charged fixed functional groups in the
IEM, prioritizing their permeation compared to counter-ions of lower valency. In contrast,
the preferential transport of the ions with higher valency is weakened through the IEMs
coated with a surface layer having the same sign as the counter-ions.

The free energy hydration of an ion is an important parameter affecting ion selectivity.
The hydration energy is a measure of the strength associated with water molecules, and its
inverse (energy of dehydration, endothermic) reflects the easiness of an ion losing waters
of hydration. For the latter, ions are required to shed waters of hydration as the ion enters
a membrane as part of the ion permeation process [30–32]. The energy required to shed
water molecules comes from the attraction between the ions and bound oppositely charged
groups in the membrane [20,33,34]. The extent to which dehydration occurs depends on
the hydration energy of the ions: the lower the free energy of hydration, the easier for the
ion to shed water molecules from their hydration shells [31,35]. For the ions that do not
shed the water, the hydrophobicity of the membrane determines the permeation process.

Studies investigating the selective separation of Li+, Na+, and K+ (alkali metals); Mg2+

and Ca2+ (alkaline earth metals); Cu2+, Ni2+ Co2+, Fe2+/3+, and Cr3+ (transition metals); and
Zn2+ and Al3+ (post-transition metals) are discussed in this work. The ion characteristics
are tabulated in Table 1. Briefly, alkali metal ions always possess one valence electron and
are hydrated when dissolved in water [36]. They also have very low charge densities, and
so do their hydrated size and energy of hydration compared to those of other groups of
metals [27,37]. The generalized transport order through the standard CEMs with the fixed
sulfonic acid group is reported as follows: transport order alkaline earth metals (Ca2+ > Mg2+)
> transition metals (Cu2+ > Zn2+) > alkali metals (K+ > Na+ > Li+) > Fe3+ [12]. The transport
rate of alkali metals lies behind compared to the multivalent metal ions due to their lower
affinity for the fixed groups. When the valency is equal, metal selectivity is mainly governed
by their hydrated sizes. The exception for Fe3+ has been attributed to their slow mobility in the
membrane matrix. Despite differences in their transport order, it is unlikely to be sufficient for
the selective separation of the metal species through the standard CEMs due to their similar
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properties. More established counter-ion selectivity can be achieved by specializing in the
membrane properties and/or optimizing process conditions, as is discussed later.

Table 1. Ionic characteristics of metal cations.

Cation Ionic Radius
(pm) [36]

Hydrated Radius
(pm) [36]

Hydration Free Energy
(kJ·mol−1) [38]

Charge Density
(C·mm−3) [27]

Li+ 60 382 −475 98
Na+ 95 358 −365 24
K+ 133 331 −295 11
Cs+ 181 329 −250 6
Mg2+ 65 428 −1830 120
Ca2+ 99 412 −1505 52
Cu2+ 72 419 −2010 116
Ni2+ 70 404 −1980 134
Co2+ 72 423 −1915 108
Fe2+ 92 428 −1840 98
Fe3+ 60 457 −4265 232
Cr3+ 64 461 −4010 261
Zn2+ 74 430 −1955 112
Al3+ 50 475 −4525 364

2.4.2. Membrane Structural Properties

The membrane is the core component of electrodialysis. Understanding the structure–
property relationships of a CEM is of great importance to achieve enhanced metal ion
selectivity. The internal morphology of a CEM can be considered to comprise three phases:
(i) an interstitial phase within the bulk of the membrane that comprises pores filled with
the electroneutral inter-gel solution; (ii) hydrophobic domains constituted by aggregated
polymer chains, devoid of fixed ionic groups; and (iii) a gel phase that serves as an active
exchange zone for ions in the solution of pores composed of highly hydrated domains,
where the fixed charges bound to the polymer matrix are mixed with the double layer of
the solution in the pores [39] (Figure 4).
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Figure 4. Schematic representation of the CEM structure in accordance with the micro-heterogeneous
model. Gel phase, where fixed ionic groups bind to the polymer matrix, and the transport of counter-
ions takes place. Interstitial phase, where the transport of co-ions takes place. Hydrophobic domain,
devoid of fixed ionic groups. The figure is adapted with permission from [40] (Copyright © 2003,
John Wiley and Sons).

In the active region, fixed ions are localized on the pore walls, and this leads to the
localization of counter-ions near the pore walls as a result of the Coulomb interaction.
The critical distance is termed the Bjerrum length [41], at which the electrostatic attraction
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between a counter-ion and fixed-charge group is balanced by the thermal energy of the
counter-ion. When the distance between counter-ions and fixed groups is smaller than
the Bjerrum length, counter-ions condense with the fixed-charge group. If the distance
between them is larger than the Bjerrum length, the counter-ions behave as free hydrated
ions. The movement of counter-ions through the active region is explained by a hopping
mechanism that involves a transfer of ions from one fixed-charge group to another [42].
Hydration shells of the counter-ions are dynamically destructed and reformed during the
ion hopping mechanism.

The interstitial, electroneutral aqueous zone is mainly hosting for the transport of
co-ions (i.e., mobile ions having the same charge as the fixed-charge group) because they
are repelled by the ion exchange sites in the gel phase. Transport in the interstitial zone
is associated with friction ascribed to the water located in the hydration shell of the fixed
ions and their counter-ions, which are not free to move within the membrane and will
exert drag on ions moving through the pore space [43]. Low degrees of swelling or low ion
hydration lead to narrow ionic aqueous domains in the membrane [44]. Hence, constricting
the interstitial regions of the membrane generates greater friction and reduces the ingress
rate of larger hydrated metal ions more severely than monovalent ions.

All of the above suggest that the species and amount of fixed-charge groups with
their distribution in the membrane, as well as the water uptake and the density of the
polymer network, have impacts on the partitioning and mobility of the ions, requiring a
clear discussion to identify their role on the fractionation of metal ions.

Ion exchange capacity is a measure of the number of fixed charges per unit mass of
dry polymer, typically expressed in millimoles per gram. CEMs possess negatively charged
sulfonate [45], phosphonate [46], and carboxylate anions [47]. The number of exchange
groups in the CEMs can be measured using titration. First, the CEM is equilibrated with
HCl and then immersed in NaCl solution to displace H+ from the membrane, which is
titrated with NaOH solution [18]. The ion exchange capacity can be calculated using the
following Equation (4):

Ion exchange capacity
(

mmol
g

)
=

VC
Wdry

(4)

where V and C are the volume (L) and the concentration (M) of NaOH titration solution,
respectively, and Wdry is the dry weight of membrane samples (g). Functional groups may
be classified as strong or weak electrolytes depending on the degree of the dissociation of
their conjugate acid or base [48]. For instance, carboxylic acids are considered weak acids,
whereas sulfonic acids are strong acids [49]. The strength of the electrostatic interaction
between functional groups and counter-ions is playing a key role in ion selectivity. The
sign of the surface charge also plays an acting role in differentiating the partitioning and
migration of metal cations of different valences.

The management of water uptake in polymeric membranes is critical for controlling
the selectivity performance of the membranes, and this mainly depends on the amount and
type of the fixed-charge groups, the nature of the polymeric material, and the characteristics
of the ions (i.e., the energy of hydration, hydrated radius, and valency) in the electrolyte
solution [18,50]. A high-charge-density membrane takes up a large amount of water and
swells, hydrating the fixed-charge groups and their counter-ions [21]. Excessive swelling
is generally considered to have an adverse effect on ion selectivity [51]. Conversely, the
hydrophobic polymeric material or the degree of crosslinking restricts the amount of water
that can penetrate the membrane matrix. All the underlying causes impact the volume
fraction of water inside the CEM, influencing the fixed-charge density and tortuosity that
affect the partitioning and mobility of the competing metal cations and, hence, the selective
separation. Water uptake in the membrane phase can be determined by means of the
following Equation (5) [18]:
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Water uptake (%) =
Wwet −Wdry

Wdry
·100 (5)

where Wdry and Wwet represent the mass of dry and wet membrane samples, respectively.
The density of the polymer network is also an effective parameter for ion separation

based on the pore-size sieving considerations [35]. A CEM with high metal ion selectivity
should possess uniform and continuous aqueous channels that fit well with the size of
target ions. To realize this, membrane architectures are typically designed to possess
aqueous molecular features of <2 nm [52]. This feature can be reduced by introducing
crosslinking or by coating a crosslinked thin layer with a surface modification [53,54]. The
common practice of crosslinking a polymer within a membrane enhances ion selectivity by
hindering the passage of bulky ions while allowing smaller ions, but it also may increase the
resistance to ion transport. A CEM should possess low electrical resistance, and thus there
will be less potential drop during electro-membrane processes [55]. Therefore, applying to
crosslink should be optimized depending on the polymers and applications. To decrease
the detrimental influence of crosslinking, conducting layers can be introduced onto the
membrane surface [56].

The distance between neighboring fixed groups and their relative spatial configuration
can influence the transport rate of counter-ions. According to the distance-of-charge-
separation concept, the proximity of neighboring fixed charges is a major contributor
to divalent/monovalent selectivity, as illustrated in Figure 5 [57]. When ion exchange
sites are widely separated (distant-sites case), monovalent Group I cations are preferred,
whereas more closely packed sites (close-sites case) have an increased affinity for divalent
Group II cations [58]. A large average distance between two adjacent fixed sulfonate groups
eliminates the condensation of the monovalent cations that display higher mobility, whereas
divalent ions are condensed, and the mobility ratio of divalent/monovalent ions is observed
below 1 [41]. In contrast, the shorter the distance between active groups, the greater the
preference for divalent ions over monovalent ions. Nevertheless, fundamental knowledge
of the significance of the distance between fixed-charge groups and their distribution in
CEMs is still poor, and research is needed to obtain a comprehensive understanding as it
applies to electrodialysis.
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is modified with permission from [57] (Copyright ©1988, Elsevier).

2.4.3. Ion Transport through the Boundary Layer

Within tens of micrometers of the membrane surface, the complete mixing of feed and
permeate solutions is not obtained, as convection is negligible in this regime [8]. Coupled
with the higher counter-ion transport numbers in the membrane compared to the bulk
solution, a concentration gradient for each ion is formed. This region of incomplete mixing
of ionic species is referred to as a laminar boundary layer, and we discuss its implications
on counter-ion selectivity.
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The total ionic fluxes, Ji, through the solution and membrane in electrodialysis are
described by the Nernst–Planck equation extended by a convective term [59]:

→
Ji = −Di

(
∇Ci + ziCi

F
RT
∇ϕ

)
+ Ci

→
V i = +,−, H, OH (6)

where
→
Ji , Di, zi, and Ci are the flux density, diffusion coefficient, charge number, and

concentration of ionic species i, respectively; ϕ is the electrical potential;
→
V is the fluid

velocity vector; and F, R, and T have their usual meanings. The subscript i may be at-
tributed to the salt cation (+) or anion (–) as well as to H+ or OH- ions. The first term on
the right-hand side of Equation (4) is proportional to the concentration gradient of ionic
species, the second term to the electric field, and the third one to the solvent velocity. The
terms represent ionic diffusion, migration, and convection, respectively. Consequently,
the transport rate ratio between competing counter-ions will emerge from the ratios of
their diffusion coefficients, charge numbers, and concentrations. The key to manipulat-
ing counter-ion selectivity through process design is shifting the mass transport control
between diffusion and migration. For example, diffusive transport favors monovalent
over multivalent ions due to the superior diffusivities of monovalent ions, whereas the
migration term is larger for multivalent than monovalent ions, owing to their higher charge
numbers. Similar observations can be made for other ion characteristics, such as hydration
energy and hydrated sizes. The relative contribution of the three transport mechanisms
to ion transport and selectivity depends on process parameters such as flow velocity and
current density.

In electrodialysis, counter-ions are depleted on the membrane surface at the diluate
side and accumulate at the concentrate side. Consequently, ion diffusion in the laminar
boundary layer takes place in the same direction of migration for counter-ions and in
the opposite direction for co-ions to satisfy the local electroneutrality assumption. The
corresponding concentration profile for a cationic species in the laminar boundary layer
and through the CEM is illustrated in Figure 6.
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Figure 6. Schematic illustration of the concentration profile of a cation through a CEM and in the
laminar boundary layers adjacent to the membrane at the dilute and concentrate side, respectively.
The difference in the transport number of ions in the bulk solution compared to the membrane results
in a concentration gradient in the boundary layer. The figure is modified with permission from
(Copyright ©2010, Elsevier).

A lowered concentration of ions in the boundary layer increases the ohmic resistance
and the energy input requirement to drive the ion transport [60,61]. This phenomenon
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is frequently termed concentration polarization [62]. With an increasing current den-
sity, concentration polarization increases as a result of the depletion of ions at the mem-
brane/solution interface and the formation of steeper concentration profiles, as illustrated
in Figure 7. When no current is drawn (j1 = 0), no ion transport across the CEM takes
place, the boundary layer is negligible, and no concentration gradient of ions is formed.
Upon drawing current, ions are depleted, and the rate of ion transport across the boundary
layer approaches a steady state if sufficient ions are supplied to the membrane surface
by diffusive transport (j2 > 0). By increasing the current, the concentration gradient in
the boundary layer becomes steeper because the transport rate across the membrane is
accelerated (j3 > j2) [8].
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Figure 7. Influence of the current density on the ion concentration profile in the laminar boundary
layer at the CEM surface facing the diluate side. The vertical dashed blue lines indicate where the
laminar boundary layer ends and the bulk solution begins, in which the solution is completely mixed.
The dashed arrows indicate the concentration profiles of cations in solution, which become steeper
with the increasing current density, j.

When the ion concentration at the membrane surface becomes negligible, the limiting
current density is reached, and the ion permeation rate no longer responds to increasing
the applied voltage. The limiting current density is dictated by membrane and solution
properties, as well as the electrodialysis stack design and operational parameters such as
flow velocity of solutions and cell temperature [63], and determines the operational cell
resistance and efficiency of the electrodialysis system to a large extent. Electrodialysis
systems are, therefore, often operated below the limiting current density to lower power
consumption and energy costs [64].

For multicomponent mixtures, the dependence of the limiting current density on the
ion concentration and characteristics allows for partial selectivity between the counter-ions
in the electrodialysis process. This is illustrated in Figure 8, where two cations of different
concentrations permeate a CEM. In Figure 8a, a current density, j1, is applied at which none
of the cations is depleted to zero concentration at the membrane surface facing the diluate
side. Therefore, the drawn current is distributed evenly across the two ions depending
on their charge, according to Equation (1). Figure 8b represents a scenario where the
drawn current density corresponds to the specific limiting current density, j2, for one of the
cations (Cation 2). The current is still distributed evenly, but the concentration of Cation
2 is depleted to zero at the membrane surface facing the diluate side. Therefore, when
increasing the current density further to j3, as illustrated in Figure 8c, the extra current
density will solely result in the increment of the transport rate of Cation 1. In summary, the
selectivity for Cation 1 over Cation 2 increases when the current density is bigger than the
specific limiting current density for Cation 2. This process-related selectivity mechanism is
referred to as the boundary layer separation [5]. It is applicable when the target species of
the separation process has a significantly different concentration from competing counter-
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ions in the solution. In the example, the target ion, Cation 1, has a significantly higher
concentration compared to Cation 2. However, boundary layer separation is also useful in
the equivalent converse case, where the target ion is present in a very dilute concentration
compared to the competing counter-ions. By operating electrodialysis at the limiting
current density for the target ion, equivalent to Figure 8b, when Cation 2 is the target ion,
the percentage removal (and, hence, the selectivity) is considerably higher for Cation 2
compared to Cation 1 [7].
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linking (Figure 9). Oxygen atoms of the crown ether ring selectively bind specific metal 
ions through an ion−dipole interaction, which was mimicked by biological host−guest in-
teractions between membrane proteins and ions. The resulting membrane yielded a selec-
tivity of 5.99 in the K+/Mg2+ and 2.87 in the K+/Li+ systems, superior to commercial mono-
valent selective CEM NEOSAPTA CIMS (5.36 and 1.16). Monovalent selectivity was 

Figure 8. Influence of current density and concentration on selectivity between different counter-ions
in solution. The orange and purple curves represent the concentration profiles of two competing
counter-ions, Cation 1 and Cation 2, respectively. In (a), the applied current density, j1, is below the
specific limiting current density for both cations. The current density is evenly distributed among the
two cations. In (b), the current density is increased compared to (a), and the limiting current density
for Cation 2, j2, is reached. In (c), the current density is further increased to j3. Since the flux density
of Cation 2 has reached its maximum value at j2, the extra current goes solely into the increased ion
flux of Cation 1. Consequently, the selectivity of Cation 1 over Cation 2 increases when operating
electrodialysis above the limiting current density for Cation 2.

3. CEM Membrane Preparation for Metal Ion Selectivity

The recent developments in membrane fabrication techniques that influence metal
cation selectivity are presented, including the following topics, (i) surface modification,
(ii) structure and morphology of the polymer, and (iii) incorporating inorganic components
into the organic membrane structure.

3.1. Surface Modification

Given the importance of ion partition at CEMs, surface characteristics are critical, and
modifying membrane surfaces is an effective strategy to influence the membrane’s ability
to separate cations. In situ polymerization, the direct coating of charged polymers (i.e.,
static adsorption, layer-by-layer assembly, and electro-deposition) and surface chemical
modification were both explored as a means to modify the surface of the membranes to
enhance the selectivity between metal cations [65–67].

3.1.1. In Situ Polymerization

In situ polymerization of the monomers is the growth of polymer chains on the mem-
brane surface, which is a means to introduce a synergetic layer. Surface polymerization
of dopamine, aniline, and pyrrole to form the corresponding polymer has attracted con-
siderable interest in the last few years [68–71]. Dopamine, for example, can be oxidized in
an alkaline aqueous solution and binds to surfaces via strong adhesive forces [72]. Yang
and co-workers [73] fabricated CEMs by modifying sulfonated polysulfone (sPSF) mem-
branes via the co-deposition of dopamine and crown ether, followed by glutaraldehyde
crosslinking (Figure 9). Oxygen atoms of the crown ether ring selectively bind specific metal
ions through an ion−dipole interaction, which was mimicked by biological host−guest
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interactions between membrane proteins and ions. The resulting membrane yielded a
selectivity of 5.99 in the K+/Mg2+ and 2.87 in the K+/Li+ systems, superior to commercial
monovalent selective CEM NEOSAPTA CIMS (5.36 and 1.16). Monovalent selectivity was
attributed to the pore-size sieving by the compact surface-modified layer and host−guest
molecular recognition of the crown ether with K+ ions.
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Polyaniline is a cationic conductive polymer that possesses good chemical stability in
an acidic medium and can be readily prepared from aniline. Reig et al. [74] reported the
synthesis of a monovalent selective CEM by surface polymerization of polyaniline on a
polyvinylidene fluoride/sulfonated polyvinylidene fluoride (PVDF/sPVDF) membrane in
the presence of p-toluene sulfonic acid or L-valine (2-amino-3-methylbutanoic acid). The
dense layer of doped polyaniline resulted in a decreased rate of diffusion of the larger Mg2+

cations compared to Na+, resulting in doped membranes possessing a higher selectivity for
Na+ ions (Mg2+/Na+ = 0.13 for p-toluene sulfonic-acid-doped and Mg2+/Na+ = 0.09) and for
valine-doped compared to Mg2+/Na+ = 0.63 for unmodified membranes. The hydrophobicity
of valine amino acid provided a selective barrier for Mg2+

, which possesses higher hydration
energy compared to Na+ ions and is less likely to shed its waters of hydration required to enter
a more hydrophobic surface. In similar studies, a thin layer of polyaniline layer grafted on
the surface and into the pores of polyacrylonitrile-based ultrafiltration membranes increased
the selectivity of Na+ ions over Mg2+ ions, with monovalent selectivity increasing from 2.15
to 3.98 after surface modification [75]. Polyaniline provides a dense layer with fixed positive
charges, resulting in a sieving effect and electrostatic repulsion.

Similar to polyaniline, polypyrrole is a rigid polymer with weakly basic anion ex-
change groups [71,76]. A crosslinked polyethylene/polystyrene–divinylbenzene-based
membrane modified with polypyrrole in the presence of a high oxidant yielded selectivities
of Na+/Ca2+, Na+/Mg2+, and Na+/Cu2+ at 5.3, 6.2 and 7.5, respectively. Vazquez et al. [77]
applied the galvanostatic modification on CEMs by electrochemical polymerization of
polypyrrole without an oxidizing agent. The modified membranes showed a lower passage
of divalent cations than monovalent ones. It was ascribed to the fact that Mg2+ is a bulkier
ion possessing a higher charge and hydration radius than Na+, so the hindrance and elec-
trostatic repulsion were more significant. Very recently, Pan et al. [78] carried out the in situ
polymerization of pyrrole through subsequent quaternization. The charged surface and
crosslinking structure resulted in an improved Na2+/Mg2+ selectivity of 2.07.

3.1.2. Direct Coating of Charged Polymers

The coating of surface active agents onto the membrane by using electrostatic attrac-
tion and simple immersion is commonly used to modify the surface of membranes [79,80].
Specifically, the selectivity of monovalent cations is more pronounced when an adsorbed
layer possessing a positive charge is established on a CEM that carries pendant sulfonates
due to a stronger electrostatic repulsion of multivalent counter-ions. For example, Greben
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and co-workers [81] reported the transport of Mg2+, Ca2+, and Na+ metal ions through a
CEM modified with a single layer of chitosan, followed by crosslinking with epichlorohy-
drin, producing a positively charged surface. After modification, the ion selectivity ratios of
Na+/Ca2+ and Na+/Mg2+ were improved from 0.45 and 0.84 to 1.82 and 1.79, respectively.
Similarly, Jiang et al. [82] modified CEM CR671 by coating polyethyleneimine (PEI) onto
the normal grade CEM CR67 to enhance the selectivity of monovalent metal cations. PEI
is a positively charged polyelectrolyte where the degree of protonation depends on pH
value, and in an acidic medium, it is highly protonated [83]. Monovalent selectivity was
improved from 1.06 to 8.61 after the modification of CEM CR671 due to the repulsive forces
between the positively charged PEI coating and the multivalent cations. Very recently,
Wang et al. [84] developed mussel-inspired membranes through the crosslinking reaction
between PEI and different polyphenols on sulfonated polypropylene-based CEM to in-
vestigate the selective separation in Na+/Mg2+ and Li+/Mg2+ systems. Membranes with
relatively high positively charged surfaces resulted in high monovalent selectivity and
represented an enhanced stable structure.

Alternating deposition of layers of oppositely charged polymers can be applied as
a technique known as layer-by-layer (LbL) deposition to take the adsorption a step fur-
ther [85,86]. Since the standard CEMs are not selective between counter-ions but special-
grade CEMs (e.g., monovalent selective Neosepta CMS and Selemion CSO) are, to some
extent, selective to monovalent cations over divalent cations, several research groups em-
ployed LbL deposition of polyelectrolytes on commercial CEMs to improve metal ion
selectivity [87]. The surface of cationic membranes is mostly terminated by a positively
charged polyelectrolyte layer to increase the repulsion toward multivalent species based
on Coulomb’s law.

Deng et al. [88] modified commercial CEM by the LbL deposition of PEI and poly(acrylic
acid) (PAA) crosslinked with epichlorohydrin and reported long-term stable separation
efficiency of >0.65 for Na+, Ca2+, and Mg2+ ions. Membranes deposited by protonated PEI
resulted in a more hydrophobic surface compared to membranes terminated by PAA, al-
though PAA also played a major role in ion selectivity [89]. Bruening’s team has also shown
great interest in the selectivity of monovalent metal cations over divalent ones through LbL
deposition of poly(sodium 4-styrene sulfonate)/poly(allylamine hydrochloride (PSS/PAH)
polyelectrolyte on different commercial membranes, using electrodialysis, as summarized
in Table 2 [90–95]. Promising monovalent selectivities were achieved by creating a high
electrostatic barrier and dense structure against divalent ions (Figure 10). Selectivity be-
tween cations with the same valency has also been investigated via LbL deposition [96];
for instance, (PAH/PSS)5PAH multilayers were adsorbed onto the surface of Nafion mem-
branes to separate K+ from Li+ ions. In electrodialysis, LbL membranes modified at a pH
of 2.3 increased K+/Li+ selectivity from 1.7 to 7. They ascribed improved selectivity to the
lowest electrical mobility and partitioning of alkali Li+ cations from acidic solutions into
the membrane in addition to the obvious effect of Donnan exclusion and sieving.
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Table 2. Reported ion selectivity of LbL-modified CEMs in electrodialysis.

Commercial
Membrane

(Polyelectrolyte
Pair)n

Feeding Solution
(Diluted Cell)

Current Density
(mA·cm−2)

Ion Selectivity Ref.
Ion Pair Value Time

Fujifilm CEM (PAH/PSS)6PAH 0.025 M NaCl
0.01 M MgCl2

- Na+/Mg2+ 7.8 - [87]

CMX CEM (PEI/PSS)5PEI 0.05 M NaCl
0.05 M CaCl2

15 Na+/Ca2+ 1.35 6 h [89]

Nafion 115 CEM (PAH/PSS)5PAH

0.01 M LiNO3

0.63
Li+/Co2+ >1000

90 min [90]
0.01 M Co(NO3)2

0.01 M K(OAc)
K+/La2+ >930.01 M La(OAc)3

Whatman
Alumina

membrane
(PSS/PAH)5

0.01 M KCl

7.7 K+/Mg2+

>390 20 min

[91]0.01 M MgCl2 4.3 1.5 h
0.01 M KNO3

0.01 M Mg(NO3)2 >340 -

Nafion 115 CEM (PAH/PSS)5PAH 0.01 M KNO3
0.01 M Mg(NO3)2

1.27 K+/Mg2+ >1000 30 min [92]

Fujifilm CEM (PDADMAC/PSS)5
PDADMAC

0.01 M KNO3

6.3
K+/Mg2+ >1000

2 h [93]0.01 M Mg(NO3)2
0.01 M LiNO3 Li+/Co2+Co >10000.01 M Co(NO3)2

Nafion 115 (PAH/PSS)5PAH 0.01 M KCl
0.01 M MgCl2

3.42 K+/Mg2+ 32 2 h [94]

Nafion 115 CEM (PAH/PSS)5PAH
0.01 M KNO3

0.01 M Mg(NO3)2
0.01 M LiNO3

0.8 K+/Mg2+Li+/Mg2+ >100 6 h [95]

Nafion 115 (PAH/PSS)5PAH 0.01 M KNO3
0.01 M LiNO3

0.64 K+/Li+ 7 - [96]

LbL shows great promise for enhancing the selectivity of monovalent ions over di-
valent ions. Notwithstanding, there is a lack of understanding of the structure–property
relationships for polyelectrolyte multilayers, as well as their detailed characterization.
Therefore, they focused on structure–property relationships for multilayers with respect
to hydration, layer thickness, and charge of modified membranes. Rijnaart et al. [87]
examined surface layers of PAH/PSS deposition by LbL, using optical techniques and
ionic resistance measurements, and found that the selectivity for monovalent ions can be
manipulated by changing the ionic resistances of the charged layer. Thicker layers increase
the ionic resistance of the membrane. CEMs modified by 13 layers of polyelectrolytes
achieved monovalent selectivity as high as 7.8, comparable to the commercial monovalent
selective CSO (6.9), owing to an increase in electrostatic repulsion and non-ohmic resistance
hindering Mg2+ diffusion to the membrane. Furthermore, increasing the number of layers
decreased the hydration of the multilayer, thereby achieving higher monovalent selectivity
based on size exclusion also.

In contrast to the simple immersion coating of substrates in polyelectrolyte solu-
tions, Afsar et al. [97] fabricated modified polyvinyl alcohol-based (PVA) membranes
by alternately spray-coating cationic layers of quaternized PPO and anionic sulfonated
PPO (Figure 11) [98–100] and observed an ion selectivity value of 5 in Li+/Mg2+ system
with high resistance (23.54 Ω·cm2) due to the formation of a thick, dense layer by the
spray-coating method. Subsequently, the number of deposited layers was decreased to one
cationic polymer but crosslinked with glutaraldehyde, resulting in a selectivity of 12.7 for
Li+/Mg2+ with a reduced resistance [101].

Significant attention has also been devoted to surface modification by electro-deposition
to elevate the ion selectivity without increasing the resistance of the modified membranes.
In electro-deposition, a solution (including the modifier) is exposed to an electrical field by
applying an electrical potential to the electrodes that attract the oppositely charged modi-
fier, thereby depositing on the membrane surface inside the cell [83]. Greben et al. [102]
examined the effect of the electro-deposition of sulfonic cation exchange heterogeneous
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membranes with chitosan on the selectivity between Na+ and Mg2+ ions during electrodialy-
sis. The selectivity of the modified membrane with single-layer chitosan was found to be up
to 3.3. Hu et al. [103] utilized quaternized, positively charged chitosan by electro-deposition
to fractionate H+ and metal cations (Zn2+ and Al3+). The leakage of Zn2+ and Al3+ de-
creased from the range 8–9% (unmodified membrane) to around 1% (modified membrane)
as a result of more pronounced electrostatic and steric barriers for multivalent cations.
Subsequently, Li et al. [104] modified a commercial CEM with chitosan/aniline polymer
for the selectivity between H+/Zn2+, where the Zn2+ leakage decreased from 18% to 12%
with the increase of the aniline content owing to the formation of side polyaniline chains
on the chitosan, resulting in higher electrostatic repulsion to Zn2+. However, the leakage
remained at a stable level of about 12% despite a further increase in the aniline amount.
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Lambert et al. [105] studied the separation of Na+ from Cr3+, using PEI-modified
Nafion® 324. The separation percentages for Na+ and Cr3+ from the solution were 14%
and 42%, respectively. Luo et al. [106] also modified a single layer of PEI on conventional
heterogeneous CEMs by electro-deposition but with different molecular weights (Figure 12).
The pilot-scale electrodialysis experiments showed that by using a moderate molecular
weight of PEI, the selectivity for Ca2+/Na+ and Mg2+/Na+ systems was reduced from
0.36 and 0.81 to 0.11 and 0.12, respectively. Very recently, alternate electrodeposition of
(PEI/PSS) bilayers on a polyacrylate-based was carried out to fabricate a monovalent
selective CEM for Li+/Mg2+ separation [107], which revealed a selectivity of up to 4.59 and
temporal retardation on divalent cations, while a quick passage for monovalent cations
occurred through polyelectrolyte bilayers.
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3.1.3. Surface Chemical Modification

The chemical modification of membrane surfaces with different functional groups is
an effective method to introduce desired surface properties, including photo-induced im-
mobilization, diazonium-induced anchoring, and the formation of sulfonamides [108–111].
Wang et al. [112] modified the surface of a conventional CEM by photo-induced covalent
immobilization and self-crosslinking of azide-functionalized chitosan for Na+/Mg2+ and
H+/Zn2+ systems (Figure 13). Surface modification reduced the leakage of Zn2+ and Mg2+

ions by 27.4% and 62.4%, respectively, due again to increased charge intensity and com-
pactness of the surface layer, which amplified electrostatic repulsion and sieving of bulkier
cations. Liu et al. [113,114] used the photosensitive 4,4-diazo-stilbene-2,2-disulfonic acid
disodium salt to photo-crosslink the membrane surface to improve the selectivity and
durability of the membranes [113].
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Figure 13. CEM modification by the covalent immobilization and self-crosslinking of the chitosan.
Schematic illustration of membrane modification by electro-deposition. The figure is reprinted with
permission from [112] (Copyright © 2013, Elsevier).

A spontaneous grafting of aryldiazonium salts is a way to form covalent bonds at
the membrane surface [115]. A three-step modification comprising (i) diazonium-induced
carboxyl group grafting under UV-light irradiation, (ii) grafting of PEI by amidation of the
surface carboxyl groups, and (iii) glutaraldehyde-crosslinked PEI multilayers is represented
in Figure 14 [116,117]. A series of electrodialysis studies on H+/Zn2+ and Na+/Mg2+ cells
were conducted to evaluate the monovalent selectivity, which was reported to increase
after immobilization by decreasing the divalent ion leakage rate to < 10% of the pristine
membranes [116]. Using PEI-modified membranes reduced the Mg2+ and Zn2+ leakage by
75% and 81%, respectively, of their original value [117,118]. Modified membranes displayed
stable performance after 60 days but exhibited increased membrane resistance.
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The formation of sulfonamide bonds is a pathway to improve the stability between the
membrane surface and the active layer [119–122], wherein a solution of an amine is reacted
with a membrane possessing sulfonyl groups. Sata et al. [123] used sulfonamide bonding
between PEI and a commercial CEM membrane to investigate the selectivity between Na+

and Ca2+ ions. A monovalent selectivity of 3.3 was achieved. Similarly, Li and co-workers
also created sulfonamide bonds with surfactant poly-quaternium-7 and the surface of a
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chlorosulfonated commercial CEM [124]. The resulting membrane possessed cationic surface
groups and exhibited improved selectivity toward H+ in the electrodialysis by decreasing
Zn2+, Ca2+, and Mg2+ leakage from 22 to 14%, 53 to 38%, and 82 to 33%, respectively.

Interfacial polymerization is yet another effective way to create a thin layer through
membrane-covalent bonds with a membrane. Hou et al. [125] reported the synthesis of
an ultrathin polyamide selective layer on a negatively charged polyacrylonitrile porous
substrate via the interfacial polymerization of three water-soluble monomers (ethylene-
diamine, tetraethylenepentamine and PEI) with organic-soluble monomer, yielding the
selectivity between Na+ and Mg2+ of 3.3 when ethylenediamine was used. Li et al. [126]
fabricated a series of PVA-based monovalent anion-selective membranes by depositing a
thin electronegative layer with a loose structure on the surface of the membrane through
interfacial polymerization of 4,4′-diaminodiphenylamine-2′-sulfonic acid and trimesoyl
chloride. Membranes possessing the longest hydrophobic alkyl side chain and largest
4,4′-diaminodiphenylamine-2-sulfonic acid concentration resulted in the highest selectivity
value (6.3) but the largest membrane resistance.

Attaching quaternary amine functionalities may also be used to form covalent linkages
between the membrane and a surface layer. For instance, Yao et al. [127] immersed a CEM
into a chitosan solution. Subsequently, they carried out post-quaternization using the reaction
of glycidyl trimethyl ammonium chloride with amine groups of chitosan and performed
electrodialysis of H+/Zn2+. The modified membranes improved the separation ability between
H+ and Zn2+ by 10×, but the membrane possessed a high resistance (60 Ω·cm2). Hou
et al. [128] prepared nanofibrous composite membranes by impregnating bromomethylated
poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) electrospun nanofibrous mats into sulfonated
PPO solution (Figure 15), and the resulting membrane was immersed in a trimethylamine
solution to introduce positively charged quaternary ammonium groups. A selectivity of 1.6
was achieved in an electrodialysis cell with a feed of NaCl/MgCl2. Pang et al. [129] prepared
a cation-selective membrane with a commercial CEM by sequential surface polymerization of
aniline and quaternization with methyl iodide, and the quaternized polyaniline membranes
exhibited a Na+/Mg2+ selectivity of 4.1 and a Li+/Mg2+ selectivity of 1.75. The density of the
cationic surface charge was tuned by controlling the degree of quaternization. It was observed
that, with an increase in quaternization, the flux of both monovalent cations and divalent
cations decreased due to the increased repulsive force on both cations.
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3.2. Structure and Morphology of the Polymer Matrix

Tuning the structure of the CEM matrix is an effective approach to enhance metal ion
selectivity; incorporating functional groups into the polymer matrix, either prior to the
formation of the membrane or by post-fabrication, can alter its hydrophilic character, poros-
ity, charge density, and swelling characteristics—parameters that remarkably influence the
selectivity of counter-ions.

3.2.1. Physical Blend of Polymers

In principle, blending is a simple process in which at least two polymers are physically
mixed before membrane formation. One of the polymers must possess fixed-charge groups
or functionality, leading to fixed-charge groups. For CEMs, sulfonated polymers are
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typically used, and their properties are well-documented to blend with a second polymer
to enhance the overall properties of the fabricated membrane [130]. Tas et al. [131] prepared
CEMs by blending sulfonated poly(ether ether ketone) (sPEEK) with poly(arylene ether
ketone) possessing units of crown ether to study selective K+ ion transport over Li+ ions.
Selectivity was improved by ~4× compared to pure sPEEK membranes, and this was
ascribed to the enhanced hydrophobic character of the membrane. Sulfonated arylene
main-chain polymers are attractive materials for many electrochemical applications [132].
Poly(arylsulfone)s have been used in the preparation of CEMs, offering strong mechanical,
thermal, and chemical stability [133,134]. Gohil et al. [135] studied a blend of sulfonated
poly(ether sulfone) (sPES) and sPEEK for cation selectivity of Na+ in the presence of Ca2+

and Mg2+ ions. The selectivity values of divalent cations decreased with a decrease in
the weight fraction of sPEEK content (from 100% to 50%). Below 50% content, not all
ion exchange groups were available for ion transport, whereas, above that range, the
membranes swelled excessively.

Hydrophobic polymer PVDF may be sulfonated to possess good mechanical strength,
chemical resistance, and thermal stability but still has a low affinity with water even
after sulfonation because of its highly hydrophobic nature [136]. Farrokhzad et al. [137]
prepared hybrid CEMs composed of a blend of PVDF, sPVDF, and doped polyaniline, with
the latter serving as an additive. The selectivities of Ca2+/Na+ and Mg2+/Na+ were found
to be 2.9 and 2.2, respectively. It is postulated that a strong affinity between the negative
exchange sites of the membrane and divalent cations reduced the number of sites used
by the Na+ cations. Therefore, increasing the sulfonic groups in the membrane structure
enabled more sites to be used by divalent cations than monovalent ones, which increased
the divalent selectivity.

3.2.2. Micro-Phase Separated Structure from Chemically Grafted Polymer

As ion selectivity is a strong function of the affinity of ions for fixed-charge groups in the
membranes [138] and Gibbs hydration energy of an ion affects the affinity with the membrane,
especially through hydrophobic ones, the hydrophobic domains of the membrane can hinder
the permeation of strongly hydrated ions. In contrast, less hydrated ions can easily permeate
through the membrane [9,17,19]. Side-chain-type CEMs are believed to offer the prominent
hydrophilic/hydrophobic discrimination between the flexible functionalized segments and
unfunctionalized backbones, yielding a micro-phase separated structure that favors the high
mobility of counter-ions on conductive groups [139,140].

CEMs with different hydrophobic alkyl spacers and zwitterion structures have been
reported for monovalent/divalent metal cation separation. He et al. [141] synthesized
functionalized monovalent cation selective membranes containing zwitterionic side chains
with two quaternary ammonium groups and one sulfonic acid group. In the electrodial-
ysis process, the resulting membrane showed Na+/Mg2+ and H+/Zn2+ selectivity of 7.4
and 23.5, respectively. Irfan et al. [142] also utilized monovalent selective CEMs with a
zwitterion structure comprising three quaternary ammonium groups, two carboxylic acids,
and one sulfonic acid group. Synthesized quaternized poly(6-dimethylamino-1-hexanol-
N-2,3-dimethyl phenyl oxide) from BPPO and 6-dimethylamino-1-hexanol was used in
the membrane preparation. The modified zwitterion membranes containing hydrophobic
and hydrophilic domains were subjected to heating to crosslink the unreacted groups
within the structure. The selectivities of the fabricated membranes were 58.4 and 16.5 for
Na+/Mg2+ and Li+/Mg2+ systems, respectively. In theory, the sulfonic and carboxylic
acid groups act as continuous carriers for cation transmission, whereas the quaternary
ammonium group improved the separation of monovalent and divalent cations through
electrostatic repulsion. Consequently, the transfer of monovalent ions inside the membrane
was improved because of electrostatic attraction with negatively charged fixed groups,
whereas Mg2+ ion permeability was decreased owing to an increase in the electrostatic
repulsive effect in the membrane matrix. Moreover, the content of the crosslinking agent
and heat treatment contributed to the ion selectivity by the size-based exclusion of highly
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hydrated ions. More recently, selective CEMs from quaternized PPOs containing different
lengths of alkyl spacers were developed and grafted directly to the nitrogen-centered
cations connected to hydrophilic carboxylic and sulfonic acids groups (Figure 16) [143], and
the resulting membranes with longer hydrophobic alkyl spacer exhibited a high selectivity
of 25.26 in the Na+/Mg+2 system, suggesting that membrane hydrophobicity effectively
improved the transport of monovalent cation through the membrane.
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A different application of membrane architecture with nanophase separation was also
reported. Wang et al. [144] produced comb-shaped sPEEK membranes with long alkyl (butyl
and octyl) side chains for electrodialysis. The comb-shaped membranes prepared with 30%
substitution of octyl side chains showed a high H+/Fe2+ selectivity of 32.13. It was presumed
that well-defined hydrophilic/hydrophobic separation of the comb-shaped membranes by
increasing the degree of substitution and the length of the alkyl side chains enhanced the
transport of H+. Moreover, the lower ion exchange capacity and water uptake resulted in a
lower swelling ratio. Therefore, lower Fe2+ leakage was observed owing to the larger hydrated
radius of Fe2+ than that of H+ during the electrodialysis process. Lin et al. [145] recently
constructed novel cationic conductive biomimetic nanochannels by ionically crosslinking
sPEEK and quaternized PPO. Two electrolyte ionomers with opposite charges were used for
ionically crosslink membranes with other elementary pore units, forming an interconnected
structure. The resulting architecture caused the size-sieving and electrostatic repulsion effects,
yielding a high cationic selectivity of 7.91 for K+/Mg2+.

3.3. Inorganic–Organic Hybrid CEMs

There are several routes to synthesize hybrid CEMs, including intercalation, blending,
in situ polymerization, and molecular self-assembly [145]. Utilizing inorganic particles
or fillers has been one of the popular ways to enhance both ionic flux and the selectivity
of the membranes [146]. Hybrid CEMs consisting of a polymeric matrix and inorganic
fillers have received much attention in recent years due to their combined advantages from
both organic and inorganic materials. While polymers provide bulk phases with adjustable
charge density and processing ability, inorganic particles dispersed into the membrane bulk
can enhance thermal and mechanical stability, as well as desired electrochemical properties.

Inorganic–organic hybrid CEMs were first developed in the late 1990s, using a sol–
gel process for applications in severe conditions, such as high temperatures and strongly
oxidizing circumstances [147,148]. Kumar et al. [149] used the sol–gel method to prepare
PVA-silica-based selective CEMs through grafting functional groups (–SO3H) on the inor-
ganic segment (silica) under acidic conditions. For the Si-65%-modified membrane, the
electro-separation of Na+ from Ca2+, Mg2+, and Fe3+ was 3, 5.8, and 9.5, respectively. It
was explained by the fact that, after the inclusion of silica in the PVA matrix, the accessi-
bility of bulkier counter-ions to the fixed ionogenic sites on the membrane matrix became
more difficult for a more compact/rigid membrane matrix. Furthermore, the formation
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of hydrophilic channels by incorporating silica in the PVA matrix and functionalizing the
inorganic part resulted in a higher interaction with Na+ among all cations.

Srivastava et al. [150] prepared CEMs by homogeneously embedding BaCO3 nanopar-
ticles into a sulfonated PES matrix. The selectivity between Na+ and Mg2+ was obtained
as high as 8.8, which was attributed to the Mg2+ retentive nature of the embedded BaCO3
nanoparticles and the rigidity of modified membranes, allowing the electro-migration
of smaller ions (Na+) across the membrane, and retained relatively larger Mg2+ cations.
More recently, Golubenka et al. [151] fabricated hybrid CEMs by incorporating amorphous
zirconium phosphate into the bulk and the surface layer of heterogeneous CEM RALEX®

CM commercial membrane. It was shown that the surface-modified membranes improved
the selectivity to 0.7 (Ca2+/Na+) by decreasing the mobility of Ca2+ up to 4.6-fold. However,
relatively high ionic resistance of the resulting membranes was obtained depending on
the thickness of the modified layer, which might increase the energy loss and decrease the
current efficiency.

Metal oxides or metal particles can also be incorporated into membrane matrices as dif-
ferent types of inorganic components. An et al. [152] used 2-acrylamido-2-methylpropane
sulfonic acid and synthesized a series of novel inorganic–organic crosslinked membranes
by UV irradiation with various SiO2 loadings. The selectivity of all prepared membranes
increased gradually at low silica contents. When the silica content was 4 wt.%, the selectiv-
ities of 1.70, 5.84, and 25.67 were obtained in K+/Na+, K+/Mg2+, and K+/Ca2+ systems,
respectively. They deduced that, at low SiO2 contents, the silica might be fully combined
with the membrane matrix, resulting in less effective binding sites. This, in turn, reduced
the binding efficiency of multivalent cations and facilitated the migration of monovalent
cations through the membrane, but an area resistance of 140.11 (Ω·cm2) was reported.
Thakur et al. [153] also used poly(2-acrylamido-2-methyl-propane-sulfonic acid) with PVA
in the preparation of the crosslinked CEMs, followed by developing polymer–metal com-
posites for the separation of monovalent cations from divalent cations. The prepared
membrane surface was modified with copper loading in a single step by the ion exchange
process where the metallic counter-ion and reducing agent (hydrazine hydrate) diffused
through both sides of the membrane matrix, forming a homogenous and thin metallic layer.
The loaded metal particles showed improved surface compactness, which restricted the
transport of Ni2+ and Zn2+ ions without any significant deterioration in the transport of
Na+ ions.

Additionally, the inorganic fillers can be functionalized with desirable groups through
chemical or physical modification to construct continuous transfer pathways with addi-
tional transporting sites and to improve compatibility with the organic matrix for enhanced
mechanical stability [154]. Zhang et al. [154] developed Li+-selective CEMs by dispersing
two different kinds of lithium-ion sieves into an sPEEK matrix, including acidified lithium-
ion sieves and their sulfonation compound, as shown in Figure 17. They demonstrated
enhanced Li+ selectivity (Li+/Mg2+ = 3.1 and Li+/K+ = 1.3) due to the ion-sieve effect of the
channels, which weakened the migration of Mg2+ and K+ but allowed Li+ ions to transport
efficiently through the channels. The resultant hybrid membrane also reduced the area
resistance from 8.0 to less than 6.0 Ω·cm2.

MOFs can also be used to construct transfer pathways with tunable pores and functional
groups for ion fractionation. They have attracted considerable attention because of their
organic components, which can form synergism with polymers [145]. Zhang et al. [155]
prepared hybrid membranes with a polyvinyl chloride matrix and six different MOFs (ZIF-8,
UiO-66, HSO3-UiO-66, HKUST-1, MOF-808, and SO4-MOF-808) via the casting method to
separate Li+ from Mg2+ in the solution. The performance results represented that polyvinyl
chloride membrane containing sulfonated Zr-MOFs, HSO3-UiO-66 showed high stability
after a 78-day test in saline solution with the separation ratio of Li+/Mg2+ > 4. It was
reasoned that when the pore size of MOFs became smaller, hydrated Li+ ions removed water
molecules easier for entering the pore than hydrated Mg2+ ions. Moreover, the sulfonate
groups anchored in the MOFs delayed the Mg2+ transfer due to the strong binding affinity.



Membranes 2023, 13, 566 22 of 37

Recently, Abdollahzadeh et al. [156] introduced a highly tunable design concept to fabricate
monovalent cation selective membranes with asymmetric sub-nanometer pores. Relatively
high selectivity ratios of 84 and 80 for K+/Li+ and Na+/Li+ were represented. However, it
should be noted that pore defects are generally difficult to avoid in the growth of MOF films,
and it is still challenging to obtain full coverage of MOFs on supporting materials with a large
area. Moreover, membranes based on MOFs are difficult to develop because of poor chemical
stability and mechanical strength [157].
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Graphene has been used for the selective separation of monovalent ions due to its
good mechanical strength and chemical stability [158,159]. Zhang and co-workers were
inspired by biological ion channels and designed biomimic two-dimensional ionic transport
channels based on a graphene oxide membrane for efficient ion sieving [160]. The ionic
imidazole group tuning the appropriate physical confinement of 2D ionic transport channels
corresponds to the confined cavity structures of the biological selectivity filter, and the ionic
sulfonic group forming a favorable chemical environment of 2D ionic transport channels
denotes the affinitive binding sites along the selective filter (Figure 18). The resulting
ionic graphene oxide membrane represented K+/Ca2+, K+/Cu2+, K+/Mg2+, and K+/Fe3+

selectivities of 6.44, ~8.93, ~9.11, and ~28.29, respectively, with a faster K+ transport rate
compared with the pristine graphene oxide. This performance was explained by the fact that
while the sulfonic group accounted for affinity with hydrated K+ ions, the ionic imidazole
group suppressed the transport of hydrated divalent ions, providing physical confinement
of 2D ionic transport channels. Moreover, due to the high binding energy between the ionic
sulfonic group and a water molecule, the permeation of monovalent hydrated ions with
hydration shells of the ionic-graphene oxide membrane was significantly improved, while
multivalent metal cations underwent a steric hindrance exclusion effect. In a recent study
by Huang et al. [161], an interlayer charge-regulated graphene-oxide/PEI membrane was
developed for the separation of monovalent cations from divalent ones in a homemade
ion permeation device. The introduction of the positively charged PEI into the interlayer
of negatively charged GO laminates created an enhanced sieving effect, and the Donnan
exclusion resulted in a selectivity for K+/Mg2+, Na+/Mg2+, and Li+/Mg2+ of 33.8, 27.0,
and 21.9, respectively.
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4. Impact of Process Parameters on Metal Ion Selectivity

Ion selectivity is also significantly influenced by process conditions such as solution con-
centrations and composition, flow rate, and current density [162]. Therefore, it is paramount
to integrate process design with membrane material considerations to optimize ion selec-
tivity in electrodialysis. The main process control factors for favoring the transport of one
counter-ion over another in electrodialysis are the boundary layer thickness and current
density. According to the literature, divalent cations usually have a higher affinity to the CEM
than monovalent cations due to their higher valency [163–166]. When the limiting current is
not reached for any of the ions, the competitive transport between mono- and multivalent
ions is primarily governed by the partitioning with CEMs, as affirmed by various studies
in the field [164,167–170]. However, monovalent ions are smaller than multivalent ions and,
therefore, have a higher diffusive transport rate in the laminar boundary layer. Table 3 gives
an overview of recent studies on how the stack design and process conditions influence the
separation efficiency between counter-ions in electrodialysis.

Table 3. Overview of studies on separation of monovalent and divalent ions with electrodialysis.

Commercial
Membrane

U (V)
Current
Density
(A·m−2)

Stack Size A (m2)
vc vd vr ds Rinse

Solution
S (t)
(%)

Ion Selectivity Ref

(L·m−1) (L·m−1) (L·m−1) (mm) Ion Pair Value

Neosepta - div. 10 0.43 95 95 95 0.5 0.2 M
Na2SO4

- Na+/Ca2+Na+/Mg2+ 3.6–4.6
5.7–8.7 [171]

Selemion
CSO/ASV - 40 and 100 5 0.0945 40 40 40 - Na2SO4

27 and 25
56 and 54 Na+/Ca2+Na+/Mg2+ - [172]

Neosepta
CIMS/ACS - 40 and 100 5 0.0945 40 40 40 - Na2SO4

40 and 35
66 and 63 Na+/Ca2+Na+/Mg2+ - [172]

Neosepta
CMS - 150–500 2 - - - - - 0.5 M

H2KNO3S - Na+/Ca2+ 1–8 [173]

Selemion
CSO/ASA - 5.9–13.8 20 0.0507 - 6000–12,000 - 0.75

NaCl (cat.)
Na2SO4

(an.)
20.2–0.33 Li+/Mg2+ - [174]

Neosepta
ACS/CMX-

S
- 55–323 16 0.01 57.6 57.6 120 - 0.1 M

Na2SO4
- various - [63]

Neosepta
ACS/CMX-

S
30 - 20 0.138 200 200 200 - 0.17 M

NaCl - Na+/Ca2+/Mg2+ - [175]

Modified
Nafion 324 - 150 10 0.02 20 20 20 - 0.25 M

Na2SO4

0.02–0.84
0.33–0.89 Na+/Cr3+ - [105]

Neosepta
CMX/AMX
CMS/ACS

- 20–200 14 0.1456 0.9 0.9 7.2 - 0.5 M NaCl 0.21–0.75 Na+/Mg2+ - [176]

PC-SA/SK
PC-

MVA/SK
- 3.125–15.625 5 0.032 30 30 150 0.5 0.1 M

H2SO4

−0.04–0.20
0.01–0.07 - [177]

PC-SA/SK
PC-

MVA/SK
- 3.125–15.625 5 0.032 30 30 150 0.5 0.1 M

H2SO4

−0.23–0.28
−0.04–0.08 - [177]

PC-SA/SK
PC-

MVA/SK
- 3.125–15.625 5 0.032 30 30 150 0.5 0.1 M

H2SO4
- - [177]

PC-SA/SK
PC-

MVA/SK
- 3.125–15.625 5 0.032 30 30 150 0.5 0.1 M

H2SO4
- -
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Table 3. Cont.

Commercial
Membrane

U (V)
Current
Density
(A·m−2)

Stack Size A (m2)
vc vd vr ds Rinse

Solution
S (t)
(%)

Ion Selectivity Ref

(L·m−1) (L·m−1) (L·m−1) (mm) Ion Pair Value

CIMS
TWDDC1
TFC-CIMS

- 50–500 1 0.002 20 40 10 20 0.255 M
Na2SO4

- Na+/Mg2+ 50–100 [178]

Selemion
CMV/AMV - - 10 0.0563 12, 24, 26,

48 12, 24, 26, 48 78 0.408

each 10
mM KNO3

and
Ca(CH3COO)2

- K+/Ca2+ - [22]

Neosepta
CMX/AMX - 10–300 9 0.1872 0.9 0.9 6 0.5 0.5 M NaCl - Na+/Mg2+/Ca2+ 10–300 [179]

Neosepta
CMX/AMX 7.26 - 10 0.1 96 96 - - - - - [180]

Neosepta
CMX/AMX - 37.5–275 10 0.08 80 80 180 - 0.3 M

Na2SO4
- Na+/Mg2+ 37.5–275 [181]

Neosepta
CMX/AMX 5, 10 - 10 0.1 30, 96 30, 96 30, 96 - - - Na+/K+/Mg2+/Ca2+ - [182]

Neosepta
CMX/CMS/AMX - 62–143 1 0.0011 60 60 60 - 0.5 M

Na2SO4
- Na+/Ca2+ 0.46–2.68 [183]

Neosepta
CMX-

fg/AMX-
fg

10, 15 - 10 0.0064 0.5 0.5 - - - - Na+/K+ - [184]

4.1. Boundary Layer Thickness

In general, a thicker boundary layer provides an advantage to monovalent over
divalent ions due to the increasing importance of diffusive transport through the boundary
layer. Conversely, the selectivity for divalent over monovalent ions increases for common
IEMs when the bulk electrolyte is thoroughly mixed, and the selectivity is primarily
determined by the ion affinity to the membrane. When using monovalent selective IEMs,
the situation becomes more complex. Divalent ions get repelled from the membrane surface,
building up an accumulation and hindering the passage of other ions. Additionally, the
effect of Donnan exclusion is weakened [173,183]. Therefore, mixing plays a decisive role
in electrodialysis with counter-ion selectivity.

The boundary layer thickness decreases by increasing the flow rate at which the
feed solution travels through the electrodialysis stack. In general, the limiting current
density increases with an increasing flow rate because the diffusion layer is thinner, and the
transport rate of ions to the membrane surface is accelerated. In the cases where the target
cation is present in trace concentrations, increasing mixing will increase the target cation’s
limiting current density and lower the time and/or space requirement of electrodialysis.
Kim et al. [22] studied the effect of the flow rate on selectivity between Ca2+ and K+ in
electrodialysis with standard commercial CEMs. They found that increasing the flow rate
accelerated the relative separation rate of Ca2+ over K+. While the CEM is more selective
toward Ca2+ due to its greater ionic charge, the boundary layer is favorable for K+ transport
due to its greater diffusivity, approximately three times that of Ca2+.

Nie et al. [174] investigated the influence of the flow rate on the Li+/Mg2+ separation
performance by using monovalent selective CEMs. Increasing the flow rate increased the
mass transport of Li+ but had no significant effect on Mg2+. Consequently, the selectivity
for Li+ over Mg2+ was enhanced by increasing the flow rate. Mg2+ was considerably more
abundant than Li+, with mass ratios from 21 to 422 between the cations. The increased
flow rate might have induced back-mixing of Mg2+ that accumulated at the surface of the
monovalent selective CEMs and thereby hindered the passage of Li+. At the same time,
the low Li+ concentration could have led to the depletion of Li+ ions at the membrane
surface, limiting Li+ transport diffusion. By increasing the flow rate, i.e., decreasing the
boundary layer thickness, more Li+ ions are available at the membrane surface, increasing
the transport ratio of Li+ versus Mg2+. Hence, concentration effects on the mass transport
through the boundary layer need to be considered when evaluating the implications of
varying the flow rate.

Apart from increasing the flow rate, which might be limited by the pressure drop in the
electrodialysis cell, another common approach to enhance mixing is to install convection
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promoters near the membrane surface, such as spacers. The geometry of such spacers,
such as the length-to-height ratio, can be optimized to maximize the mass transfer [185].
However, non-conductive spacers significantly increase the resistance in electrodialysis,
as they block off parts of the membrane area. Sano et al. [186] tested porous spacers
made of ceramic foam for electrodialysis as an alternative to meshed spacers. The ceramic
foam’s hydrodynamic mixing behavior assisted in suppressing concentration polarization,
consequently allowing for a higher limiting current density. The experimental results
indicate a notable increase in the limiting current density when employing porous spacers
in contrast to meshed spacers, as observed in a comparative analysis of setups lacking
spacers. A higher limiting current density allows for higher currents to be applied without
compromising the current efficiency. Consequently, a higher mass transport rate of the
target ion can be achieved.

4.2. Current Density

Current density controls the mass transport regime and, hence, impacts ion selectivity.
At under-limiting current densities, the ion selectivity is determined by the transport rate
of the competing ions in the membrane, while at over-limiting current densities, the ion
selectivity is predominantly determined by the transport properties of the ions in the
boundary layer [173,187,188]. For non-selective IEMs, it is reported that a lower current
density leads to a more complete reduction in the concentration of divalent over the
monovalent cations [22,179,181], and this is ascribed to the positive correlation between
valency and membrane affinity. However, with the increasing current density [189], the
kinetic control is shifted from the membrane phase to the boundary layer, leading to a loss of
membrane selectivity, but it usually benefits monovalent ions due to their generally higher
diffusivities [189]. Concentration polarization is the effect that impedes ion transport
through the membrane and transfers kinetic control to the boundary layer. However,
the change in ion selectivity manifests itself well before the current–voltage curves shift
from an ohmic to non-ohmic behavior [190]. Similar findings have been reported for
selectivity between like-charged cations: Ozkul et al. [184] modeled the mass transport of
Na+ and K+ through a CEM, considering contributions from electromigration, diffusion,
and convection. Electromigration and convection were dominant at the beginning of the
experiments, promoting selectivity for K+, which has a higher affinity to the membrane.
With increasing concentration polarization, diffusion became more significant, increasing
the mass transport of Na+ over K+.

Roghmans et al. [183] compared the dependence of ion selectivity between Ca2+ and
Na+ on current density for a monovalent selective and a normal-grade CEM. While the
common CEM met the expectation of increasing Na+ selectivity with increasing current,
the reverse relation was observed for the monovalent selective CEM. Ambiguous findings
are reported for the influence of current density on the selectivity between monovalent
and divalent ions, using monovalent selective membranes. Zhang et al. [172] compared
the selective removal of Na+ over Ca2+ (concentration ratio Ca2+/Na+ = 44) and Na+

over Mg2+ (concentration ratio Mg2+/Na+ = 103) by testing two different monovalent
selective CEMs at two current density levels. Increasing the current density from 40 to
100 A/m2 did not significantly alter the final Na+ concentration. However, the permeance
of both Mg2+ and Ca2+ increased significantly. Other studies confirm this current density
dependence for Na+ over Mg2+, also when using a 1:1 concentration ratio of monovalent
to divalent ions [173,178]. Xu et al. [63] reported that the transport of divalent cations
through monovalent selective CEMs was increased with the increasing the current density.
Conversely, Nie et al. [174] found that a higher current density increased the selectivity
between Li+ over Mg2+ ions, using a monovalent selective CEM and mass ratios for
Mg2+/Li+ between 21 and 422.

The inconsistent findings about the influence of current density on the selectivity be-
tween monovalent and divalent cations using monovalent selective CEMs can be explained
by a model developed by Gorobchenko et al. [191] that identifies three current control
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regimes: (1) at low current densities, ion diffusion to the membrane surface is fast enough
to avert ion depletion, leaving the transport rate control to the substrate layer, which favors
multivalent over monovalent cations; (2) with increasing current density, the control is
shifted to the modified layer, promoting selectivity for monovalent over divalent cations;
and (3) close to the limiting current density of the mixture, the membrane selectivity is
negligible, and the counter-ion selectivity is determined by the diffusion in the boundary
layer, leading to a loss in ion selectivity. For the selective transport of Ca2+ and Na+ through
a CEM modified with a surface layer for monovalent selectivity, the model predicted an
increase of monovalent selectivity with the current density at lower currents until passing
through a maximum followed by a drop in selectivity [191], and this agrees with former
studies on ion exchange membranes [192]. In consequence, the dependence of the ion
selectivity on the electric current density has a maximum, and the findings of different
groups can differ according to the current regime they applied. The established model
suggests that the maximum selectivity for Na+ over Ca2+ was reached close to the limiting
value of the Na+ ion flux. Zimmermann et al. [7] exploited this concept for separating
monovalent from divalent ions with monovalent selective IEMs, where operating electro-
dialysis according to the limiting current density of the target ion yielded greater selectivity
compared to working at higher or lower currents.

Recent research suggested that applying a pulsed electric field during electrodialysis
can help mitigate the loss of ion selectivity at increased current densities [23,193]. Instead
of drawing a constant current, a non-stationary electric current regime is imposed, where
pulses of current are followed by pause lapses. The pulsed electric field effectively increases
ionic mass transfer and decreases concentration polarization, mitigating membrane foul-
ing and scaling. During the pause lapse, the boundary layer degenerates, and the ionic
concentration gradients flatten, shifting the kinetic control back to the membrane. This
effect was successfully used to maintain the selectivity of Ca2+ over Na+ with an increasing
current density.

4.3. Concentration and Composition

The solution composition plays a crucial role in how the current is distributed among
competing counter-ions. An accurate understanding of the influence of electrolyte concentra-
tions and composition on ion selectivity is thus needed to develop electrodialysis applications
with preferential removal between counter-ions. The influence of solution concentration
on ion selectivity has been studied by different groups, both theoretically [194–196] and
experimentally [162,172,197–200]. It is coherently reported that the ion selectivity decreases
with increasing salinity of the feed solutions. The loss of ion selectivity with salinity has
also commonly been attributed to back diffusion [184] and the loss of the charge-exclusion
ability of the membrane at high concentrations due to the charge screening [181,194]. As a
result of their high affinity, multivalent ions can be attracted to the membrane’s fixed charges,
thereby neutralizing the membrane matrix and leading to increased selectivity for monovalent
over multivalent ions [201]. Conversely, charge screening could increase the permeation of
multivalent ions when working with monovalent selective IEMs. If the selective layer is
neutralized, the electrostatic exclusion acting on multivalent ions is reduced, and multivalent
ions can permeate the membrane to a greater extent. Zhu et al. [93] studied this behavior for
the selective separation of Mg2+ and K+, using monovalent selective CEMs, and found that the
Mg2+ flux increased at higher feed concentrations. Firdarous et al. [175] studied the sensitivity
of mass transfer of Na+, Mg2+, and Ca2+ to the presence and concentration of the respective
ions. The target was the selective removal of Na+ over Mg2+ and Ca2+ across monovalent
selective CEMs. While the divalent cation transfer fluxes showed very little sensitivity to the
presence of Na+, the presence of divalent cations retarded the flux of Na+. Additionally, when
both Mg2+ and Ca2+ were present in the solution, a strong effect of mutual abatement of their
respective fluxes was observed. Furthermore, the transfer fluxes of Mg2+ and Ca2+ showed
little sensitivity to the respective ion concentrations, while the Na+ flux was significantly
enhanced by the Na+ concentration in the solution [175]. Since the divalent cations have a
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stronger affinity to the ion exchange sites, they block the sites for Na+. On the other hand,
the weaker repulsion energy at the membrane–solution interface and weaker affinity to the
exchange groups acting on Na+ allow for higher mobility. The lower number of available sites
for Na+ is compensated for by a large diffusivity, which is sensitive to the ion concentration in
the solution. Galama et al. [179] reported that lower initial concentrations of Ca2+ and Mg2+,
as well as K+, compared to Na+ lead to a stronger depletion of these ions in the transport
layer adjacent to the membrane surface. These boundary-layer effects are reported to be more
pronounced at higher applied current densities, resulting in a reduced transport of ions with
a low initial concentration. Consequently, when competing counter-ions exist in different
concentrations, the current density can control the selectivity between counter-ions, as proven
by Zimmermann et al. [7]. The membrane selectivity decreases when the diluate concentration
falls below a certain threshold [171,202], which can be attributed to the loss of ionic strength
in the solution and boundary layer, causing high resistance and shifting kinetic control from
the membrane matrix to the boundary layer, in a similar way as for increasing current density.
Continuous operation or an alternative process design, such as multi-step electrodialysis,
could be a solution to counteract this performance drop.

4.4. Process Design

The ion transport rates and selectivity in electrodialysis can be enhanced by opti-
mizing the process design. Efforts to increase the ion removal rate during electrodialysis
desalination include multistage electrodialysis [203,204], feed-forward voltage control of
the electrodialysis unit [205], and dynamic current density [206]. Multistage electrodialysis
can be adopted to keep the ion concentration gradient across the membrane below a certain
threshold, which can be used to increase ion selectivity in multi-ionic mixtures. Time-
variant voltage control can raise the average ratio of applied current to limiting current
density and, consequently, increase the rate of ion transfer. An alternative electrodialysis
stack configuration referred to as selectrodialysis was proposed by Zhang et al. [207]. The
process aims to fractionate counter-ions of different valences while simultaneously desali-
nating the feed solution. A unit cell in selectrodialysis consists of cell triplets rather than cell
pairs. A cell triplet is formed by stacking a non-selective AEM, a non-selective CEM, and
a monovalent selective CEM for the fractionation of cations. During the selectrodialysis,
three major effects occur: (1) the feed water between the AEM and CEM gets desalinated,
(2) the multivalent ion concentration in the product between the CEM and the monovalent
CEM increases, and (3) the brine between the monovalent CEM and AEM becomes more
concentrated in ions. In this way, not only is the feed solution desalinated but also the
product stream fractionated, meaning that the multivalent ions are collected as a separate
product. Ghyselbrecht et al. [208] used this concept to recover Mg2+ from seawater. In
another study, Zn2+ and Cu2+ were recovered from acidic metallurgical process streams,
where arsenic (mainly present as anionic species H2AsO4

−) and Na+ were collected in
the waste stream [209]. This last example insinuates the importance of considering the
speciation of different cations when treating multi-ionic mixtures, as it varies with process
parameters such as pH, temperature, and concentration.

4.5. pH and Temperature

Cifuentes et al. [210] studied the electrodialysis of H2SO4-CuSO4 electrolytes with
metallic impurities in the form of As and Sb. Both As and Sb could be present as neutral
complexes, cationic (i.e., H4AsO3

+) or anionic (i.e., H2AsO4
−) species, depending on the

oxidation state of the dissolved species and the solution pH and temperature. For As and
Cu2+, the concentration of dissolved species was highly dependent on temperature, acidity,
and concentration. An increase in the solution temperature from 22 ◦C to 44 ◦C caused a
nearly 40% increase in the Cu2+ transport rate, which was ascribed to the enhanced disso-
ciation of Cu2+ with temperature and the increasing solution conductivity that correlates
positively with ion mobility. However, the Cu2+/H+ ratio was expected to decrease with
temperature due to a more pronounced decrease in the association of H+ than Cu2+. The
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solution temperature is further negatively correlated with the viscosity, which influences
the mass transfer by diffusion. Nie et al. [174] compared the selectivity between Li+ and
Mg2+ at 15 ◦C and 30 ◦C and found that selectivity for Li+ over Mg2+ was higher at the
lower temperature value. The enhanced conductivity with increasing temperature benefits
multivalent ions due to their greater charge density compared to monovalent ions, whereas
the increasing significance of diffusivity at lower temperatures favors the relative transport
of monovalent over multivalent ions.

Evidently, varying the pH and temperature can be a strategy to manipulate counter-ion
selectivity by controlling the degree of complexation/dissociation and the relative transport
rates of different species in a multi-ionic mixture. However, studies on the influence of
temperature and pH on the selective separation between counter-ions are scarce and, hence,
present a possible target for future research.

4.6. Solvent

A few studies were carried out on the effect of solvent on ion selectivity [175,211–213].
Kameche et al. [213] compared the relative transport rates between protons and Li+, Na+, K+,
and Cs+ through a CEM when using water, methanol, N-methyl-formamide, or acetonitrile.
It was found that organic solvents increased the transport rates of the alkali metal cations
while decreasing the protonic transport rate. Rottiers et al. [173] studied the effect of different
solvents on competitive transport between protons, Na+, and Ca2+. Pure water as a solvent
was compared to water/methanol and water/ethanol mixtures. The amount of nonpolar
solvent favored the transport of Ca2+ over Na+ due to its influence on ion mobility. The
conductivity (and, thus, mobility) of Ca2+ was higher when using nonpolar co-solvents than
pure water, while the opposite was observed for Na+. However, ion selectivity between Na+

and H+ was enhanced when using a nonpolar solvent compared to water, as the conductivity
loss in the mixed solvent was higher for protons than Na+. The influence of ethanol was larger
than that of methanol due to its higher non-polarity. Using different solvents for achieving
increased mobility of the target species and/or restricting the conductivity of the competing
species is a promising, yet little investigated, approach for manipulating counter-ion selectivity
in electrodialysis.

5. Conclusions

Basic applications of CEMs in the electrodialysis process include the recovery and
enrichment of desired metal ions and removal of unwanted species from process streams.
Standard CEMs can achieve this task to some extent but provide a limited separation ability
between counter-ions. Fortunately, advances in monovalent selective CEM development
and new findings in electrodialysis process design have made it possible to separate metal
cations of different or equal valences through CEMs.

In the presence of competing metal ions, different strategies have been found to be
effective for improving ion selectivity. Depending on the ionic characteristics, choosing a
suitable membrane preparation method is of pivotal importance to achieve the intended
selectivity. Surface modification by an opposite-charged polyelectrolyte layer can offer
outstanding selective separation properties due to creating affinity differences between
competing metal ions. However, the addition of several charged layers on a membrane
surface tends to increase the surface electrical resistance and instability of the modified
layers. In the case of the active layer detachment from the support membrane, multilayers
can be constructed by electric-pulse and alternating current deposition technology or
surface chemical modification.

Regulating the CEM matrices can also be an effective strategy to enhance ion selectivity.
The increased polarity difference between hydrophilic and hydrophobic segments within a
CEM matrix renders a more obvious nano-phase separation with an ordered morphology,
and the precise control of ion channels within the nanoscale can effectively improve the
transport and selectivity of cations.
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Adding and functionalizing inorganic particles or fillers can also improve ion selec-
tivity between monovalent and divalent cations. Inorganic phases embedded within a
polymeric matrix might have different components, such as metal oxides, MOF, graphene
oxide, and carbon nanotubes, through which the selective mechanisms are mainly governed
by the electrostatic repulsive force interaction and pore-size sieving effect.

The flow rate significantly influences counter-ion selectivity in both common CEMs
and monovalent selective CEMs. Increasing flow rate promotes the transport of multivalent
ions over monovalent ions in common CEMs, while the opposite occurs in monovalent
selective CEMs. Increasing the ion selectivity often involves reducing the boundary layer
thickness by enhanced mixing. However, the boundary layer can also be exploited to
selectively transport one cation over another, particularly when the competing cations have
different concentrations. A lower concentration of a species relative to another leads to
more complete depletion of that species in the boundary layer. Understanding the current
distribution among competing counter-ions is crucial to determine when a species’ mass
transport becomes diffusion-limited. The differential mass transport control based on ion
concentration and applied current is an important tool for controlling ion selectivity in
conjunction with membrane characteristics.

6. Outlook

Tailor-made CEMs and process optimization for separating metal ions offer promising
performances in electrodialysis applications. However, the selective separation of certain
metals remains at moderate values. More research is needed to develop new robust CEMs
with increased ion selectivity, specifically between metal ions of the same valency. Moreover,
the practical application of CEMs in electrodialysis for the selective recovery of precious
and noble metals is scarce and requires urgent attention. Furthermore, more work needs
to be performed to increase long-term stability without increasing the membrane surface
resistance, while maintaining a high ion selectivity. Knowledge gaps should be clarified
with regard to the effects of temperature, pH, and solvent in electrodialysis with counter-ion
selectivity. Additionally, more research is needed on the feasibility of separating cations
with the same charge sign and removing trace concentrations of target cations in multi-ionic
mixtures, since these cases prevail in the industrial processes where electrodialysis with
cations selectivity is of interest.
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86. Bar, C.; Çaǧlar, N.; Uz, M.; Mallapragada, S.K.; Altinkaya, S.A. Development of a High-Flux Thin-Film Composite Nanofiltration
Membrane with Sub-Nanometer Selectivity Using a PH and Temperature-Responsive Pentablock Co-Polymer. ACS Appl. Mater.
Interfaces 2019, 11, 31367–31377. [CrossRef] [PubMed]

87. Rijnaarts, T.; Reurink, D.M.; Radmanesh, F.; de Vos, W.M.; Nijmeijer, K. Layer-by-Layer Coatings on Ion Exchange Membranes:
Effect of Multilayer Charge and Hydration on Monovalent Ion Selectivities. J. Memb. Sci. 2019, 570–571, 513–521. [CrossRef]

88. Deng, H.; Wang, Z.; Zhang, W.; Hu, B.; Zhang, S. Preparation and Monovalent Selective Properties of Multilayer Polyelectrolyte
Modified Cation-Exchange Membranes. J. Appl. Polym. Sci. 2015, 132, 1–7. [CrossRef]

89. Abdu, S.; Martí-Calatayud, M.C.; Wong, J.E.; García-Gabaldón, M.; Wessling, M. Layer-by-Layer Modification of Cation Exchange
Membranes Controls Ion Selectivity and Water Splitting. ACS Appl. Mater. Interfaces 2014, 6, 1843–1854. [CrossRef]

https://doi.org/10.1016/j.colsurfa.2016.06.026
https://doi.org/10.1016/j.desal.2011.03.010
https://doi.org/10.1016/j.coche.2018.01.002
https://doi.org/10.1016/j.polymer.2016.04.064
https://doi.org/10.1016/j.memsci.2015.04.014
https://doi.org/10.1149/1.1391648
https://doi.org/10.1021/jp961024o
https://doi.org/10.1126/science.1147241
https://doi.org/10.1021/acsami.8b21031
https://doi.org/10.1016/j.desal.2015.07.023
https://doi.org/10.1002/app.45692
https://doi.org/10.1016/j.memsci.2006.01.020
https://doi.org/10.1016/j.desal.2017.04.028
https://doi.org/10.1016/j.cclet.2021.08.121
https://doi.org/10.1007/s11581-011-0627-2
https://doi.org/10.1016/j.seppur.2018.06.020
https://doi.org/10.1134/S1070427211030244
https://doi.org/10.1016/j.memsci.2018.11.038
https://doi.org/10.1016/S0011-9164(03)00241-8
https://doi.org/10.1016/j.memsci.2022.120703
https://doi.org/10.1016/j.jcis.2018.10.089
https://doi.org/10.1021/acsami.9b10273
https://www.ncbi.nlm.nih.gov/pubmed/31424905
https://doi.org/10.1016/j.memsci.2018.10.074
https://doi.org/10.1002/app.41488
https://doi.org/10.1021/am4048317


Membranes 2023, 13, 566 33 of 37

90. 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,
478–485. [CrossRef]

91. 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. [CrossRef]

92. 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 2015, 7, 6620–6628. [CrossRef]
[PubMed]

93. 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. Memb. Sci. 2017, 537,
177–185. [CrossRef]

94. Ahmad, M.; Yaroshchuk, A.; Bruening, M.L. Moderate PH Changes Alter the Fluxes, Selectivities and Limiting Currents in Ion
Transport through Polyelectrolyte Multilayers Deposited on Membranes. J. Memb. Sci. 2020, 616, 118570. [CrossRef]

95. Ding, D.; Yaroshchuk, A.; Bruening, M.L. Electrodialysis through Nafion Membranes Coated with Polyelectrolyte Multilayers
Yields >99% Pure Monovalent Ions at High Recoveries. J. Memb. Sci. 2022, 647, 120294. [CrossRef]

96. 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.
[CrossRef] [PubMed]

97. Afsar, N.U.; Shehzad, M.A.; Irfan, M.; Emmanuel, K.; Sheng, F.; Xu, T.; Ren, X.; Ge, L.; Xu, T. Cation Exchange Membrane
Integrated with Cationic and Anionic Layers for Selective Ion Separation via Electrodialysis. Desalination 2019, 458, 25–33.
[CrossRef]

98. Khan, M.I.; Mondal, A.N.; Tong, B.; Jiang, C.; Emmanuel, K.; Yang, Z.; Wu, L.; Xu, T. Development of BPPO-Based Anion
Exchange Membranes for Electrodialysis Desalination Applications. Desalination 2016, 391, 61–68. [CrossRef]

99. Xu, T.; Wu, D.; Wu, L. Poly(2,6-Dimethyl-1,4-Phenylene Oxide) (PPO)-A Versatile Starting Polymer for Proton Conductive
Membranes (PCMs). Prog. Polym. Sci. 2008, 33, 894–915. [CrossRef]

100. Zhou, J.; Zuo, P.; Liu, Y.; Yang, Z.; Xu, T. Ion Exchange Membranes from Poly(2,6-Dimethyl-1,4-Phenylene Oxide) and Related
Applications. Sci. China Chem. 2018, 61, 1062–1087. [CrossRef]

101. Afsar, N.U.; Ji, W.; Wu, B.; Shehzad, M.A.; Ge, L.; Xu, T. SPPO-Based Cation Exchange Membranes with a Positively Charged
Layer for Cation Fractionation. Desalination 2019, 472, 114145. [CrossRef]

102. Greben, V.P.; Rodzik, I.G. Difference in Transfer of Magnesium and Sodium Ions through Electrodialytic Membranes Modified
with Chitosan. Russ. J. Appl. Chem. 2008, 81, 412–414. [CrossRef]

103. Hu, Y.; Wang, M.; Wang, D.; Gao, X.; Gao, C. Feasibility Study on Surface Modification of Cation Exchange Membranes by
Quaternized Chitosan for Improving Its Selectivity. J. Memb. Sci. 2008, 319, 5–9. [CrossRef]

104. Li, J.; Xu, Y.; Hu, M.; Shen, J.; Gao, C.; Van Der Bruggen, B. Enhanced Conductivity of Monovalent Cation Exchange Membranes
with Chitosan/PANI Composite Modification. RSC Adv. 2015, 5, 90969–90975. [CrossRef]

105. Lambert, J.; Avila-Rodriguez, M.; Durand, G.; Rakib, M. Separation of Sodium Ions from Trivalent Chromium by Electrodialysis
Using Monovalent Cation Selective Membranes. J. Memb. Sci. 2006, 280, 219–225. [CrossRef]

106. Luo, K.; Jia, Y.X.; Liu, X.X.; Wang, M. On-Line Construction of Electrodialyzer with Mono-Cation Permselectivity and Its
Application in Reclamation of High Salinity Wastewater. Desalination 2019, 454, 38–47. [CrossRef]

107. Ying, J.; Lin, Y.; Zhang, Y.; Jin, Y.; Matsuyama, H.; Yu, J. Layer-by-Layer Assembly of Cation Exchange Membrane for Highly
Efficient Monovalent Ion Selectivity. Chem. Eng. J. 2022, 446, 137076. [CrossRef]

108. Huang, X.H.; Zhang, M.M.; Dou, X.W.; Lu, X.; Qin, Y.J.; Zhang, P.; Shi, J.H.; Guo, Z.X. Strengthened Graphene Oxide/Diazoresin
Multilayer Composites from Layer-by-Layer Assembly and Cross-Linking. Chinese Chem. Lett. 2015, 26, 1155–1157. [CrossRef]

109. Pan, J.; Ding, J.; Tan, R.; Chen, G.; Zhao, Y.; Gao, C.; Van der Bruggen, B.; Shen, J. Preparation of a Monovalent Selective Anion
Exchange Membrane through Constructing a Covalently Crosslinked Interface by Electro-Deposition of Polyethyleneimine. J.
Memb. Sci. 2017, 539, 263–272. [CrossRef]

110. Shi, J.; Qin, Y.; Luo, H.; Guo, Z.X.; Woo, H.S.; Park, D.K. Covalently Attached Multilayer Self-Assemblies of Single-Walled Carbon
Nanotubols and Diazoresins. Nanotechnology 2007, 18, 16–21. [CrossRef]

111. Sun, J.; Wu, T.; Sun, Y.; Wang, Z.; Zhang, X.; Shen, J.; Cao, W. Fabrication of a Covalently Attached Multilayer via Photolysis of
Layer-by-Layer Self-Assembled Films Containing Diazo-Resins. Chem. Commun. 1998, 17, 1853–1854. [CrossRef]

112. Wang, M.; Jia, Y.X.; Yao, T.T.; Wang, K.K. The Endowment of Monovalent Selectivity to Cation Exchange Membrane by Photo-
Induced Covalent Immobilization and Self-Crosslinking of Chitosan. J. Memb. Sci. 2013, 442, 39–47. [CrossRef]

113. Liu, H.; Ruan, H.; Zhao, Y.; Pan, J.; Sotto, A.; Gao, C.; van der Bruggen, B.; Shen, J. A Facile Avenue to Modify Polyelectrolyte
Multilayers on Anion Exchange Membranes to Enhance Monovalent Selectivity and Durability Simultaneously. J. Memb. Sci.
2017, 543, 310–318. [CrossRef]

114. Liu, H.; Jiang, Y.; Ding, J.; Shi, W.; Pan, J.; Gao, C.; Shen, J.; van der Bruggen, B. Surface Layer Modification of AEMs by Infiltration
and Photo-Cross-Linking to Induce Monovalent Selectivity. AIChE J. 2018, 64, 993–1000. [CrossRef]

115. Le, X.T.; Viel, P.; Jégou, P.; Garcia, A.; Berthelot, T.; Bui, T.H.; Palacin, S. Diazonium-Induced Anchoring Process: An Application
to Improve the Monovalent Selectivity of Cation Exchange Membranes. J. Mater. Chem. 2010, 20, 3750–3757. [CrossRef]

https://doi.org/10.1016/j.polymer.2015.12.019
https://doi.org/10.1016/j.polymer.2013.12.002
https://doi.org/10.1021/am508945p
https://www.ncbi.nlm.nih.gov/pubmed/25738468
https://doi.org/10.1016/j.memsci.2017.05.043
https://doi.org/10.1016/j.memsci.2020.118570
https://doi.org/10.1016/j.memsci.2022.120294
https://doi.org/10.1021/acsami.8b16434
https://www.ncbi.nlm.nih.gov/pubmed/30433759
https://doi.org/10.1016/j.desal.2019.02.004
https://doi.org/10.1016/j.desal.2015.11.024
https://doi.org/10.1016/j.progpolymsci.2008.07.002
https://doi.org/10.1007/s11426-018-9296-6
https://doi.org/10.1016/j.desal.2019.114145
https://doi.org/10.1134/S1070427208030129
https://doi.org/10.1016/j.memsci.2008.03.056
https://doi.org/10.1039/C5RA15231C
https://doi.org/10.1016/j.memsci.2006.01.021
https://doi.org/10.1016/j.desal.2018.12.010
https://doi.org/10.1016/j.cej.2022.137076
https://doi.org/10.1016/j.cclet.2015.04.005
https://doi.org/10.1016/j.memsci.2017.06.017
https://doi.org/10.1088/0957-4484/18/36/365704
https://doi.org/10.1039/a804623i
https://doi.org/10.1016/j.memsci.2013.04.027
https://doi.org/10.1016/j.memsci.2017.08.072
https://doi.org/10.1002/aic.15975
https://doi.org/10.1039/b918915g


Membranes 2023, 13, 566 34 of 37

116. Wang, M.; Liu, X.; Jia, Y.X.; Wang, X.L. The Improvement of Comprehensive Transport Properties to Heterogeneous Cation
Exchange Membrane by the Covalent Immobilization of Polyethyleneimine. Sep. Purif. Technol. 2015, 140, 69–76. [CrossRef]

117. Liu, X.; Wang, M.; Jia, Y. xiang Surface-Functionalized Cation Exchange Membrane by Covalent Immobilization of Polyelectrolyte
Multilayer for Effective Separation of Mono- and Multivalent Cations. Sep. Sci. Technol. 2016, 51, 2823–2832. [CrossRef]

118. Wang, X.L.; Wang, M.; Jia, Y.X.; Wang, B.B. Surface Modification of Anion Exchange Membrane by Covalent Grafting for
Imparting Permselectivity between Specific Anions. Electrochim. Acta 2015, 174, 1113–1121. [CrossRef]

119. Sata, T.A.; Izuo, R. Modification of Transport Properties of IonExchange Membrane. XI. Electrodialytic Properties of Cation
Exchange Membranes Having Polyethyleneimine Layer Fixed by Acid-Amide Bonding. J. Appl. Polym. Sci. 1990, 41, 2349–2362.
[CrossRef]

120. Swaminathan, P.; Disley, P.F.; Assender, H.E. Surface Modification of Ion Exchange Membrane Using Amines. J. Memb. Sci. 2004,
234, 131–137. [CrossRef]

121. Chamoulaud, G.; Bélanger, D. Chemical Modification of the Surface of a Sulfonated Membrane by Formation of a Sulfonamide
Bond. Langmuir 2004, 20, 4989–4995. [CrossRef]

122. Takata, K.; Yamamoto, Y.; Sata, T. Modification of Transport Properties of Ion Exchange Membranes XIV. Effect of Molecular
Weight of Polyethyleneimine Bonded to the Surface of Cation Exchange Membranes by Acid-Amide Bonding on Electrochemical
Properties of the Membranes. J. Memb. Sci. 2000, 179, 101–107. [CrossRef]

123. Sata, T.; Izuo, R. Modification of the Transport Properties of Ion Exchange Membranes. XII. Ionic Composition in Cation Exchange
Membranes with and without a Cationic Polyelectrolyte Layer at Equilibrium and during Electrodialysis. J. Memb. Sci. 1989, 45,
209–224. [CrossRef]

124. Li, J.; Zhou, M.L.; Lin, J.Y.; Ye, W.Y.; Xu, Y.Q.; Shen, J.N.; Gao, C.J.; Van der Bruggen, B. Mono-Valent Cation Selective Membranes
for Electrodialysis by Introducing Polyquaternium-7 in a Commercial Cation Exchange Membrane. J. Memb. Sci. 2015, 486, 89–96.
[CrossRef]

125. Hou, L.; Wu, B.; Yu, D.; Wang, S.; Shehzad, M.A.; Fu, R.; Liu, Z.; Li, Q.; He, Y.; Afsar, N.U.; et al. Asymmetric Porous Monovalent
Cation Perm-Selective Membranes with an Ultrathin Polyamide Selective Layer for Cations Separation. J. Memb. Sci. 2018, 557,
49–57. [CrossRef]

126. Li, M.; Li, W.; Zhang, X.; Wu, C.; Han, X.; Chen, Y. Polyvinyl Alcohol-Based Monovalent Anion Selective Membranes with
Excellent Permselectivity in Selectrodialysis. J. Memb. Sci. 2021, 620, 118889. [CrossRef]

127. Yao, T.T.; Wang, M.; Jia, Y.X.; Zhou, P.F. A Modified Coating Method for Preparing a Mono-Valent Perm-Selective Cation Exchange
Membrane: I. The Evolution of Membrane Property Corresponding to Different Preparing Stages. Desalin. Water Treat. 2013, 51,
2740–2748. [CrossRef]

128. Hou, L.; Pan, J.; Yu, D.; Wu, B.; Mondal, A.N.; Li, Q.; Ge, L. Nanofibrous Composite Membranes (NFCMs) for Mono/Divalent
Cations Separation. J. Memb. Sci. 2017, 528, 243–250. [CrossRef]

129. Pang, X.; Tao, Y.; Xu, Y.; Pan, J.; Shen, J.; Gao, C. Enhanced Monovalent Selectivity of Cation Exchange Membranes via Adjustable
Charge Density on Functional Layers. J. Memb. Sci. 2020, 595, 117544. [CrossRef]

130. Tongwen, X.; Weihua, Y.; Binglin, H. Ionic Conductivity Threshold in Sulfonated Poly (Phenylene Oxide) Matrices: A Combination
of Three-Phase Model and Percolation Theory. Chem. Eng. Sci. 2001, 56, 5343–5350. [CrossRef]

131. Tas, S.; Zoetebier, B.; Hempenius, M.A.; Vancso, G.J.; Nijmeijer, K. Monovalent Cation Selective Crown Ether Containing
Poly(Arylene Ether Ketone)/SPEEK Blend Membranes. RSC Adv. 2016, 6, 55635–55642. [CrossRef]

132. Mabrouk, W.; Ogier, L.; Vidal, S.; Sollogoub, C.; Matoussi, F.; Fauvarque, J.F. Ion Exchange Membranes Based upon Crosslinked
Sulfonated Polyethersulfone for Electrochemical Applications. J. Memb. Sci. 2014, 452, 263–270. [CrossRef]

133. Klaysom, C.; Moon, S.H.; Ladewig, B.P.; Lu, G.Q.M.; Wang, L. Preparation of Porous Ion-Exchange Membranes (IEMs) and Their
Characterizations. J. Memb. Sci. 2011, 371, 37–44. [CrossRef]

134. Klaysom, C.; Ladewig, B.P.; Lu, G.Q.M.; Wang, L. Preparation and Characterization of Sulfonated Polyethersulfone for Cation-
Exchange Membranes. J. Memb. Sci. 2011, 368, 48–53. [CrossRef]

135. Gohil, G.S.; Nagarale, R.K.; Binsu, V.V.; Shahi, V.K. Preparation and Characterization of Monovalent Cation Selective Sulfonated
Poly(Ether Ether Ketone) and Poly(Ether Sulfone) Composite Membranes. J. Colloid Interface Sci. 2006, 298, 845–853. [CrossRef]

136. Farrokhzad, H.; Kikhavani, T.; Monnaie, F.; Ashrafizadeh, S.N.; Koeckelberghs, G.; Van Gerven, T.; Van der Bruggen, B. Novel
Composite Cation Exchange Films Based on Sulfonated PVDF for Electromembrane Separations. J. Memb. Sci. 2015, 474, 167–174.
[CrossRef]

137. Farrokhzad, H.; Darvishmanesh, S.; Genduso, G.; Van Gerven, T.; Van Der Bruggen, B. Development of Bivalent Cation Selective
Ion Exchange Membranes by Varying Molecular Weight of Polyaniline. Electrochim. Acta 2015, 158, 64–72. [CrossRef]

138. Tansel, B. Significance of Thermodynamic and Physical Characteristics on Permeation of Ions during Membrane Separation:
Hydrated Radius, Hydration Free Energy and Viscous Effects. Sep. Purif. Technol. 2012, 86, 119–126. [CrossRef]

139. Lin, C.X.; Huang, X.L.; Guo, D.; Zhang, Q.G.; Zhu, A.M.; Ye, M.L.; Liu, Q.L. Side-Chain-Type Anion Exchange Membranes
Bearing Pendant Quaternary Ammonium Groups: Via Flexible Spacers for Fuel Cells. J. Mater. Chem. A 2016, 4, 13938–13948.
[CrossRef]

140. Ji, W.; Wu, B.; Zhu, Y.; Irfan, M.; Ul Afsar, N.; Ge, L.; Xu, T. Self-Organized Nanostructured Anion Exchange Membranes for Acid
Recovery. Chem. Eng. J. 2020, 382, 122838. [CrossRef]

https://doi.org/10.1016/j.seppur.2014.11.016
https://doi.org/10.1080/01496395.2016.1210643
https://doi.org/10.1016/j.electacta.2015.06.115
https://doi.org/10.1002/app.1990.070410935
https://doi.org/10.1016/j.memsci.2004.01.022
https://doi.org/10.1021/la036285l
https://doi.org/10.1016/S0376-7388(00)00503-2
https://doi.org/10.1016/S0376-7388(00)80515-3
https://doi.org/10.1016/j.memsci.2014.12.056
https://doi.org/10.1016/j.memsci.2018.04.022
https://doi.org/10.1016/j.memsci.2020.118889
https://doi.org/10.1080/19443994.2012.749369
https://doi.org/10.1016/j.memsci.2017.01.036
https://doi.org/10.1016/j.memsci.2019.117544
https://doi.org/10.1016/S0009-2509(01)00242-1
https://doi.org/10.1039/C6RA11566G
https://doi.org/10.1016/j.memsci.2013.10.006
https://doi.org/10.1016/j.memsci.2011.01.008
https://doi.org/10.1016/j.memsci.2010.11.006
https://doi.org/10.1016/j.jcis.2005.12.069
https://doi.org/10.1016/j.memsci.2014.10.002
https://doi.org/10.1016/j.electacta.2015.01.062
https://doi.org/10.1016/j.seppur.2011.10.033
https://doi.org/10.1039/C6TA05090E
https://doi.org/10.1016/j.cej.2019.122838


Membranes 2023, 13, 566 35 of 37

141. He, Y.; Ge, L.; Ge, Z.J.; Zhao, Z.; Sheng, F.; Liu, X.; Ge, X.; Yang, Z.; Fu, R.; Liu, Z.; et al. Monovalent Cations Permselective
Membranes with Zwitterionic Side Chains. J. Memb. Sci. 2018, 563, 320–325. [CrossRef]

142. Irfan, M.; Xu, T.; Ge, L.; Wang, Y.; Xu, T. Zwitterion Structure Membrane Provides High Monovalent/Divalent Cation Electro-
dialysis Selectivity: Investigating the Effect of Functional Groups and Operating Parameters. J. Memb. Sci. 2019, 588, 117211.
[CrossRef]

143. Irfan, M.; Wang, Y.; Xu, T. Novel Electrodialysis Membranes with Hydrophobic Alkyl Spacers and Zwitterion Structure Enable
High Monovalent/Divalent Cation Selectivity. Chem. Eng. J. 2020, 383, 123171. [CrossRef]

144. Wang, L.; Liu, M.; Zhao, J.; Lei, Y.; Li, N. Comb-Shaped Sulfonated Poly(Ether Ether Ketone) as a Cation Exchange Membrane for
Electrodialysis in Acid Recovery. J. Mater. Chem. A 2018, 6, 22940–22950. [CrossRef]

145. Bakangura, E.; Wu, L.; Ge, L.; Yang, Z.; Xu, T. Mixed Matrix Proton Exchange Membranes for Fuel Cells: State of the Art and
Perspectives. Prog. Polym. Sci. 2016, 57, 103–152. [CrossRef]

146. Miao, J.; Yao, L.; Yang, Z.; Pan, J.; Qian, J.; Xu, T. Sulfonated Poly(2,6-Dimethyl-1,4-Phenyleneoxide)/Nano Silica Hybrid
Membranes for Alkali Recovery via Diffusion Dialysis. Sep. Purif. Technol. 2015, 141, 307–313. [CrossRef]

147. Khodabakhshi, A.R.; Madaeni, S.S.; Hosseini, S.M. Preparation and Characterization of Monovalent Ion-Selective Poly(Vinyl
Chloride)-Blend-Poly(Styrene-Co-Butadiene) Heterogeneous Anion-Exchange Membranes. Polym. Int. 2011, 60, 466–474.
[CrossRef]

148. Kumar, M.; Khan, M.A.; AlOthman, Z.A.; Siddiqui, M.R. Polyaniline Modified Organic-Inorganic Hybrid Cation-Exchange
Membranes for the Separation of Monovalent and Multivalent Ions. Desalination 2013, 325, 95–103. [CrossRef]

149. Kumar, M.; Tripathi, B.P.; Shahi, V.K. Ionic Transport Phenomenon across Sol-Gel Derived Organic-Inorganic Composite Mono-
Valent Cation Selective Membranes. J. Memb. Sci. 2009, 340, 52–61. [CrossRef]

150. Srivastava, N.; Joshi, K.V.; Thakur, A.K.; Menon, S.K.; Shahi, V.K. BaCO3 Nanoparticles Embedded Retentive and Cation Selective
Membrane for Separation/Recovery of Mg2+ from Natural Water Sources. Desalination 2014, 352, 142–149. [CrossRef]

151. Golubenko, D.V.; Karavanova, Y.A.; Melnikov, S.S.; Achoh, A.R.; Pourcelly, G.; Yaroslavtsev, A.B. An Approach to Increase the
Permselectivity and Mono-Valent Ion Selectivity of Cation-Exchange Membranes by Introduction of Amorphous Zirconium
Phosphate Nanoparticles. J. Memb. Sci. 2018, 563, 777–784. [CrossRef]

152. An, S.; Liu, J.; Wang, J.; Zhu, H.; Ji, Z.; Zhang, T.; Zhao, Y.; Yuan, J. Synthesis and Characterization of Organic-Inorganic
Cross-Linked Membrane for the Separation of Mono-Charged and Double Charged Ions Using UV Irradiation. Desalination 2019,
464, 8–17. [CrossRef]

153. Thakur, A.K.; Manohar, M.; Shahi, V.K. Controlled Metal Loading on Poly(2-Acrylamido-2-Methyl-Propane-Sulfonic Acid)
Membranes by an Ion-Exchange Process to Improve Electrodialytic Separation Performance for Mono-/Bi-Valent Ions. J. Mater.
Chem. A 2015, 3, 18279–18288. [CrossRef]

154. Zhang, J.; Cui, X.; Yang, F.; Qu, L.; Du, F.; Zhang, H.; Wang, J. Hybrid Cation Exchange Membranes with Lithium Ion-Sieves for
Highly Enhanced Li+ Permeation and Permselectivity. Macromol. Mater. Eng. 2019, 304, 1–11. [CrossRef]

155. Zhang, C.; Mu, Y.; Zhang, W.; Zhao, S.; Wang, Y. PVC-Based Hybrid Membranes Containing Metal-Organic Frameworks for
Li+/Mg2+ Separation. J. Memb. Sci. 2020, 596, 117724. [CrossRef]

156. Abdollahzadeh, M.; Chai, M.; Hosseini, E.; Zakertabrizi, M.; Mohammad, M.; Ahmadi, H.; Hou, J.; Lim, S.; Habibnejad
Korayem, A.; Chen, V.; et al. Designing Angstrom-Scale Asymmetric MOF-on-MOF Cavities for High Monovalent Ion Selectivity.
Adv. Mater. 2022, 34, 1–10. [CrossRef]

157. Jahan, M.; Bao, Q.; Yang, J.; Loh, K.P. Structure-Directing Role of Graphene in the Synthesis of Metal—Organic Framework
Nanowire. J. Am. Chem. Soc. 2010, 132, 14487–14495. [CrossRef] [PubMed]

158. Barry, E.; Mcbride, S.P.; Jaeger, H.M.; Lin, X. Ion Transport Controlled by Nanoparticle-Functionalized Membranes. Nat. Commun.
2014, 5, 5847. [CrossRef]

159. Perreault, F.; Fonseca De Faria, A.; Elimelech, M. Environmental Applications of Graphene-Based Nanomaterials. Chem. Soc. Rev.
2015, 44, 5861–5896. [CrossRef]

160. Zhang, M.; Zhao, P.; Li, P.; Ji, Y.; Liu, G.; Jin, W. Designing Biomimic Two-Dimensional Ionic Transport Channels for Efficient Ion
Sieving. ACS Nano 2021, 15, 5209–5220. [CrossRef] [PubMed]

161. Huang, Q.; Liu, S.; Guo, Y.; Liu, G.; Jin, W. Separation of Mono-/Di-Valent Ions via Charged Interlayer Channels of Graphene
Oxide Membranes. J. Memb. Sci. 2022, 645, 120212. [CrossRef]

162. Kingsbury, R.S.; Coronell, O. Modeling and Validation of Concentration Dependence of Ion Exchange Membrane Permselectivity:
Significance of Convection and Manning’s Counter-Ion Condensation Theory. J. Memb. Sci. 2021, 620, 118411. [CrossRef]

163. 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. Memb. Sci. 1998, 144, 259–274. [CrossRef]

164. Pourcelly, G.; Sistat, P.; Chapotot, A.; Gavach, C.; Nikonenko, V. Self Diffusion and Conductivity in NafionR Membranes in
Contact with NaCl+CaCl2 Solutions. J. Memb. Sci. 1996, 110, 69–78. [CrossRef]

165. Siali, M.; Gavach, C. Transport Competition between Proton and Cupric Ion through a Cation-Exchange Membrane. I. Equilibrium
Properties of the System: Membrane-CuSO4+H2SO4 Solution. J. Memb. Sci. 1992, 71, 181–188. [CrossRef]

166. Vyas, P.V.; Ray, P.; Trivedi, G.S.; Adhikary, S.K.; Rangarajan, R. Studies on Exchange Equilibria of Cations between Cation-
Exchange Membranes and Electrolytic Solutions. J. Colloid Interface Sci. 2002, 246, 366–371. [CrossRef] [PubMed]

https://doi.org/10.1016/j.memsci.2018.05.068
https://doi.org/10.1016/j.memsci.2019.117211
https://doi.org/10.1016/j.cej.2019.123171
https://doi.org/10.1039/C8TA08718K
https://doi.org/10.1016/j.progpolymsci.2015.11.004
https://doi.org/10.1016/j.seppur.2014.12.019
https://doi.org/10.1002/pi.2970
https://doi.org/10.1016/j.desal.2013.06.022
https://doi.org/10.1016/j.memsci.2009.05.010
https://doi.org/10.1016/j.desal.2014.08.014
https://doi.org/10.1016/j.memsci.2018.06.024
https://doi.org/10.1016/j.desal.2019.04.017
https://doi.org/10.1039/C5TA04468E
https://doi.org/10.1002/mame.201800567
https://doi.org/10.1016/j.memsci.2019.117724
https://doi.org/10.1002/adma.202107878
https://doi.org/10.1021/ja105089w
https://www.ncbi.nlm.nih.gov/pubmed/20863117
https://doi.org/10.1038/ncomms6847
https://doi.org/10.1039/C5CS00021A
https://doi.org/10.1021/acsnano.0c10451
https://www.ncbi.nlm.nih.gov/pubmed/33621056
https://doi.org/10.1016/j.memsci.2021.120212
https://doi.org/10.1016/j.memsci.2020.118411
https://doi.org/10.1016/S0376-7388(98)00062-3
https://doi.org/10.1016/0376-7388(95)00232-4
https://doi.org/10.1016/0376-7388(92)80203-V
https://doi.org/10.1006/jcis.2001.8076
https://www.ncbi.nlm.nih.gov/pubmed/16290424


Membranes 2023, 13, 566 36 of 37

167. Chapotot, A.; Lopez, V.; Lindheimer, A.; Aouad, N.; Gavach, C. Electrodialysis of Acid Solutions with Metallic Divalent Salts:
Cation-Exchange Membranes with Improved Permeability to Protons. Desalination 1995, 101, 141–153. [CrossRef]

168. Chapotot, A.; Pourcelly, G.; Gavach, C. Transport Competition between Monovalent and Divalent Cations through Cation-
Exchange Membranes. Exchange Isotherms and Kinetic Concepts. J. Memb. Sci. 1994, 96, 167–181. [CrossRef]

169. Chapotot, A.; Pourcelly, G.; Gavach, C.; Lebon, F. Electrotransport of Proton and Divalent Cations through Modified Cation-
Exchange Membranes. J. Electroanal. Chem. 1995, 386, 25–37. [CrossRef]

170. Taky, M.; Pourcelly, G.; Elmidaoui, A. Transport Properties of a Commercial Cation-Exchange Membrane in Contact with Divalent
Cations or Proton—Divalent Cation Solutions during Electrodialysis. Hydrometallurgy 1996, 43, 63–78. [CrossRef]

171. Ahdab, Y.D.; Rehman, D.; Lienhard, J.H. Brackish Water Desalination for Greenhouses: Improving Groundwater Quality for
Irrigation Using Monovalent Selective Electrodialysis Reversal. J. Memb. Sci. 2020, 610, 118072. [CrossRef]

172. Zhang, W.; Miao, M.; Pan, J.; Sotto, A.; Shen, J.; Gao, C.; der Bruggen, B. Van 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. [CrossRef]

173. Rottiers, T.; De Staelen, J.; Van Der Bruggen, B.; Pinoy, L. Permselectivity of Cation-Exchange Membranes between Different
Cations in Aqueous Alcohol Mixtures. Electrochim. Acta 2016, 192, 489–496. [CrossRef]

174. 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, 128–135. [CrossRef]

175. Firdaous, L.; Malériat, J.P.; Schlumpf, J.P.; Quéméneur, F. Transfer of Monovalent and Divalent Cations in Salt Solutions by
Electrodialysis. Sep. Sci. Technol. 2007, 42, 931–948. [CrossRef]

176. Galama, A.H.; Daubaras, G.; Burheim, O.S.; Rijnaarts, H.H.M.; Post, J.W. Fractioning Electrodialysis: A Current Induced Ion
Exchange Process. Electrochim. Acta 2014, 136, 257–265. [CrossRef]

177. Zhang, Y.; Van der Bruggen, B.; Pinoy, L.; Meesschaert, B. Separation of Nutrient Ions and Organic Compounds from Salts in RO
Concentrates by Standard and Monovalent Selective Ion-Exchange Membranes Used in Electrodialysis. J. Memb. Sci. 2009, 332,
104–112. [CrossRef]

178. Wang, W.; Liu, R.; Tan, M.; Sun, H.; Niu, Q.J.; Xu, T.; Nikonenko, V.; Zhang, Y. Evaluation of the Ideal Selectivity and the
Performance of Selectrodialysis by Using TFC Ion Exchange Membranes. J. Memb. Sci. 2019, 582, 236–245. [CrossRef]

179. Galama, A.H.; Daubaras, G.; Burheim, O.S.; Rijnaarts, H.H.M.; Post, J.W. Seawater Electrodialysis with Preferential Removal of
Divalent Ions. J. Memb. Sci. 2014, 452, 219–228. [CrossRef]

180. Arar, O.; Yavuz, E.; Yuksel, U.; Kabay, N. Separation of Low Concentration of Fluoride from Water by Electrodialysis (ED) in the
Presence of Chloride and Sulfate Ions. Sep. Sci. Technol. 2009, 44, 1562–1573. [CrossRef]

181. Dong, T.; Yao, J.; Wang, Y.; Luo, T.; Han, L. On the Permselectivity of Di- and Mono-Valent Cations: Influence of Applied Current
Density and Ionic Species Concentration. Desalination 2020, 488, 114521. [CrossRef]

182. Kabay, N.; Kahveci, H.; Ipek, Ö.; Yüksel, M. Separation of Monovalent and Divalent Ions from Ternary Mixtures by Electrodialysis.
Desalination 2006, 198, 74–83. [CrossRef]

183. Roghmans, F.; Evdochenko, E.; Martí-Calatayud, M.C.; Garthe, M.; Tiwari, R.; Walther, A.; Wessling, M. On the Permselectivity of
Cation-Exchange Membranes Bearing an Ion Selective Coating. J. Memb. Sci. 2020, 600, 117854. [CrossRef]

184. Ozkul, S.; van Daal, J.J.; Kuipers, N.J.M.; Bisselink, R.J.M.; Bruning, H.; Dykstra, J.E.; Rijnaarts, H.H.M. Transport Mechanisms in
Electrodialysis: The Effect on Selective Ion Transport in Multi-Ionic Solutions. J. Memb. Sci. 2023, 665, 121114. [CrossRef]

185. Li, F.; Meindersma, W.; De Haan, A.B.; Reith, T. Optimization of Commercial Net Spacers in Spiral Wound Membrane Modules.
J. Memb. Sci. 2002, 208, 289–302. [CrossRef]

186. Sano, Y.; Bai, X.; Amagai, S.; Nakayama, A. Effect of a Porous Spacer on the Limiting Current Density in an Electro-Dialysis
Desalination. Desalination 2018, 444, 151–161. [CrossRef]

187. Abu-Rjal, R.; Chinaryan, V.; Bazant, M.Z.; Rubinstein, I.; Zaltzman, B. Effect of Concentration Polarization on Permselectivity.
Phys. Rev. E—Stat. Nonlinear Soft Matter Phys. 2014, 89, 1–10. [CrossRef] [PubMed]

188. Zabolotsky, V.I.; Manzanares, J.A.; Nikonenko, V.V.; Lebedev, K.A.; Lovtsov, E.G. Space Charge Effect on Competitive Ion
Transport through Ion-Exchange Membranes. Desalination 2002, 147, 387–392. [CrossRef]

189. Oren, Y.; Litan, A. The State of the Solution-Membrane Interface during Ion Transport Across an Ion-Exchange Membrane. J. Phys.
Chem. 1974, 78, 1805–1811. [CrossRef]

190. Rubinstein, B.Y.I. Effect of Concentration Polarization upon the Valency-Induced Counterion Selectivity of Ion-Exchange
Membranes. J. Chem. Soc. Faraday Trans. 2 1984, 80, 335–344. [CrossRef]

191. Gorobchenko, A.; Mareev, S.; Nikonenko, V. Mathematical Modeling of Monovalent Permselectivity of a Bilayer Ion-Exchange
Membrane as a Function of Current Density. Int. J. Mol. Sci. 2022, 23, 4711. [CrossRef]

192. Golubenko, D.V.; Yaroslavtsev, A.B. Effect of Current Density, Concentration of Ternary Electrolyte and Type of Cations on the
Monovalent Ion Selectivity of Surface-Sulfonated Graft Anion-Exchange Membranes: Modelling and Experiment. J. Memb. Sci.
2021, 635, 119466. [CrossRef]

193. Noemie, L.; Mikhaylin, S.; Mareev, S.; Pismenskaya, N.; Nikonenko, V.; Bazinet, L. How Demineralization Duration by Electro-
dialysis under High Frequency Pulsed Electric Field Can Be the Same as in Continuous Current Condition and That for Better
Performances ? J. Memb. Sci. 2020, 603, 7–9. [CrossRef]

https://doi.org/10.1016/0011-9164(95)00017-V
https://doi.org/10.1016/0376-7388(94)00107-3
https://doi.org/10.1016/0022-0728(94)03789-6
https://doi.org/10.1016/0304-386X(96)00020-5
https://doi.org/10.1016/j.memsci.2020.118072
https://doi.org/10.1016/j.desal.2017.02.008
https://doi.org/10.1016/j.electacta.2016.02.017
https://doi.org/10.1016/j.desal.2016.05.010
https://doi.org/10.1080/01496390701206413
https://doi.org/10.1016/j.electacta.2014.05.104
https://doi.org/10.1016/j.memsci.2009.01.030
https://doi.org/10.1016/j.memsci.2019.04.007
https://doi.org/10.1016/j.memsci.2013.10.050
https://doi.org/10.1080/01496390902775943
https://doi.org/10.1016/j.desal.2020.114521
https://doi.org/10.1016/j.desal.2006.09.012
https://doi.org/10.1016/j.memsci.2020.117854
https://doi.org/10.1016/j.memsci.2022.121114
https://doi.org/10.1016/S0376-7388(02)00307-1
https://doi.org/10.1016/j.desal.2018.01.034
https://doi.org/10.1103/PhysRevE.89.012302
https://www.ncbi.nlm.nih.gov/pubmed/24580222
https://doi.org/10.1016/S0011-9164(02)00614-8
https://doi.org/10.1021/j100611a007
https://doi.org/10.1039/f29848000335
https://doi.org/10.3390/ijms23094711
https://doi.org/10.1016/j.memsci.2021.119466
https://doi.org/10.1016/j.memsci.2020.117878


Membranes 2023, 13, 566 37 of 37

194. Fan, H.; Yip, N.Y. Elucidating Conductivity-Permselectivity Tradeoffs in Electrodialysis and Reverse Electrodialysis by Structure-
Property Analysis of Ion-Exchange Membranes. J. Memb. Sci. 2019, 573, 668–681. [CrossRef]

195. Tedesco, M.; Cipollina, A.; Tamburini, A.; Bogle, I.D.L.; Micale, G. A Simulation Tool for Analysis and Design of Reverse
Electrodialysis Using Concentrated Brines. Chem. Eng. Res. Des. 2015, 93, 441–456. [CrossRef]

196. Yip, N.Y.; Vermaas, D.A.; Nijmeijer, K.; Elimelech, M. Thermodynamic, Energy Efficiency, and Power Density Analysis of Reverse
Electrodialysis Power Generation with Natural Salinity Gradients. Environ. Sci. Technol. 2014, 48, 4925–4936. [CrossRef] [PubMed]

197. Daniilidis, A.; Vermaas, D.A.; Herber, R.; Nijmeijer, K. Experimentally Obtainable Energy from Mixing River Water, Seawater or
Brines with Reverse Electrodialysis. Renew. Energy 2014, 64, 123–131. [CrossRef]

198. Tedesco, M.; Brauns, E.; Cipollina, A.; Micale, G.; Modica, P.; Russo, G.; Helsen, J. Reverse Electrodialysis with Saline Waters and
Concentrated Brines: A Laboratory Investigation towards Technology Scale-Up. J. Memb. Sci. 2015, 492, 9–20. [CrossRef]

199. Tedesco, M.; Cipollina, A.; Tamburini, A.; Micale, G.; Helsen, J.; Papapetrou, M. REAPower: Use of Desalination Brine for Power
Production through Reverse Electrodialysis. Desalin. Water Treat. 2015, 53, 3161–3169. [CrossRef]

200. Zlotorowicz, A.; Strand, R.V.; Burheim, O.S.; Wilhelmsen; Kjelstrup, S. The Permselectivity and Water Transference Number of
Ion Exchange Membranes in Reverse Electrodialysis. J. Memb. Sci. 2017, 523, 402–408. [CrossRef]

201. Geise, G.M.; Paul, D.R.; Freeman, B.D. Progress in Polymer Science Fundamental Water and Salt Transport Properties of Polymeric
Materials. Prog. Polym. Sci. 2014, 39, 1–42. [CrossRef]

202. Cohen, B.; Lazarovitch, N.; Gilron, J. Upgrading Groundwater for Irrigation Using Monovalent Selective Electrodialysis.
Desalination 2018, 431, 126–139. [CrossRef]

203. Yan, H.; Wang, Y.; Wu, L.; Shehzad, M.A.; Jiang, C.; Fu, R.; Liu, Z.; Xu, T. Multistage-Batch Electrodialysis to Concentrate
High-Salinity Solutions: Process Optimisation, Water Transport, and Energy Consumption. J. Memb. Sci. 2019, 570–571, 245–257.
[CrossRef]

204. Chehayeb, K.M.; Nayar, K.G.; Lienhard, J.H. On the Merits of Using Multi-Stage and Counterflow Electrodialysis for Reduced
Energy Consumption. Desalination 2018, 439, 1–16. [CrossRef]

205. Shah, S.R.; Walter, S.L.; Winter, A.G. Using Feed-Forward Voltage-Control to Increase the Ion Removal Rate during Batch
Electrodialysis Desalination of Brackish Water. Desalination 2019, 457, 62–74. [CrossRef]

206. van Linden, N.; Spanjers, H.; van Lier, J.B. Application of Dynamic Current Density for Increased Concentration Factors and
Reduced Energy Consumption for Concentrating Ammonium by Electrodialysis. Water Res. 2019, 163, 114856. [CrossRef]
[PubMed]

207. 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. [CrossRef]

208. Ghyselbrecht, K.; Sansen, B.; Monballiu, A.; Ye, Z.; Pinoy, L.; Meesschaert, B. Cationic Selectrodialysis for Magnesium Recovery
from Seawater on Lab and Pilot Scale. Sep. Purif. Technol. 2019, 221, 12–22. [CrossRef]

209. Reig, M.; Vecino, X.; Valderrama, C.; Gibert, O.; Cortina, J.L. Application of Selectrodialysis for the Removal of As from
Metallurgical Process Waters: Recovery of Cu and Zn. Sep. Purif. Technol. 2018, 195, 404–412. [CrossRef]

210. Cifuentes, L.; García, I.; Arriagada, P.; Casas, J.M. The Use of Electrodialysis for Metal Separation and Water Recovery from
CuSO4-H2SO4-Fe Solutions. Sep. Purif. Technol. 2009, 68, 105–108. [CrossRef]

211. Lopez, M.; Kipling, B.; Yeager, H.L. Ionic Diffusion and Selectivity of a Cation Exchange Membrane in Nonaqueous Solvents.
Anal. Chem. 1977, 49, 629–632. [CrossRef]

212. Sata, T.; Mine, K.; Matsusaki, K. Change in Transport Properties of Anion-Exchange Membranes in the Presence of Ethylene
Glycols in Electrodialysis. J. Colloid Interface Sci. 1998, 358, 348–358. [CrossRef]

213. Kameche, M.; Innocent, C.; Xu, F.; Pourcelly, G.; Derriche, Z. Electro-Transport of Protons, Alkali Metal Cations and Solvent
Molecules through a Commercial Cation-Exchange Membrane Conditioned with Aqueous and Organic Solutions. Desalination
2004, 168, 319–327. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.memsci.2018.11.045
https://doi.org/10.1016/j.cherd.2014.05.009
https://doi.org/10.1021/es5005413
https://www.ncbi.nlm.nih.gov/pubmed/24697542
https://doi.org/10.1016/j.renene.2013.11.001
https://doi.org/10.1016/j.memsci.2015.05.020
https://doi.org/10.1080/19443994.2014.934102
https://doi.org/10.1016/j.memsci.2016.10.003
https://doi.org/10.1016/j.progpolymsci.2013.07.001
https://doi.org/10.1016/j.desal.2017.10.030
https://doi.org/10.1016/j.memsci.2018.10.008
https://doi.org/10.1016/j.desal.2018.03.026
https://doi.org/10.1016/j.desal.2019.01.022
https://doi.org/10.1016/j.watres.2019.114856
https://www.ncbi.nlm.nih.gov/pubmed/31330400
https://doi.org/10.1016/j.seppur.2011.12.017
https://doi.org/10.1016/j.seppur.2019.03.079
https://doi.org/10.1016/j.seppur.2017.12.040
https://doi.org/10.1016/j.seppur.2009.04.017
https://doi.org/10.1021/ac50012a031
https://doi.org/10.1006/jcis.1997.5390
https://doi.org/10.1016/j.desal.2004.07.015

	Introduction 
	Theory and Background 
	Electrodialysis Process 
	Ion Selectivity 
	Ion Selectivity Mechanisms 
	Factors Affecting Ion Selectivity 
	Ionic Characteristics 
	Membrane Structural Properties 
	Ion Transport through the Boundary Layer 


	CEM Membrane Preparation for Metal Ion Selectivity 
	Surface Modification 
	In Situ Polymerization 
	Direct Coating of Charged Polymers 
	Surface Chemical Modification 

	Structure and Morphology of the Polymer Matrix 
	Physical Blend of Polymers 
	Micro-Phase Separated Structure from Chemically Grafted Polymer 

	Inorganic–Organic Hybrid CEMs 

	Impact of Process Parameters on Metal Ion Selectivity 
	Boundary Layer Thickness 
	Current Density 
	Concentration and Composition 
	Process Design 
	pH and Temperature 
	Solvent 

	Conclusions 
	Outlook 
	References

