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Abstract: Electrodialysis is mostly used for drinking water production but it has gained
applicability in different new fields in recent decades. Membrane characteristics and ion
transport properties strongly influence the efficiency of electrodialysis and must be
evaluated to avoid an intense energy consumption and ensure long membrane times of
usage. To this aim, conducting studies on ion transport across membranes is essential.
Several dynamic characterization methods can be employed, among which,
chronopotentiometry has shown special relevance because it allows a direct access to the
contribution of the potential in different states of the membrane/solution system. The
present paper provides a critical review on the use of chronopotentiometry to determine
the main membrane transport properties and to evaluate mass transfer phenomena.
Properties, such as limiting current density, electrical resistances, plateau length, transport
number of counter-ions in the membrane, transition times, and apparent fraction of
membrane conductive area have been intensively discussed in the literature and are
presented in this review. Some of the phenomena evaluated using this technique are
concentration polarization, gravitational convection, electroconvection, water
dissociation, and fouling/scaling, all of them also shown herein. Mathematical and
experimental studies were considered. New trends in chronopotentiometric studies should
include ion-exchange membranes that have been recently developed (presenting
anti-fouling, anti-microbial, and monovalent-selective properties) and a deeper discussion
on the behaviour of complex solutions that have been often treated by electrodialysis,
such as municipal wastewaters. New mathematical models, especially 3D ones, are also
expected to be developed in the coming years.

Keywords: Electrodialysis; chronopotentiometry; current-voltage curve, overlimiting
phenomena; electroconvection.



1. Introduction

Electrodialysis is a membrane separation process that allows the extraction and
recovery of ions from an electrolyte solution by applying an electrical potential difference
between different compartments separated by ion-selective membranes. Considering an
ideal system, cation-exchange membranes (CEMs) are polymeric films that allow only
the passage of cations between compartments, while they block the transfer of anions. In
turn, anion-exchange membranes (AEMs) allow the transfer of anions and block the
passage of cations. One of the first applications of electrodialysis was proposed by
Maigrot and Sabates in 1890, who suggested using an electrodialysis system to
demineralize sugar syrup using permanganate paper as membrane [1]. From the 1950s,
electrodialysis has often been used to produce drinking water from brackish water
sources, and it still plays an important role in this field. Electrodialysis has become a
highly adaptable, multifunctional process, being applied in industrial effluent treatment,
in the pharmaceutical and food industry, and for producing organic acids and ultrapure
water [2]. Parallel to the evolution of electrodialysis systems, membranes rendering more
efficient ion transport have also been developed, that is, membranes with improved
selectivity, reduced resistance, and low manufacturing cost. Dynamic characterization
techniques are essential to compare the wide variety of new membrane materials under
diverse operating conditions and applied to different electrolyte systems. Several dynamic
characterization methods can be used for determining the transport properties of ions
through the membranes, such as impedance spectroscopy, cyclic voltammetry, linear

sweep voltammetry (potential sweeps) and chronopotentiometry.

Chronopotentiometry is an electrochemical method widely used to investigate mass
transfer and reactions taking place in electrolytic solutions near electrodes [3—5] and
ion-exchange membranes [6—8]. For the latter, a current density (i) is applied to a system
composed of an ion-exchange membrane flanked by an electrolytic solution at both sides.
The current is imposed between a working and a counter electrode that are placed at both
ends of the electrochemical cell, while the variation in voltage (potential drop) between
both sides of the membrane is measured over time using two reference electrodes.
Chronopotentiometry provides valuable information on the progress of ion transport
through the membranes, such as the ohmic contribution to the system resistance and the
development of concentration polarization. The latter is a phenomenon responsible for

the saturation of the current density when ion concentration vanishes at the membrane-



solution interface. The current density from which an intense polarization concentration
occurs is called limiting current density, whereas the time required for the ion depletion
during this phenomenon is called transition time. Both can be determined by
chronopotentiometry. This technique can also be used to determine the apparent fraction
of membrane conductive area and the transport number of counter-ions in the membrane
phase, which indicates the fraction of the current that is carried by a specific type of ions
that cross the membrane. In addition to the dynamic monitoring of ion transport through
ion-exchange membranes, the steady-state behavior of membrane systems can be also
obtained by means of chronopotentiometry. This is represented in the form of
current-voltage curves (or polarization curves), from which the limiting current density,
the electrical resistance of the membrane system under different current regimes, and the
plateau length can be obtained [9]. Yet, the potential of chronopotentiometry is not merely
restricted to the quantitative evaluation of ion conduction across different membrane
materials; this technique has shown its applicability in a variety of qualitative studies
focused on the investigation of mass transfer mechanisms, for example, in the
characterization of competitive ion transport in complex electrolyte mixtures, or as a tool

to gather information on the development of fouling and scaling phenomena.

In spite of the numerous theoretical and experimental studies carried out in the last
decades on membrane characterization and ion transport phenomena, from the best of our
knowledge, there is no critical review about the use of chronopotentiometry for the
investigation of ion transport processes in electrodialysis systems. The most recent papers
with reviews on chronopotentiometry were published in the 1970's and are focused on
electrode studies [10,11]. Hence, the present article aims to provide a comprehensive
review on the determination of ion transport properties and on the assessment of mass

transfer mechanisms in electrodialysis by means of this useful and widely used technique.

2. Jon-exchange membranes and electrodialysis

2.1. Ton-exchange membranes: types and properties

Different types of membranes can be found in the market and in scientific literature,
being their differences originated from the density of the polymer chain, the concentration

and type of fixed charges, or its hydrophobic or hydrophilic character [2]. In general, the



most desirable membrane properties are: high selectivity to counter-ions, low electrical
resistance to guarantee low potential drops, high mechanical stability, moderate degree
of swelling, good chemical stability to allow applications in a wide pH range and in the
presence of oxidizing agents, thermal stability to support large temperature differences

and low production costs [12,13].

The choice of membranes is the key factor in electrodialysis, since they allow or block
the transport of ions, depending on the purpose of the separation. Figure 1 presents a
scheme of the main types of membranes; as shown, they can be classified as a function

of their heterogeneity and polarity.

Concerning heterogeneity of the membrane structure, two main types of membranes
can be found: the homogeneous and the heterogeneous ones. In homogeneous
membranes, the fixed functional groups are uniformly distributed throughout the polymer
matrix, whereas in the heterogeneous ones, the fixed groups are non-uniformly distributed
and separated by uncharged binding polymer, which enhances membrane mechanical
resistance [14]. Figure 2 shows a schematic drawing illustrating a counter-ion pathway
through homogeneous and heterogeneous membranes, whereas Figure 3 shows images of
the structure of a heterogeneous (HDX100/IONSEP-HC-C, Hangzhou Iontech
Environmental Technology Co., Ltd., China) and a homogeneous cation-exchange
membrane (PC-SK, PolymerChemie Altmeier GmbH, Germany) obtained by scanning
electron microscopy [15]. Counter-ion pathway is more tortuous in heterogeneous
membranes, as isolating regions are impermeable to ions. In Figure 3, the heterogeneous
membrane has its structure characterized by distinct conductive (red arrows) and
non-conductive regions (blue arrows), since there are dispersed agglomerates of
ion-exchange particles. In turn, the homogeneous membrane shows a uniform structure
without distinction between conductive and non-conductive regions. As it will be shown
later, the apparent fraction of conductive area of the membranes can be determined by

chronopotentiometry.

Concerning polarity, the two main types of membranes are the monopolar and the
bipolar ones. Monopolar membranes have either cation- or anion-exchange groups that
allow the passage of counter-ions and the exclusion of co-ions. The cation-exchange
membranes have fixed groups with negative charges, and anion-exchange membranes

have fixed groups with positive charges. The fixed charge groups commonly present in



CEMs are sulfonic acid (=SOs"), carboxylic acid (~COQO"), phosphoryl (—PO3%"), and
phosphonic acid (—PO3H"). For AEMs, the most common fixed charge groups are
ammonium (—NH3"), secondary amine (—NRH;"), tertiary amine (-NR,H"), and
quaternary amine (—NR3") [16,17]. In cation-exchange membranes, the fixed anionic
groups are in equilibrium with cations of the solution, which are called counter-ions. In
turn, anions of the solution, which are called co-ions for cation-exchange membranes, are
repelled by the charges of the CEMs. In contrast, in anion-exchange membranes, cations
are the co-ions and anions are the counter-ions [13]. The phenomenon of ion exclusion
by electrostatic repulsion is known as Donnan exclusion and occurs to satisfy the
electroneutrality condition between the charges of the polymeric matrix and the ions in
solution. Figure 4 shows a scheme of a polymer matrix of a cation-exchange membrane
with cations and anions from a solution to be treated by electrodialysis. It can be seen that
the amount of anions present in the membrane matrix is much lower than that of cations.
The ion exchange phenomenon that occurs in membrane/electrolyte systems may be
described in a simple way by the “charged sponge” model; in this analogy, the ion
exchanger (membrane) immersed in an electrolyte acts as a sponge, absorbing and
releasing ions until reaching an equilibrium [18]. Figure 5 shows a representation of a

typical electrodialysis cell with cation- and anion-exchange membranes.

Bipolar membranes (BM) are composed of a combination of a cation- and
anion-exchange layer, as represented in Figure 6, and have received great attention since
they are able to convert salts into conjugated acids and alkalis. Some of the studies carried
out using bipolar membrane electrodialysis (BMED) have focused on production of acetic
acid [19,20], gluconic acid [21,22], citric acid [23] and organic acids in general
[24,25,34,35,26-33]. In these systems, dissociation of water occurs at the junction layer
of a bipolar membrane according to the second Wien effect [36]. The generated H' and
OH- ions bind to the salts and produce the conjugate acid and alkali on each side of the

BM. Figure 7 shows a representation of a typical bipolar membrane electrodialysis cell.

Two other types of membranes are the mosaic and amphoteric ones. The former is
composed of both cation- and anion-exchange domains randomly distributed in a neutral
polymer matrix [17,37], whereas amphoteric membranes present randomly distributed

weak acid and weak basic groups [38].



2.2. lon transport in electrodialysis cells

The transport rate of a type of ion in the membrane and in solution is determined by
its concentration, mobility, and by the applied driving force [2]. Generally, the transport
of an ion j in the solution or in the membrane is described by the extended Nernst-Plank
equation adapted with the convective term [39], which is represented by Equation 1.

- F S .
J, = —D; <VCj + ZjCjﬁV(p) + Cv Equation 1

In Equation 1, ]_J), Dj, z;, and C;represent the flux density, diffusion coefficient,

charge and concentration of the ionic species j, respectively; @ is the electric potential, U
is the velocity vector of the fluid; F, R, T are the Faraday constant, the gas constant and
the temperature, respectively. The first term on the right side of Equation 1 represents the
transport of ions by diffusion, the second one the migration and the third one the
convection. Equation 1 can be used under consideration of several assumptions. First, the
effect of concentration gradients on activity coefficients is ignored. It can be also
considered that there is no short-range interaction between ions (those acting at the lowest
distances of intermolecular separation). Finally, the diffusive and electric mobility of the
ions are considered identical. In general, all the hypotheses presented above are

reasonable for electrodialysis systems [40].

The transport of ions in the solutions and through the ion-exchange membranes
placed between the two electrodes results in a transport of electric charges: cations move
toward the cathode, while anions move toward the anode. The ion transfer in the
membrane/solution system is strongly affected by the applied current density. At low
current densities (i << limiting current density), ion transfer is governed mainly by
diffusion-migration, following a quasi-ohmic behavior. At high current densities
(i > limiting current density), ion transfer is mostly governed by complex convection

phenomena.

For decades, electrodialysis has been mostly used for desalination of brackish
water and seawater [13]. In recent years, it has been considered for several purposes, such

as the recovery of sulfuric acid from acid mine drainage [41], concentration, purification



and demineralization of food products [42,43], deacidification of juices [44], purification
of green tea [45], protein concentration [46], separation of organic acids [47,48], removal
of potassium hydrogen tartrate from wine [49], treatment of solutions with
molybdate [50], extraction of dissolved solids in the effluent from the shale gas
production [51], remediation of contaminated soil with metals [52] and for extracting and
recovering metals from the electroplating industry [12,53,62,54—61]. Regardless of the
solution to be treated, the choice of membranes is the key factor in electrodialysis since
they allow the passage or the retention of ions. For the separation efficiency, some of the
membrane characteristics must be considered, such as ionic conductivity, mechanical

resistance, chemical stability, and manufacturing cost [63,64].

Besides the characteristics provided by the manufacturer, it is important to
perform studies on membrane characterization to determine properties that depend on the
solution to be treated, such as the limiting current density, electrical resistance, and
transport number of ions in the membrane. The energy consumption involved in changes
of mass transfer mechanisms as electrodialysis is conducted must also be evaluated. It is
also essential to know the apparent fraction of conductive area of the membrane and its
deviation from ideality. Besides, the tendency of fouling and scaling occurrence must be
evaluated; in these undesirable phenomena, the deposit of organic and inorganic material
occurs at the surface of the membrane and blocks the ions passage due to the poisoning
phenomenon, which leads to an increase in resistance [50]. Metal ions, for example, may
precipitate at the membrane surface since electrodialysis operates under intense variations
in concentration and pH especially at the membrane/electrolyte interface [65-67].
Besides, the presence of complexes in the solution to be treated can neutralize part of the
fixed charges of the membranes [68], which increases their resistance. Therefore,
evaluating the influence of the molar ratio between the complexes and free ions on the
transport properties of the membrane/electrolyte system is crucial, as well as the influence
of the species concentration and the solution pH. For performing these evaluations,

methods of dynamic characterization of membranes may be used.

3. Chronopotentiometry: dynamic monitoring of ion transport

Among the methods of electrochemical characterization generally used in studies

involving membranes, the use of chronopotentiometry stands out because it provides



direct access to the contribution of the total voltage of the cell in different states of the
membrane/solution system [69]. This technique has been frequently used to evaluate
membrane properties by assessing the chronopotentiograms (ChPs) and current-voltage
curves (CVC), which can be constructed by means of chronopotentiometry [9,65,77—

79,69-76].

3.1. Experimental setup and measurement procedures

Figure 8a shows a representation of an experimental setup for conducting
chronopotentiometric measurements. It is composed of a three-compartment cell and two
membranes; in general, one is an anion- and the other is a cation-exchange membrane.
Two electrodes are introduced in the side compartments to apply a constant current
density, and two reference electrodes immersed in Luggin capillaries on each side of the
membrane under study are used to measure the membrane potential drop (membrane
voltage) over time. Although the system presented in Figure 8a is often used in studies of
chronopotentiometry, cells with more compartments may be employed to minimize the
influence of electrode reactions on the membrane potential measurements [73,75,80].
Figure 8b presents a schematic representation of the six-compartment cell used by Balster

et al. [81] and Dlugotecki et al. [82].

Chronopotentiometric curves (or chronopotentiograms) are used to evaluate the
dynamic behavior of membranes and to determine some properties, such as the apparent
fraction of conductive area, transport number of ions in the membrane, and transition
time. The transition time corresponds to the moment at which the depletion of ions occurs
at the membrane surface due to the intense occurrence of concentration polarization. This
phenomenon will be discussed in detail in the next sections. Figure 9 presents a
representation of typical chronopotentiometric curves obtained with monopolar

membranes.

According to Figure 9, chronopotentiometric curves present well-defined regions and
distinct shapes depending on the applied current density. In curve I, we can see that the
membrane potential drop, Um, presents a constant value. This occurs when the applied
current density is lower than the limiting current density (iiin), i.e. lower than the current

density at which depletion of ions near the membrane surface occurs as a consequence of



intense concentration polarization. The potential difference recorded is mainly associated

with the ohmic drop caused by the membrane/electrolyte system.

When the applied current density is slightly increased (curve II), the curve presents a
subtle inflection related to the increase of the potential drop at a certain time, due to the
formation of concentration gradients in the vicinity of the membrane. As the applied
current density increases, this inflection point is also observed and becomes more evident

(compare curve II with curve III).

For current densities higher than the limiting current density of a given system (curves

IIT and IV), six different regions may be distinguished:

e Region 1: Before imposing a current density, the membrane potential drop is zero.
When the current is switched-on, an immediate increase in the potential drop
appears in the chronopotentiometric curve. This initial potential drop (Uq) is

related to the ohmic contribution of the membrane/electrolyte system [67,83].

e Region 2: A slow increase of the potential drop takes place due to the development
of small concentration gradients in the solution near the membrane surface. This
is governed mainly by electro-diffusion mechanisms [73]. When an underlimiting
current is applied (as shown for curve I), this region 2 extends even during a long

time and, in this case, region 3 is not reached.

e Region 3: An inflection point at which the potential drop increase becomes more
pronounced in a short time is registered due to the occurrence of intense
concentration polarization. At this moment, the concentration of counter-ions in
the solution near the membrane layer reaches values close to zero, causing a strong
increase in the resistance faced by ions to be transferred through the membrane.
This occurs only when the applied current density is greater than the
corresponding limiting current density (compare curve I to curve IV). In region 3,
it is possible to determine the time required for the ion depletion in the diffusion
boundary layer, which is called transition time - t, as shown in Figure 9 for curve
III. Other methods may be used for determining transition times, such as the
maximum of the time derivative of the potential drop. Differences between both

methods will be discussed in the next section (3.2).
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e Region 4: The system reaches a steady-state condition, where the potential drop
(Um,f) remains practically constant until the current ceases. The system develops
another way to support itself with the emergence of overlimiting mechanisms of
current transfer, such as electroconvection, gravitational convection, and
dissociation of water molecules. In studies involving construction of
current-voltage curves, this Un s value is the one plotted against the applied current

density.

e Region 5: When the current density is switched-off, the potential drop suddenly
drops to a residual value that slowly disappears with time. The remaining potential
difference across the membrane after interrupting the current represents the
concentration overvoltage (Uc) [84]. This results from the differences in the
concentration profiles created at both sides of the membrane while the current was
imposed. For bipolar membranes, additional plateaus may be verified in

region 5 [85].

e Region 6: This last region describes the diffusion relaxation of the system, in

which the potential drop approaches zero over time.

3.2. Equations describing dynamic response of potential drop in membrane systems:

The Sand’s equation

When the concentration polarization phenomenon becomes intense due to operation
at overlimiting current densities, it is possible to determine the time required for the
electrolyte concentration to reach values close to zero. This property can be
experimentally obtained from chronopotentiometric curves by using two methods. In the
first one, the transition time is estimated by the point of intersection of the tangential lines
of the regions before and after the increase in the potential drop [61,86], as shown for
curve III in Figure 9. In the second method, the transition time is determined from the
maximum of the derivative of the membrane potential drop with respect to time
[76,79,87], as represented in Figure 10. In general, the transition times obtained by these
two methods differ, which is more noticeable for heterogeneous membranes than for

homogeneous ones [73]. Note that the intersection of the tangential lines (Figure 9) and
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the inflection point considered in the derivative method (Figure 10) are different points.
The first one corresponds to the end of region 2 and the beginning of region 3 of the
chronopotentiogram. This is the point of the beginning of the rapid potential growth that
occurs when intense concentration polarization takes place at the diffusion boundary layer
and the ion concentration reaches values close to zero. At this moment, electro-diffusion
is still the dominant mechanism of ion transfer because overlimiting mass transfer
phenomena do not occur intensively yet. Conversely, when the transition time calculated
by the derivative method is reached (see Figure 10), the membrane/electrolyte system
already operates under intense concentration polarization. Thus, it may be suggested that
the value obtained using the derivative method is more representative of the instant when
the actual transition between different dominating mass transfer mechanisms in
electromembrane systems occurs. The higher accuracy of the derivative method was
demonstrated by Mareev et al. [76] because the transition times obtained by the authors
using this method presented a very good agreement with those obtained using simulations

based on a 3D ion transport model.

The transition time can also be obtained mathematically. In 1899, Sand [88]
developed an equation that was adapted by Lerche and Wolf [89] and applied by Audinos
and Pichelin [90] to homogeneous membranes. The latter authors evaluated the
non-steady-state transport of counter-ions considering a homogeneous surface, in contact

with univalent electrolytes, and without electroconvection.

The Sand equation was developed from Fick's second law [76], which presents the
change in the electrolytic concentration as a function of distance and time (Equation 2),
where x is the directional coordinate, ¢ is time, and D is the electrolyte diffusion
coefficient. In the case of binary electrolytes, D = 2D.D, /(D + D,), where D. and D,
are the diffusion coefficients of the cationic and anionic species in the solution,
respectively [91].

0CCot) _  0°C(x,0)

it P Equation 2
X

Equation 2 has an analytical solution and requires two boundary conditions for its

resolution. In the initial state (¢ = 0), concentration C is expressed by Equation 3.

C(x,0) =C, Equation 3
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In positions sufficiently distant from the membrane, Equation 4 is also valid since we are

evaluating the semi-infinite diffusion problem.

C(x —» o) =(, Equation 4

Equation 5 expresses the flow of counter-ions through the membrane (Ji"*), which
principally occurs by migration, while Equation 6 expresses the flow in the solution (J;),
which occurs due to migration and diffusion [90]. In these equations, t;, and ¢; represent

the transport number of an ion j in the membrane and solution phase, respectively. In this

case, D, t, and t; are assumed not to depend on the electrolytic concentration.

it

= j Equation 5
Ir it; +D <6C) Equation 6
S = — — ation
] zF 0%/ =0 a

Under constant current conditions, the flow of ions through the membrane and in the
solution at the membrane surface (x = 0) are equal. Hence, combining Equation 5 and
Equation 6, a boundary condition is obtained, which relates the concentration of the

counter-ion at the membrane surface at a nonzero time (Equation 7).

<ac) = i(t_ t) Equation 7
o x=0— 2D \U j quation

Finally, the Fick’s second law can be solved by applying Laplace transform (Equation 8)
[80].

i(t, - t) Dt x? X .
C(x,t) = C -t Il = -] —x. <—) Equation &
(x,t) = Gy o - exp( t) x.erfc il q

For x = 0, Equation 9 is obtained, which presents the concentration of ions at the surface

of the membrane as a function of time.
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i _ Dt .
c(0,t) = C, _ﬁ(tl — )2 — Equation 9

Thus, by verifying that the ions concentration at the membrane decreases with
time, Sand [88] developed the well-known Sand Equation (Equation 10) derived from the
Nernst-Planck equation assuming a stagnant diffusion layer of infinite thickness near the

membrane. This equation allows calculating the transition time.

2 2
D F C .
T= i _Z] <—0) Equation 10
4\t — ¢ [

As mentioned, the term of electrolyte diffusion coefficient (D) was considered to
be independent of the concentration in the development of Sand equation. In 2016,
Mareev et al. [92] evaluated the effect of including the concentration dependence of this
term by introducing a function D), which considers the concentration variation in the
diffusion boundary layer. The authors used NaCl solutions (0.002, 0.02 and 0.2 M) in the
chronopotentiometric tests and verified that D« can be used in chronopotentiometric

studies with any membrane or electrolyte.

3.3. Transition time and transport numbers

The transport number is a very important property considered in studies of
electrodialysis since it measures the fraction of current density carried by each type of
ions through the membrane and is an indicator of the current efficiency (thus, the
membrane selectivity) [58]. In addition, the difference between the transport number in
the solution and in the membrane is responsible for the occurrence of concentration
polarization. In single salt solutions, the transport number of cations indicates the fraction
of current that is associated with the cations transport through a membrane, whereas the
transport number of anions indicates the fraction of current associated with the anions
transport. In ideal conditions, this property presents a value close to 1 for counter-ions

and close to zero for co-ions.

In the early 1990s, the transport number of counter-ions in membranes was often

determined by radiotracer measurements [93—99]. However, it has been replaced with the
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development of simpler and more modern techniques. The transport number began to be
conventionally determined by two methods: the Hittorf [73,94,100-103] and, mainly, the
emf method [77,86,111-115,100,104—110]. In the Hittorf method, a two-chamber
electrodialysis cell separated by a membrane is filled with an electrolyte solution with the
same concentration. A current density is applied for a period and the concentration
variation in the diluted and concentrated compartments is evaluated as a function of time.
In this method, Equation 11 and Equation 12 are used, where V' is the volume of solution,
C{ and C? are the concentration of counter-ion when ¢ = ¢” and ¢ = 0, respectively, and 4

1s the effective membrane area.

Fm
t = ﬁ Equation 11
i
'O
m — ACEallD Equation 12
J At

In the emf method, a two-chamber cell separated by a membrane is also used, but
with two solutions of different concentrations. A current density is applied and the
transport number of the counter-ion in the membrane is determined by measuring the cell
potential (Ucen), according to Equation 13 [104], where Ci,w and Cyign are the electrolyte

concentration in the low and high concentration compartments, respectively.

RT _ C
Ucen = 7~ (1-28)in (Clow > Equation 13
high

In recent years, authors have frequently used chronopotentiometry, together with
the Sand equation (Equation 10), to determine the transport number of ions in membranes.
For this, a plot of experimental transition times (7) vs. (Co/i)? is constructed, as shown in
Figure 11. In general, curves with a correlation coefficient close to a line are obtained.
Therefore, the coefficient of the curve can be related to Equation 10, and £, can be
determined, since the other terms are generally known. The term of the transport number

in the solution can be calculated by using the diffusion coefficients, according to Equation

14.
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D.
t: J

=— Equation 14
1= (D, +Dy) 1

As showed by Mareev et al. [116], some care must be taken for the appropriate
use of Sand equation because it is strongly dependent on the current density, the thickness
of the diffusion boundary layer (8), and the surface heterogeneity. The authors showed
that the Sand equation is valid in two cases. The first one is when the membrane surface
is homogeneous, and 6 and i are sufficiently high; as shown in another work of Mareev
et al. [76], the equation is only valid for current densities at least 1.5 times greater than
the limiting current density of the membrane/electrolyte system. The second case in which
the Sand equation is valid is when the membrane surface is inhomogeneous, but the
typical size of surface heterogeneity is lower than J. In this case, the concentration
distribution at regions distant from the heterogeneous surface is similar as in the case of
homogeneous surfaces, and the elongation of current lines caused by surface

heterogeneity may be neglected.

Recently, results of transition time obtained by chronopotentiometry for
anion- and cation-exchange membranes were compared to those obtained by X-ray
computed microtomography [117]. The latter provides a detailed analysis of the
membrane structure both on its surface and its inner parts. The authors verified that for
homogeneous membranes, experimental transition times were in very good agreement
with theoretical predictions based on Sand equation. In turn, transition times were not
well predicted by the Sand equation in case of the heterogeneous ion-exchange

membranes.

Table 1 presents a summary of some studies in the literature in which the authors
determined the transport number of different ions and membranes using
chronopotentiometry. Several authors reported in the table tested chronopotentiometry

simultaneously with the Hittorf and emf methods.

Table 1 — Studies performed for determining transport number by using

chronopotentiometry.
Ton Solutions tested Membrane Producer Reference
HDX100/IONSEP- HDX100: Hangzhou
2+ _ 2+
Cu 0.1 —2.0 g Cu*"/L + H2SO4 HC-C and PC-SK Tontech [15]
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Environmental
Technology Co. Ltd.,
China.
PC-SK:
PolymerChemie
Altmeier GmbH,
Germany

Ni?*, Mn?*, Cu?*,

0.025 M chloride solution

IONICS 67-HMR-412

Tonics Inc., USA

[65]

C02+, Zn2+
Na', Ca* and Mg2* | 002 M N&éégaaz and Modified CEM [118]
NiZ 0.025 M NiCl2 + HsBO:s IONICS 67-HMR-412 Ionics Inc., USA [71]
Neosepta CM-1, CMX, | Tokuyama Co. Ltd.,
Na* 0.025 M NaCl CMB and modified Japan. [106]
membranes
Neosepta Tokuyama
Neosepta AMX and Soda Co. Ltd., Japan.
Na* and CI 0.017 — 0.5 M NaCl CMX, Fumasep FAD Fumasep: FuMA- [119]
and FKD TechGmbH,
Germany
Cl 0.002, 0.02 and 0.2 M NaCl Neosepta AMX Astom Corp., Japan [92]
Cr NaCl Prepared AEM [120]
K* 0.01 M KCI Prepared membranes [121]
K* 0.5 MKCl Modified CEM [122]
Suqing 201x4 Cl Suqging Company,
K" and CI 0.001 M KC1 (AEM) and Suqing China. [117]
001x4 Na (CEM)
Selemion CMV, Selemion: Asahi
N ] 0.017-0.1 M NaClL Neosepta CMX, Glass, Japan.
Na“and CI Temperature: 293 — 318K Selemion AMV, Neosepta: Astom [123]
Neosepta AMX Corp., Japan
Na* and CI 0.001 —0.1 M NaCl AEM and CEM [124]
prepared membranes
Na* 0.01 M NaCl CEM prepared [125]
membranes
Na* NaCl Nafion 117 and CEM Nafion: DuPont [126]
prepared membranes
Na* 1 — 10 M NaCl CEM prepared [127]
membrane
Neosepta AM-1
’ Neosepta: Tokuyama
Na* and CI 0.025 M NaCl A}\S(;Iﬁfg’ ggﬁgn Soda Co. Ltd., Japan. [77]
oditie Nafion: DuPont, USA
membranes
Cr 0.025 M NaCl Neosepta AMX and Tokuyama Co. Ltd., [112]
prepared membranes. Japan.
Prepared charged . .
Cr 0.01 M KCl, NaCl and LiCl mosaic membranes and Seclﬁilsorjéisfhl [37]
Selemion AMV > Japan.
Neosepta AM-1, )
Ccr 0.025 M NaCl AMX, AFN and Neosepta: Tokuyama | 1,
Co. Ltd., Japan.
prepared membranes
Na', H*, Na', CI, 0.001 and 0.01 M NacCl, HCI Prepared membranes [129]
OH and NaOH solutions P
4 10# - 102 M NiSO4 + 0 - 102
Ni M CrOs. Nafion 117 DuPont, USA [72]
Zn*" 0.05 - 0.2 M ZnS04.7H.0 IONICS 67-HMR-412 Ionics Inc., USA [70]
0.01 M sodium salts:
- 2.
NOs’, SO47, CH3COONa, NaNOs, NaCl Prepared membranes [130]

CH3COO and CI

and Na>SOa.
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L-phenylalanine 0.02 M sodium phenylalanine Neosepta AM-1 and

Fresh and fouled Neosepta: Tokuyama

Co. Ltd., Japan.

AFX membranes

3.4.The modified Sand equation: fraction of non-conducting regions in membranes

Choi and Moon [105] modified the Sand equation and included a term relative to
the apparent fraction of conductive area (&) (Equation 15). This equation is widely used
in chronopotentiometric studies to determine the apparent fraction of conductive area or
the transport number of counter-ions in heterogeneous membranes. The relationship
between the transition times obtained by the equations of Sand and Choi and Moon is
expressed as Tcnoi—moon = Tsana€>- Thus, its use requires some care, as showed by
Mareev et al. [116]. In the theory proposed by Choi and Moon, the electric current lines
are assumed to be normal to the conductive surface, thus, the tangential component of ion
transfer is neglected. In real membrane systems, this assumption may be considered
acceptable when the typical size of surface heterogeneity is of the same order of
magnitude as (or greater than) the thickness of the diffusion boundary layer. In addition
to this, the equation proposed by Choi and Moon is valid only for current densities at least
1.5 times greater than the limiting current density of the membrane/electrolyte system
[76]. Vobecka et al. [117] also showed, using chronopotentiometry and X-ray computed
microtomography, that the use of the modified Sand equation is limited for heterogeneous

membranes.

The terms of Equation 15 are the same of those present in Equation 10. For the
determination of ¢, the same procedure described for determining the transport number
by the Sand equation in homogeneous membranes (Equation 10) is performed. In this
case, the coefficient of the curve of (1) vs. (Co/i)? is equal to the modified Sand equation
and only ¢ is an unknown term, which can be finally determined. The solutions used for
determining € by chronopotentiometry are generally composed of single salts, such as
NaCl or KCI. The value of transport number of ions in the membrane phase is generally
given by manufacturers or it may be determined by the Hittorf or emf method. In the

absence of ¢, value, it may be calculated by using data of transport number of ions in the

solution and the membrane permselectivity (Equation 16) [13]. The latter is related to the

transport of electric charges by the counter-ions to the total electric current that cross the

[131]
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membrane and is generally provided by manufactures [17]. In some cases, the
permselectivity may also be calculated using Equation 17 [132,133], which considers the

€ value equal to 1.

2nD [ zF \* (Co\? .
T= £r _Z] <—0) Equation 15
4\t -t i
t, = Permselectivity - (1 - tj) +t; Equation 16
ziFC Dm\%® )
Permselectivity = ]—0.- (—) Equation 17
2(1—-¢)i \ =

Table 2 presents a summary of some studies performed by chronopotentiometry
for obtaining the apparent fraction of conductive area of the homogeneous and
heterogeneous membranes most evaluated in the literature. The table presents the € values

and the solutions used in the experiments.

Table 2 - Summary of data of apparent fraction of conductive area of the membranes
most evaluated in literature.

Solution used for
Membrane Producer Value of € o Reference
determining €
Commercial homogeneous membranes
Nafion 117 DuPont, USA 0.981 0.05M NaCl [9]
Nafion 117 DuPont, USA 0.93 0.003 M KCl [134]
0.003 M KCI + 0.6 g/L
Nafion 117 DuPont, USA 0.71 [134]
Glucose
0.003 M KC1+0.96 g/L
Nafion 117 DuPont, USA 0.63 [134]
Glucose
Nafion 117 DuPont, USA 0.88 0.003 M NaCl [134]
0.003 M NaCl + 0.6 g/L.
Nafion 117 DuPont, USA 0.76 [134]
Glucose
0.003 M NaCl+ 0.96 g/L
Nafion 117 DuPont, USA 0.62 [134]
Glucose
Nafion 117 DuPont, USA 0.88 0.140 M KCl [134]
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0.140 M KCI + 0.6 g/L

Nafion 117 DuPont, USA 0.85 [134]
Glucose
0.140 M KC1+0.96 g/L
Nafion 117 DuPont, USA 0.87 [134]
Glucose
0.003 M KCI1+0.140 M
Nafion 117 DuPont, USA 0.90 [134]
NaCl
0.003 M KCI+0.140 M
Nafion 117 DuPont, USA 0.84 [134]
NaCl + 0.6 g/L Glucose
0.003 M KCI1+0.140 M
Nafion 117 DuPont, USA 0.89 NaCl+ 0.96 g/L [134]
Glucose
PolymerChemie
PC-SK Altmeier GmbH, 0.734 0.3 MKCl [15]
Germany
IONICS 67-HMR-
a0 Ionics Inc., USA 0.935 0.025 M NaCl [65]
Tokuyama Co. Ltd.,
Neosepta CMX 0.97 0.02 M NH4Cl [104]
Japan.
Tokuyama Co. Ltd.,
Neosepta CMX 0.954 0.025 M NaCl [135]
Japan.
Tokuyama Co. Ltd.,
Neosepta CMX 0.98 0.01 KC1 [136]
Japan.
Tokuyama Co. Ltd.,
Neosepta AMX 0.99 0.01 KC1 [136]
Japan.
Tokuyama Co. Ltd.,
Neosepta CM-1 0.973 0.025 M NaCl [135]
Japan.
Tokuyama Co. Ltd.,
Neosepta CMB 0.916 0.025 M NaCl [135]
Japan.
Asahi Glass Co.,
Selemion CMV 0.98 0.02 M NH4Cl [104]
Japan
Asahi Glass Co.,
Selemion CMV 0.95 0.1 M NaCl [137]
Japan
FuMA-Tech GmbH,
FKE 0.988 0.025 M NaCl [138]
Germany
Neosepta AFX Astom Corp., Japan 0.969 0.025 M NaCl [86]
Neosepta AFX Astom Corp., Japan 0.985 0.025 M NaCl [111]
Neosepta AFX Astom Corp., Japan 0.916 0.025 M NacCl [108]
Neosepta AMX Astom Corp., Japan 0.98 0.025 M NaCl [139]
204SZRA Tonics Inc., USA 0.94 0.025 M NacCl [139]
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Commercial heterogeneous membranes

Hanguk Jungsoo Co.,
HIC 0.93 0.02 M NH4C1 [104]
Korea
HJA Haji, Korea 0.59 0.025 M NaCl [139]
LNA Lin’an, China 0.68 0.025 M NacCl [139]
Hangzhou Qiangiu
HQC 0.827 0.025 M NaCl [135]
Chemical, China
Hangzhou Iontech
HDX Environmental
0.804 0.05M NaCl [9]
100/IONSEP-HC-C | Technology Co., Ltd.,
China
Hangzhou Iontech
HDX Environmental
0.808 0.1 MKCl [15]
100/IONSEP-HC-C | Technology Co., Ltd.,
China
Modified membranes
PFAEM (VBC/St =
0.972 0.025 M NaCl [111]
1/1)
PFAEM (VBC/St =
0.985 0.025 M NaCl [111]
2/1)
PFAEM (VBC/St =
0.974 0.025 M NaCl [111]
3/1)
PFAEM (VBC/St =
0.979 0.025 M NaCl [111]
4/1)
PFAEM (VBC/St =
0.957 0.025 M NaCl [111]
5/1)
PFAEM (VBC/St =
0.96 0.025 M NaCl [111]
6/1)
20% S-PES 0.796 0.025 M NaCl [135]
30% S-PES 0.826 0.025 M NaCl [135]
40% S-PES 0.981 0.025 M NaCl [135]
50% S-PES 0.983 0.025 M NaCl [135]
S-PSU 0.921 0.025 M NaCl [135]
0SS 0.855 0.025 M NaCl [138]
0.2SS-20nm 0.964 0.025 M NaCl [138]
0.5SS-20nm 0.998 0.025 M NaCl [138]
1SS-20nm 0.998 0.025 M NaCl [138]
2SS-20nm 0.946 0.025 M NaCl [138]
AFX/Py 100 vol.% 0.909 0.025 M NaCl [86]
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AFX/Py 80 vol.% 0.861 0.025 M NaCl [86]
AFX/Py 60 vol.% 0.881 0.025 M NaCl [86]
AFX/Py 40 vol.% 0.834 0.025 M NaCl [86]
AFX/Py 20 vol.% 0.881 0.025 M NaCl [86]
AFX/Py 10 vol.% 0.864 0.025 M NaCl [86]
AFX/Py 5 vol.% 0.861 0.025 M NaCl [86]
AFX/BPPO 1 wt% 0.903 0.025 M NaCl [108]
AFX/BPPO 3 wt% 0.889 0.025 M NaCl [108]
AFX/BPPO 5 wt% 0.860 0.025 M NaCl [108]
AFX/BPPO 10
% 0.797 0.025 M NaCl [108]
wt%
AFX/BPPO 15
% 0.833 0.025 M NaCl [108]
wt%

3.5.Fouling and scaling phenomena

In recent years, several authors have verified that some monopolar membranes may
show atypical behaviors in their chronopotentiometric curves. Depending on the ionic
species present in the tested solution and the pH, insoluble species may be formed at the
membrane surface during the electrodialysis process, which leads to the formation of
additional inflection points in the ChPs [9,65,67,69,71,72]. This behavior is similar to

those verified in bipolar membrane studies [85].

The formation of insoluble species on cation- and anion-exchange membranes occurs
when current densities above the limiting one are applied, leading to water dissociation
and the consequent formation of H" and OH" at their surface. When water dissociates at a
cation-exchange membrane, protons tend to pass through the membrane, while OH™ ions
are retained on its surface, increasing the local pH. These OH™ ions may react with metal
ions and form mainly hydroxides and oxides that adhere to the monopolar structure of the
membrane [71]. At anion-exchange membranes, the opposite phenomenon occurs: OH
ions pass through the membrane, whereas protons are retained on its surface, which
causes a pH reduction. In general, the formation of insoluble species at the surface of
anion-exchange membranes due to water dissociation is more difficult to occur than at
cation-exchange ones. The evaluation of this phenomenon is very important for the
electrodialysis efficiency since the formation of precipitates causes an increase in the

potential drop and in the resistance of the membrane [65].
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The formation of insoluble species on the surface of monopolar membranes can be
verified in the chronopotentiometric curves obtained at i > i, by some non-expected
behaviors, which are represented in Figure 12. In the curve, an increase in the potential
drop occurs when the system was expected to be at steady-state condition, after the
achievement of the transition time [7,15,65,67,71,140—142]. The presence of additional
plateaus during the system relaxation is also a typical behavior when a precipitate is
formed at the membrane, as shown in Figure 12 [65,71,72,140,141]. In this case, the
potential drop remains at non-zero values for long periods, which is a classical behavior
for bipolar membranes. This is related to the hindered recombination of hydroxides and
protons at the solution adjacent to the diffusion boundary layer (DBL), resulting from the

dissociation of water in the bipolar membrane junction [143].

Using chronopotentiometry, Marder et al. [65] evaluated the transport properties of
solutions with different metals: nickel, manganese, copper, cobalt, and zinc. The authors
verified the formation of additional plateaus only with solutions of cobalt and nickel, due
to the formation of the insoluble species Ni(OH)> and Co(OH)., respectively. Some years
later, the effect of boric acid on the transport properties of nickel was evaluated by
chronopotentiometry [71] and the deposition of Ni(OH), was also verified at the surface
of the cation-exchange membrane. Also using chronopotentiometry, Taky et al. [144]
studied the transport properties of solutions containing Cr** and observed the formation
of Cr(OH);3 at the CEM. Barros et al. [7] evaluated transport properties of solutions from
the effluent of the electroplating industry with EDTA as a complexing agent. The authors
associated the occurrence of precipitate formation at the membrane surface with intense
oscillations in the chronopotentiometric curves, besides an unexpected increase in the
potential drop without achieving a constant value. An unexpected increase in the potential
drop was also recently verified in the chronopotentiograms obtained by Barros et al. [67];
they evaluated the influence of a three-stage chemical cleaning using NaOH solutions in
0.1, 0.5 and 1.0 mol/L on electrochemical and structural properties of anion- and cation-
exchange membranes previously used in the electrodialytic treatment of an effluent from
the electroplating industry. The cleaning solution in 1.0 mol/L NaOH degraded the
anion-exchange membrane and converted quaternary amines into tertiary ones. This led
to intense water dissociation at the membrane surface during the chronopotentiometric

tests, reducing the pH in the depleting diffusion boundary layer. This reduction in pH led
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to the formation of precipitates at the membrane surface, which were responsible for the

unexpected increase in the potential drop in the chronopotentiometric curves.

In some cases, the visual observation of precipitate formation is possible.
Marti-Calatayud et al. [9] evaluated the transport of mixture solutions of Fe2(SO4); and
Na;SOs emulating the composition of acid mine drainage through two different
membranes, one homogeneous and the other heterogeneous. At the end of the
experiments, the authors visually verified the presence of precipitates that were related to
the shape of chronopotentiograms. Barros et al. [15] also compared two membranes, a
homogeneous and a heterogeneous one, analyzing the evolution of the
chronopotentiometric curves and the transport properties using solutions of copper in acid
medium. In addition to the chronopotentiometric curves, the authors visually verified the
formation of a blue precipitate only at the surface of the homogeneous membrane. This
occurred due to the higher local concentration of Cu?* ions near the conductive regions
of the homogeneous membrane. The lower water content of the homogeneous membrane
(9%) compared to the heterogeneous one (35%-50%) also favored the precipitate
formation at the former; the lower the water content, the lower the membrane
conductivity, which leads to smaller conducting interstices and lower ion mobility

through the membrane [145].

Chronopotentiometry has been used not only to investigate the formation of
precipitates and scaling in metallic solutions, but also to evaluate the influence of some
substances on the fouling occurrence and on the fraction of conductive area of
membranes. Freijanes et al. [134] evaluated the influence of glucose on membrane
properties using NaCl and KCI solutions. The authors noted that at low electrolyte
concentrations, the transition times were lower in the presence of glucose due to the
reduction of the effective area of the membrane by this substance. Similar results were
observed by Shahi et al. [129]. Also using chronopotentiometry, they verified that the
presence of glycine in NaCl solutions reduced the ions migration due to the blockage of
functional groups of the membrane matrix. Similarly, Park et al. [136] evaluated the
influence of bovine serum albumin (BSA) on the transport properties of KCI solutions
and noted that this substance altered the membrane heterogeneity. The authors verified
the chemical adsorption of BSA on the cation-exchange membrane, and both chemical
and electrostatic adsorption on the anion-exchange one, causing the reduction of its

apparent fraction of conductive area. Kang et al. [146] studied the influence of lysine, a
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large molecular amino acid, on the properties of two membranes and noted that they were
strongly affected by molecules with a molar mass greater than 70 g/mol.
Chronopotentiometry allowed the authors to verify that the apparent fraction of

conductive area was reduced with the increase of the molar mass of the counter-ion.

Lee et al. [147] evaluated the influence of the presence of anionic surfactant foulant
(sodium dodecylbenzenesulfonate) on the fouling potential of an anion-exchange
membrane with NaCl solutions. By determining the transport properties and comparing
the chronopotentiograms, the authors verified the occurrence of an intense fouling.
Recently, Andreeva et al. [142] studied a mixed salt solution by chronopotentiometry to
evaluate the mitigation of scaling at two cation-exchange membranes, being one
commercial and the other one a modified membrane. The authors tested the application
of constant and pulsed currents, in underlimiting and overlimiting conditions to reduce
the tendency of precipitate formation on the surface of the membranes. For the
commercial membrane, scaling occurred and the CaCOs, Ca(OH),, and Mg(OH),
compounds were formed at its surface, whereas for the modified membrane, the amount
of scaled species was considerably lower and only CaCOj3 was present. The use of pulsed

electric field was also useful to reduce membrane scaling.

Choi and Moon [105] assessed the influence of pore size of three ion-exchange
membranes, being two homogeneous and the other heterogeneous, on the shape of
chronopotentiograms using some amine chloride solutions. Only ions smaller than the
pore of the membrane can cross it; when the pore is smaller than the transporting ion, it
behaves as a non-conductive area. From the curves obtained, it was clear that ions with
greater molecular size were responsible for lower values of apparent fraction of
membrane conductive area. For the determination of the apparent fraction of conductive
area, the authors constructed curves showing the dependence of transition times on

2

current densities represented in Sand’s coordinates (it¥/2 vs. i), as will be discussed

below.

By rearranging the modified Sand equation (Equation 15), it can be represented as
shown in Equation 18. The values of it!/2 are expected to be constant and independent
of current density. As all the terms on the right side are usually known, the & value can
be finally determined. For the use of Equation 18, transition times may be experimentally

obtained from the chronopotentiograms and transport number of ions in the membrane
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can be determined by the emf or Hittorf method. This analysis of the dependence of
transition time on current density represented in Sand's coordinates has been used by
several authors for evaluating the influence of different ions and types of membranes on
the apparent fraction of conductive area and fouling/scaling occurrence
[79,83,105,125,130,148]. Recently, Barros et al. [61] evaluated the apparent fraction of
conductive area of cation- and anion-exchange membranes after their use in
electrodialysis operated at underlimiting and overlimiting current regimes; from the
curves of it1/2 vs. i, the authors verified that fouling/scaling occurred more intensively
in the ED conducted in underlimiting condition. Singh et al. [149] used this analysis to
determine the permselectivity of modified anion-exchange membranes; for this purpose,
the transport number of counter-ions in the membranes was determined using Equation
18 and applied in Equation 16. The invariability of i1/2 values presented as a function
of 7 indicates that the counter-ion transfer runs with diffusion control. When the curves
show a slope, the ion transfer across the membrane is accompanied by chemical reactions
taking place in the membrane/electrolyte system [79,150]. Figure 13 shows the
dependencies of transition time on current density represented in Sand's coordinates
obtained by Pismenskaya et al. [151]. In the chronopotentiometric tests, the authors used
the same ion-exchange membrane (CMX) and two different solutions: NaCl and LysHCI.
As verified, the apparent fraction of conductive area was lower with LysHCI solution than

with NaClL

B eCoz;F (wD)'/?
2(5, - ¢))

iTl/z

Equation 18

4. Current-Voltage Curves

In addition to chronopotentiograms, chronopotentiometry allows obtaining curves
of current versus voltage describing the steady-state behavior of membrane systems.
Current-voltage curves, also known as polarization curves, are widely used in studies
involving electrodialysis because they provide a general overview of the membrane
resistance over a wide range of current densities. Moreover, relevant information about
the system can be obtained from these curves, such as the limiting current density and the
plateau length. The latter is related to the energy required to change the mechanism of ion

transport from diffusion and migration to overlimiting phenomena. The curves also
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provide qualitative information regarding the overlimiting mechanisms of current transfer

and transport competition between different species.

4.1.General description of typical current-voltage curves of monopolar membranes

A typical current-voltage curve of a monopolar membrane is shown in Figure 14.
The CVC can be divided into three regions based on the slopes of the curve: region I, II
and III. In region I, also called quasi-ohmic region, the current and the voltage show a
linear relationship. In this case, the flow of ions through the membrane increases
proportionally with the electric field, following a quasi-ohmic behavior. From region I, it
is possible to determine an important property of electrodialysis systems: the so-called
ohmic resistance of the membrane system (R;), which can be obtained by the inverse of
the slope (a;) of the tangential line of this region. This property is also often called
“effective resistance” and it includes the ohmic resistance of the region between the
measuring capillaries (membrane + solution), as well as the diffusion resistance of the
depleted and enriched diffusion layers [152—154]. The ohmic resistance of the
membrane/electrolyte system is an important property that indicates the contribution of

the membrane and the adjacent diffusion layer to the cell voltage [72].

After the linear relationship of region I, the curve reaches region II, in which the
current density remains practically constant with the membrane voltage increase. This
region is also known as the plateau region. At the inflection of the curve, that is, at the
intersection of the tangents of region I and II, the limiting current density is reached. As
previously explained, in this condition, there is no substantial increase in the current flow
across the membrane due to the scarcity of ions at the membrane surface (at the diluate
side), even with an increase in the applied transmembrane voltage. From region II of the

CVC, it is possible to determine the plateau length [72].

In region III, a new region of current increasing with membrane voltage appears
due to the activation of overlimiting transport mechanisms, such as dissociation of water,
gravitational convection and electroconvection, which allow the increase in ionic transfer
through the membrane [65,69]. The electrical resistance of region III (R3) can also be
determined by the same methodology of the ohmic region, that is, by the inverse of the

slope (a3) of its tangential line.
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The determination of each transport property by current-voltage curves will be

discussed separately in the following sections.

4.2.Concentration polarization and limiting current density

Polarization is a well-known phenomenon involved in studies of electrodes and in all
membrane processes [155]. In the case of ion-exchange membranes, it is associated with
the preferential transport of counter-ions through the membrane phase and the consequent
development of concentration gradients between the bulk solution and the vicinity of the
membrane. In ion-exchange membrane studies, this phenomenon is often called as
“concentration polarization”. The reduction in the concentration of ions at the
ion-exchange membrane surface facing the depleted compartment causes a sudden
increase in the potential drop and in the electrical resistance. Therefore, the measurement
of potential drop over time gives us valuable information about the formation of
concentration gradients. The potential measurement is described in detail in the classical

investigation of polarization by Cooke [156,157] and by Forgacs [158].

Concentration polarization is a phenomenon that occurs in electrodialysis due to the
difference between the transport number of counter-ions in the solution and in the
membrane phase [76]. The proposed model for a concentration profile from a
membrane-electrolyte interface states that a mass balance of counter-ions inside the
membrane and in the interface must exist. The mass balance considers ion transport by
diffusion and electromigration in the DBL and in the membrane phase according to
Equation 19. A scheme of the diffusion layer in a membrane/solution system is

represented in Figure 15.
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In Equation 19, C; and C: are the ion concentration in the bulk solution and at the
membrane surface, respectively, on the diluted side, J; is the thickness of the diffusion
layer on the diluted side, P is the electrolyte permeability coefficient of the membrane,

Cs is the ion concentration of the enriched solution at the membrane surface, and o, is the
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membrane thickness. The first term on the left side of Equation 19 is related to the ion
transport due to electromigration, whereas the second term is related to diffusion, both
occurring in the solution layer next to the membrane interface. Since they have the same
direction, the left side of the equation is a sum of both first and second terms. In turn, in
the membrane phase (right side of Equation 19) the first term is related to the
electromigration from the diluted side toward the concentrated one, whereas the second
term shows an opposite sign and corresponds to the diffusion transport. Since ionic
concentration Cs is higher than C>, the diffusion transport tends to occur in the opposite

direction.

In the diluted compartment, where the diluted solution is in contact with a
cation-exchange membrane, the transport number of cations in the solution is smaller than
at the membrane surface. The same behavior is valid for anions in the bulk solution and
at the surface of an anion-exchange membrane. At a certain moment, a concentration
gradient between the surface adjacent to the membrane and the bulk solution is
established. This gradient results in a diffusive transport of electrolytes; ions in the bulk
solution move, by diffusion, to the membrane interface to minimize the concentration
gradient established by the difference in the ionic transport rate. While diffusion is able
to supply ions in the boundary layer, they are continuously transferred to the membrane
interface. When the applied driving force (electric field) is such that the diffusion is no
longer able to supply enough ions to compensate the migration flux through the
membranes, ion depletion occurs on the surface of the membrane at the interface with the
diluted solution. At this moment, the system leaves the previous condition, and an
increase in the applied voltage does not lead to an increase of the current density, which
is defined as limiting current density [42]. Hence, an increase in the energy consumption

occurs without increasing the ion transport through the membranes.

Figure 16 presents a schematic drawing illustrating the evolution of concentration
profiles of counter-ions in the diffusion boundary layer (DBL) at different current
densities. The electric double layer (EDL) at each side of the membrane is also
represented in the figure. This is an interfacial region with thickness typically in the order
of several nanometers and it is located between the ion-exchange membrane and the
adjacent solution [159,160]. The EDL is formed due to the generation of an electric field
by the fixed charges on the surface of the membranes. The electric field generated is

responsible for Coulomb forces that attract ions with opposite charge, which create the
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EDL [17,161]. In Figure 16b, the different behaviors of ions supply as 7 increases are due
to the change from diffusion and migration to overlimiting phenomena as the dominant

mechanism of ion transport.

The concepts used so far in the studies of concentration polarization derived from the
Nernst film model [18,162]. This model considers the existence of a "Nernst diffusion
layer" region between the membrane/solution interface and the bulk solution, which is
the diffusion boundary layer. During the development of this model, Nernst considered
that, at this thin region, the electrolytic composition shows a linear profile and no
convection phenomenon occurs, being the mass transport controlled by
diffusion-migration [38]. The concept reported by Nernst was later improved by
Levich [162] since he considered the occurrence of convective transport within the

DBL [38].

When the limiting current density is exceeded and the concentration polarization
phenomenon becomes intense, a mass transfer limitation occurs and any increase in the
voltage that passes through the membrane does not increase the ionic transport. Generally,
the extra energy supplied is spent in secondary reactions, such as the dissociation of water
(H,0 - H* + OH™) [14]. The limiting current density, considering a solution of a
single salt completely dissociated, can be calculated by the equation developed by Peers
in 1956, represented by Equation 20 [163]. In this equation, under the local
electroneutrality assumption, the limiting current density is reached when the
concentration of counter-ions reaches zero at the surface of the membrane.

. DCyF '
Uim = —F7——~
lim 6( [ - tj) Equation 20

Equation 20 is a rearrangement of Equation 19, considering that the diffusion of
ions in the membrane phase is negligible and that a limiting current density exists, above
which intense concentration polarization may occur. In Equation 20, 9 is the thickness of
the diffusion boundary layer, defined as the distance from the membrane to the cross point
of the tangents drawn to the concentration profile at the interface and bulk solution. This
can be estimated using the Levich Equation represented by Equation 21 [164] and it is
affected by the hydrodynamic conditions of the electrolyte solution, such as the stirring

strength or flow rate of the solution.



30

L1/4
0

= Equation 21
0.7(Sc/4)(gAC,/4v2) " 1

In Equation 21, L is the effective radius of the membrane when it is circular, g is
the gravitational acceleration, Sc is the Schmidt number, v is the kinematic viscosity of
the solution, ACg is the concentration gradient between the boundary layer of the
membrane interface and the bulk solution. In the condition of limiting current density,

ACg = Cp since the concentration of ions at the interface is zero.

The value of 0 may also be determined from the potential drop evolution during
the relaxation measurements of chronopotentiometry. When the current is switched-off,
concentration polarization does not disappear immediately [165]. Sistat and
Pourcelly [166] used chronopotentiometry together with a mathematical model to
determine ¢ from the remaining potential drop. Theoretical and chronopotentiometric
results showed a very good agreement. Some years later, Larchet et al. [75] evaluated the
evolution of 6 with time during chronopotentiometric measurements. The authors
obtained a proportional relationship of 0 with the difference between the electrolyte
concentration in the solution bulk and at the interface (Ac™®?) different from that predicted
by Levich (Ac®?°). This occurred because, in Levich’s theory, the microscopic chaotic
convection motion is not considered. It was also shown that when the current is switched-
on, J increases due to concentration changes in the current-induced DBL caused by ion
diffusion. Then, gravitational convection takes place and causes a reduction of 6, which
shows a maximum value and then achieves a steady-state value. When the current is
switched-off, Ac decreases with time and ¢ increases, leading to a slower relaxation of

the system.

Equation 20 provides the theoretical limiting current density. This equation
requires the calculation of several unknown terms, including the transport number of ions
in the membrane phase. Its use is especially complex when considering a solution that is
not composed of a monovalent single salt. In this case, it may be very difficult to obtain
the necessary parameters. The real limiting current density can be determined directly
from the current-voltage curves obtained by chronopotentiometry [7,15,50,79,141,167],
by determining the intersection point of the tangential lines of regions I and II of the CVC,

as shown in Figure 14.
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Membrane heterogeneity strongly influences the current-voltage curves and,
according to Volodina et al. [ 168], the limiting current density is the property that presents
greater differences between homogeneous and heterogeneous membranes. In their study
performed by chronopotentiometry, the values of i, obtained were considerably smaller
for the heterogeneous membranes than for the homogeneous ones. According to the
authors, the non-uniform distribution of the local current density in the conductive areas
(where the current lines are condensed) leads to an early ion depletion in these regions,
which is responsible for the inflection point in the current-voltage curves. Then, the
theoretical limiting current density was calculated by the Lévéque equation for the two
types of membranes. For the homogeneous ones, the values calculated and those
experimentally obtained by chronopotentiometry were very similar. However, for the
heterogeneous membranes, the calculated values were considerably higher than the
experimental ones. Therefore, Volodina et al. [ 168] verified that the tangential electrolytic
diffusion toward the conducting regions is responsible for the high current density in the

conducting regions of heterogeneous membranes.

Current-voltage curves of heterogeneous and homogeneous membranes were also
evaluated, by chronopotentiometry, by Pismenskaya et al. [73]. The authors also verified
a greater current density in the conductive areas of heterogeneous membranes and a lower
electrolyte concentration in these regions, when compared to the homogeneous ones
under the application of the same current density. The heterogeneous membranes showed
a slower increase of the current density with the voltage due to the presence of
non-conductive regions and the tangential electrolytic diffusions. Shortly thereafter,
Volodina et al. [168] constructed current-voltage curves of homogeneous and
heterogeneous membranes by chronopotentiometry, and verified that the local limiting
current density across conducting regions of a heterogeneous membrane is several times

higher than the average limiting current through a homogeneous membrane.

Barros et al. [15] also obtained current-voltage curves of homogeneous and
heterogeneous membranes using chronopotentiometry. Although homogeneous
membranes generally present greater apparent fractions of conductive area, the authors
obtained &net = 0.808 and enom = 0.734. Despite these atypical values of ¢, the CVCs
obtained by the authors showed similar shapes to those obtained by Volodina et al. [168]
and Pismenskaya et al. [73]; the heterogeneous membrane showed lower values of

limiting current density compared to the homogeneous one, in addition to a slower growth
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of current density with the voltage in the ohmic region. This may be explained by the
absence of tangential electrolyte diffusion toward conducting regions of the homogeneous
membrane tested by Barros et al. [15], despite its considerably low apparent fraction of
conductive area. Therefore, regardless of the value of ¢, the irregular distribution of the

conducting regions plays an important role in the shape of current-voltage curves.

Marder et al. [65] reduced the fraction of conductive area of a homogeneous
membrane in 80%, 60% and 45%, and evaluated their CVCs by chronopotentiometry.
The authors verified that the limiting current decreased in a linear relationship with the
reduction of the fraction of conductive area. The relation of the limiting current density
with the fouling occurrence was also studied; Lee et al. [147] verified that the occurrence
of foulant deposition and chemical binding to the functional groups led to the decrease of
the limiting current density as a consequence of the reduction in the fraction of membrane
conductive area. In ref. [65], the authors also evaluated CVCs constructed for a
homogeneous membrane and different metal chloride solutions to compare the limiting
current density values obtained experimentally with those calculated by the classical
Nernst diffusion layer theory. The values obtained using the two methods were very close
and, in both cases, i presented the same order: cobalt > zinc > nickel = copper >
manganese. The difference between the values of i;, for each evaluated metal was

justified by the occurrence of gravitational convection.

The degree of cross-linking also influences the limiting current density, as shown
by Singh et al. [149]. They modified an anion-exchange membrane with a cross-linking
agent in three proportions and constructed chronopotentiograms and current-voltage
curves for each membrane. The increase in the cross-linker content increased the limiting
current density as a consequence of the higher mobility of counter-ions across the
membranes. The cross-linking agent favored electro-migration of counter-ions and a

higher applied current density was required to cause intense concentration polarization.

The relation between the equivalent charge of the species in solution with the
transport properties obtained by chronopotentiograms and current-voltage curves is also
very interesting, especially in systems with multicomponent electrolytes
[7,69,72,79,169]. The equivalent charge is expressed in Equation 22, where z; is the
charge and C; is the concentration of an ion j. According to the Peers equation (Equation

20), the limiting current density is known to be directly proportional to the salt
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concentration. Garcia-Gabaldon et al. [69] verified that the molar concentration of the
species with the highest equivalent charge in solution also presents a linear relation with

the limiting current density.

Qeq = lej|cj Equation 22

The relation between the limiting current density and the liquid flow rate has also
been investigated [119]. This effect is practically unnoticeable in solutions with high
concentrations of salts, due to the low contribution of the thickness of the boundary layer
in this condition. However, at low concentrations, changes in the hydrodynamic
conditions influence the values of limiting current density. The thickness of the diffusion
boundary layer at the membrane surface is reduced by the increase of the solution flow,
which increases the limiting current density and enhances the performance of the

separation. This is also in agreement with Peers equation (Equation 20).

The influence of the type of co-ions in the electrolyte to be treated by
electrodialysis has also been evaluated via chronopotentiometry. Titorova et al. [170] and
Benvenuti et al. [171] found that the presence of co-ions in the diffusion boundary layer
of CEMs and AEMs, respectively, mitigates the concentration polarization phenomenon

and increases the limiting current density of the membrane system.

The limiting current density can also be determined by the construction of the
Cowan-Brown curve [172], especially when the plateau of the CVC is not well defined
and the inflection after the ohmic region is very subtle, hindering the determination of the
intersection of the two tangential lines of the curve [34,38,180—183,134,173—179]. In this
case, a curve of membrane voltage/current density (V7/7) vs. the inverse of current density
(1/i) is constructed, which presents two well-defined sections. The limiting current
density is determined from the intersection of the tangential lines of these sections. Figure

17 shows a representation of a Cowan-Brown curve.

4.3.Chronopotentiometry with weak electrolytes and complexes

Besides factors that influence any separation process by electrodialysis, the presence

of weak electrolytes and complexes in the solution to be treated can modify ion transport
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and affect the membrane properties [184]. The low mobility of complexes, for example,
hinders their transport and causes a decrease in the current efficiency [185], which leads

to an increase of the membrane resistance [68,184].

Some recent developments [33,35,186] showed the effectiveness of electrodialysis
and bipolar electrodialysis batch systems for purifying fermentation broths and producing
chemical precursors from biomass, which are weak organic electrolytes. Unlike strong
electrolytes, which completely dissociate into their respective ions, weak electrolytes are
characterized by forming ionic species with different valences, mobilities and ionic
charges depending on the pH, the ionic strength of the solution or the molar concentration.
Therefore, depending on the degree of dissociation of the weak electrolyte, ionic mobility
of the prevailing counter-ion will influence the voltage drop through the ion-exchange
membrane. The ionic charges of the species directly or indirectly affect which ion is
preferentially transported, the electrical resistance of the electrodialysis cell, the mass
transfer efficiency, and the energy efficiency of the overall process. Melnikov et al. [187]
reported that existing models used for predicting the transport-structural parameters of
ion-exchange membranes are not applicable to weak electrolytes and further studies are
required for a comprehensive description of their transport through ion-exchange

membranes.

The presence of weak electrolytes may also influence the shape of current-voltage
curves and chronopotentiograms since some authors have verified the presence of two
inflection points in the curves related to distinct limiting current densities.
Pismenskaya et al. [188] constructed CVCs in galvanodynamic mode with solutions
containing HPO4?>" and PO4** and a modified AEM selectively permeable to monovalent
anions. The authors verified the presence of two waves in the CVCs and related them to
the alteration of the diffusion layer resistance after the depletion of the first species and
the intense changes of pH inside the membrane. This displacement of the equilibrium
condition and the alteration of the species being transported through the membranes
occurred because weak electrolytes undergo shifts in equilibrium due to concentration
polarization. These shifts imply a change in the species present near the membrane. Gally
et al. [189] also evaluated the transport of salts of phosphoric acid using
chronopotentiometry and obtained chronopotentiograms with multiple transition times.
The first transition time was associated with the depletion of H2PO4 at the DBL, whereas

the second one appeared due to the depletion of HPO4?". For a solution with chloride ions,
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three transition times were obtained, which were related to the successive depletion of
Cl, H,POs, and HPO4* species. Current-voltage curves with multiple waves were
obtained for solutions presenting at least two species at similar concentrations, agreeing
with the chronopotentiograms. The same behavior in current-voltage curves showing
multiple waves was observed in other works in which NaH>PO4 [190-192], KC4H50s6
[193], and EDTA [79] solutions were used.

Other authors verified the presence of two plateaus in CVCs using chronopotentiometry.
Marti-Calatayud et al. [141] verified two plateaus using solutions of Cr2(SO4)3. In this
case, the CVCs obtained agreed with the chronopotentiograms because multiple transition
times were also verified. Figure 18 shows the CVCs with two limiting current densities
and ChPs with two transition times obtained by the authors. At low current densities, the
transport of Cr** occurred preferentially, while the depletion of complex ions occurred
more intensively at high current densities. A decrease in the resistance between the two
limiting current densities was also observed, which may have occurred due to the
dissociation of the Cr(III) complex within the membrane, and the subsequent enrichment
of the membrane phase in multi-charged ions. Melnikova et al. [193] constructed CVCs
with solutions of NaH>POs and also verified the presence of two limiting current
densities. The first one appeared when the NaH,POy4 salt diffusion to the membrane
surface was saturated and the second was related to the saturation of the H" flux when the
membrane was almost completely converted into the HPO4> form. Barros and Espinosa
[7] constructed CVCs by chronopotentiometry, using solutions with zinc, copper and
EDTA and verified two limiting current densities; the first inflection point was attributed
to the depletion of Zn(EDTA)?* and the second to the depletion of Cu(EDTA)?*. The ChP
obtained by the authors also presented two inflections related to two transition times, thus
confirming the ion transport competition between two species. The presence of two
limiting current densities and two transition times was also verified in the CVCs and ChPs
recently obtained by Barros et al. [79] with EDTA solutions; this was explained by
chemical equilibrium shifts that occurred in the membrane/electrolyte system as OH" ions
were intensively transferred through the anion-exchange membrane, reducing the pH in
the membrane phase and dissociating HEDTA? into EDTA* and H" ions. Scarazzato et
al. [169] also verified the presence of two transition times in the ChP testing solutions
with etidronic acid (HEDP) and copper ions. The authors justified it by the transport of

different species after the equilibrium change in the membrane. The first and the second
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transition times were attributed to the passage of HHEDP?*  and [CuHEDP]?, respectively.
However, the current-voltage curves showed typical features of monopolar membranes,
without the presence of two limiting current densities. Benvenuti et al. [171] showed that
the accumulation of co-ions in the DBL may also alter the chemical equilibrium of the
species in this region, leading to the appearance of additional inflection points associated
with transition times in the chronopotentiograms. Zook et al. [194] related the two
transition times to the results of spectroelectrochemical microscopy and confirmed that
the inflections in the ChP appeared exactly when the free ionophore and ion-ionophore

complex concentrations approached zero at the membrane-solution interface.

Butylskii et al. [6] showed that besides ions competition, there may be another reason
for the appearance of more than one transition time in chronopotentiograms, and this is
related to the membrane heterogeneity. Two transition times were obtained by the authors
by testing a commercial heterogeneous anion-exchange membrane and two prepared
cation-exchange membranes in a 0.02 M NaCl solution. They verified that the first
transition time appears in heterogeneous membranes when the concentration of ions at
the conductive regions reaches a value very close to zero. In turn, the second transition
time appears when the electrolyte concentration reaches a very small value at the whole
surface of the membrane, including the conductive and non-conductive regions. Similar
results were obtained by Mareev et al. [8]; the authors identified the nature of the two
transition times present in chronopotentiograms of a heterogeneous membrane by using
mathematical modeling. They verified that the first transition time (7;) appeared when
the diffusive transport of ions from the solution to the conductive areas reached its
limiting condition. From this moment, the electroconvective vortices appeared in the limit
of the conductive/non-conductive regions. The second transition time (7, ) appeared when
the electroconvection-diffusion ion delivery to the overall membrane surface achieved its

limiting value.

4.4. Resistance of ion-exchange membrane systems

The resistance that ions face when transported through the solution and the
membranes in an electrodialysis system is one of the most important properties for the
separation viability since the lower the resistance, the lower the energy consumption in

the ED process. The total resistance involved in electrodialysis is the sum of different
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resistances that ions face during their transport. Its value depends on some factors
intrinsically related to the membrane, the type of solution and the cell configuration, such
as the spacing between the membranes and electrodes [9,195]. In industries, the
intermembrane distance tends to be the smallest for reducing the resistance, generally

being between 0.5-2 mm [2].

Membranes with large thickness and those with reinforcing fibers present high
electrical resistances. Heterogeneous membranes, in general, also present high electrical
resistances due to the more tortuous counter-ion pathway. Membranes with high
concentrations of fixed charged groups (ion-exchange capacity) in the matrix generally
present low resistances due to the high attraction between membrane and
ions [13,196,197]. Greater values of membrane water content also abruptly reduce its
resistance; high values of water content lead to larger conducting channels, and ion
mobility through the membrane is enhanced [145]. The crosslinking method is a common
practice to improve the membrane materials by reducing an excessive swelling, but it
tends to increase the resistance [109,198]. The type of solution also influences the
resistance strongly: the presence of organic species, such as glucose, affects the water
structure in the regions near the ions, and therefore, their hydration sphere and the
corresponding Stokes radius. A decrease in the Stokes radius leads to a decrease in the
resistance of the ion movement through the liquid since it increases the conductivity and

the ions mobility [134].

For determining the electrical resistance in the ohmic region, several direct current
methods can be used, and one of the simplest methods is by calculating the inverse of the
slope of the tangential line of the current-voltage curve. The resistance behavior obtained
by direct current methods is quite different at low and high solution concentrations [38].
Several authors have found that, in low concentrations condition, the decrease of the
resistance with an increasing concentration is very pronounced, whereas at high
concentrations, the resistance is independent from the concentration [15,82,161,199].
However, these methods do not allow distinguishing which type of resistance (the pure
membrane resistance, the resistance of the DBL or the resistance of the interfacial ionic
charge transfer through the double layer) is dominant in function of the electrolyte

concentration.
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Another possibility is determining the conductivity using, for example, a clip cell
[86,97,106,107,109,139,200-202], which was proposed by Belaid et al. [203] and Lteif
et al. [204]. In this methodology, the membrane conductance is often measured using a
clip cell with platinum electrodes. With the results of the conductance of solution and
solution+membrane, the electrical resistance is calculated using Equation 23, in which Ry,
is the electrical resistance of the membrane, R+ is the resistance of the membrane plus
the reference solution, R, the resistance of the reference solution, G, is the membrane
conductance, G +s is the combined conductance of the membrane and reference solution,

and G is the conductance of the reference solution.

! = ! ! =R R E ion 23
G, = G G. = Kip+s S quation

Ry, =

Since direct current methods do not allow discriminating the individual resistances
present in membrane/electrolyte systems, authors have studied the resistance using
alternating current methods [119,161,205]. In these works, it was verified that at low
concentrations, the main resistance that controls the system is that caused by the diffusion
boundary layer, whereas at high concentrations, this resistance is no longer important.
For identifying and differentiating each type of resistance, electrochemical impedance
spectroscopy is generally used [199,206-208]. Although electrochemical impedance
spectroscopy provides insightful results, this is one of the most complex methodologies,

due to the need of knowing each phenomenon involved in the implemented model [38].

As already mentioned, chronopotentiometry has often been used to evaluate
electrical resistances of systems operating in underlimiting and overlimiting conditions.
Stodollick et al. [209] used chronopotentiometry to determine the resistance in
overlimiting currents of a bipolar membrane by constructing current-voltage curves. The
authors observed that the resistance in overlimiting conditions follows an exponential law
and depends on the pH and ionic strength only with regard to the absolute level of the
current. The relationship between the resistance of the overlimiting region and the ohmic
resistance  (R3/R;) obtained by chronopotentiometry has been evaluated
[9,69,110,147,169,196,210], and as confirmed by Choi et al. [210], larger ions in solution
reduce the R3/R; ratio. This is explained by the decrease in the resistance of the
overlimiting region with the increase in Péclet number since ions with larger Stokes radius

enhance the mixing intensity.
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In addition to the polarization curves, the chronopotentiograms also provide
valuable information about the resistance. The ohmic potential drop in non-polarized state
of a membrane after ceasing the application of current (i = 0) quantifies the resistance
associated with the membrane and the solution [73,141]. Besides, the greater the final
value of the potential drop registered for an applied current density, the greater its
electrical resistance. Some authors have observed that after reaching the steady-state stage
in chronopotentiograms, the potential drop may vary and, consequently, the resistance as
well. As already mentioned, the increase in potential drop suggests the formation of some
precipitate at the membrane when the limiting current density is exceeded, which can
block the ions passage and increase the resistance [65,67,70,71]. Scarazzato et al. [169]
observed an increase in the potential drop of chronopotentiograms, which may have
occurred due to the formation of uncharged species after the reduction of the pH at the
membrane surface. The reduction of the potential drop during the application of a current
density above the limiting one has also been observed and is related to water dissociation
and the change in the equilibrium of the species transported through the membrane. In
this case, the generation of H" and OH" intensifies the transport of these species through
the membrane due to their high ionic mobility [85], leading to a change in the pH of the
diffusion boundary layer, and the occurrence of the dissociation of species [9]. According
to Kniaginicheva et al. [211], the total resistance begins to decrease due to the dominance

of water dissociation when /i, > 2.

Some authors [81,83,154,212-214] usually present chronopotentiograms and
current-voltage curves with the “reduced potential drop” (U,,,") by excluding the ohmic
resistance contribution (U, of Figure 9) from the measured voltage (U,,) (Equation 24).
This is quite convenient especially when the purpose of the work is to compare
electrochemical behavior of different membranes. Figure 19 shows the current-voltage
curves obtained by Balster et al. [81] for the Nafion membrane (DuPont, USA) with and

without subtracting the ohmic resistance.

U, =Uy—Uqg=U, — iR, Equation 24

4.5. Plateau length

After the inflection point related to the limiting current density in the current-voltage

curves, a plateau zone is reached, where the current density practically remains constant
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with the membrane voltage increase (See Figure 14). This behavior occurs due to the
depletion of ions in the diffusion boundary layer and the consequent increase of the
resistance faced by ions to be transferred through the membrane. After exceeding a certain
membrane voltage value, the water dissociation phenomenon takes place and new current
carriers are supplied to the membrane surface (H" and OH"). Besides, overlimiting
mechanisms of ion transport take place, such as gravitational convection and/or
electroconvection. From this condition, the system reaches the overlimiting regime and
the delivery of ions to the membrane surface is improved. In the polarization curves, the
plateau is a transition zone between the underlimiting region and the overlimiting one.
Therefore, the plateau length indicates the membrane voltage that must be surpassed to
change the main ionic transport mechanism from diffusion and migration to overlimiting

mechanisms.

The plateau length depends on both the solution used in electrodialysis and on the
membrane. In general, this property tends to decrease with the increase of electrolyte
concentration [70,72,141,215]. However, in some cases, the inverse behavior may occur
due to the size of the ions that preferentially pass through the membrane [15,169]. As
already mentioned, Choi et al. [210] verified that ions with larger Stokes radius and,
consequently, with higher Péclet number, tend to enhance the solution mixing, which
reduces the resistance of the third region (R;3). These ions also facilitate an earlier
transition to the overlimiting regime at lower transmembrane voltages by decreasing the
plateau length. This behavior has already been verified by chronopotentiometry with

anion- [7] and cation-exchange membranes [216].

The counter-ion hydration number also influences the plateau length, as verified by
Gil et al. [118]. The authors obtained CVCs, from chronopotentiograms, for MgCla,
CaCly and NaCl solutions using a heterogeneous cation-exchange membrane. The plateau
length decreased with cations in the following order: Na* > Ca?" > Mg?*. This was related
to the degree of hydration of cations: hydrated ions, such as Mg?*, engage larger volumes
of water in their movement, favor electroconvection and reduce the plateau length. This
implies that, when ions with a high degree of hydration are present in the solution, the
onset of electroconvection occurs at lower voltage values [217]. Recently, Gil et al. [83]
also constructed CVCs using solutions of MgCl,, CaCl,, NaCl and observed the same
tendency of plateau length decrease in the presence of ions in the following order: Na* >

Ca?" > Mg?". The lowest plateau length obtained with MgCl, solution was justified by
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the greatest Stokes radius of Mg?". As it was verified by Choi et al. [210], ions that present
greater Stokes radius favor the activation of electroconvection at lower voltage values,

which reduces the plateau length.

The structure of the membrane also influences the plateau length considerably. Choi
and Moon [107] obtained CVCs of anion-exchange membranes after their use in
electrodialysis under overlimiting conditions, for evaluating the shape of the curve in
function of the changes in the membrane structure caused by water dissociation. Two
CVCs were constructed for both sides of the membrane facing the diluate solution in the
chronopotentiometric cell: for the front side, where ion depletion and water dissociation
occurred during electrodialysis, and for the back side, where ions were concentrated in
electrodialysis. The authors verified that one of the most remarkable changes observed
after the alterations on the membrane structure due to water dissociation was in the
plateau length. The OH" ions generated as a consequence of water dissociation converted
quaternary amines into tertiary amines. Also, part of these amines may have been
converted into their neutral forms, resulting in a reduction of charged groups and leading
to an increase of the plateau length. Therefore, the plateau length was observed to increase
as the inhomogeneity degree of the membrane increases. A few years later, Ibafiez et al.
[218] performed a chronopotentiometric study on the relationship between membrane
structures and plateau length. The authors constructed CVCs with membranes cast on a
glass plate and dried in air; the results revealed significant differences in plateau length,
especially when the orientation of the membrane toward the feed was changed. Then,
Marder et al. [65] modified the fraction of conductive area of a cation-exchange
membrane and also verified, by chronopotentiometry, that the plateau length increased
with the reduction of this property. According to Verodina et al. [168], this is not only
due to the non-uniformity of the distribution of the layer near the membrane, but also due
to the non-uniformity of the distribution of the current lines passing through the
membrane, as shown in Figure 20. Other authors found the same tendency of increase in

plateau length when the heterogeneity is increased [218].

Fouling and scaling occurrence also affects the plateau length because the
deposition of insoluble species on the membrane surface reduces this
property [147,219,220]. In some cases, the reduction is so strong that the second and third
regions of the CVC come together, making the determination of the third region of the

CVC unfeasible [7,141]. This is in accordance with the works of refs. [67,221,222] since
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they showed that fouled membranes lead to the onset of electroconvection at lower

voltages, which means that the plateau length is reduced.

Several authors developed new membranes to reduce the plateau length and to
promote the regime above the limiting current density operating at lower potential values
[106,107,142,223-225]. Figure 21 shows current-voltage curves obtained by
Roghmans et al. [226] for an unmodified cation-exchange membrane and for two coated
membranes by a microgel with 25% and 31% of coverage. The plateau length of the
unmodified membrane was approximately 1.0V, whereas for the modified membranes
with 25% and 31% of coverage, the plateau length was approximately 0.6V and 0.55V,

respectively.

5. Overlimiting phenomena

Electrodialysis is conventionally operated under underlimiting conditions, by
applying 70%-80% of the limiting current density of the membrane/electrolyte
system [61,227-229]. In this condition, the system operates at a quasi-ohmic regime and
showcases predictable behaviors. Some years ago, the application of a current density
above the limiting one was only related to operational inconveniences, such as the
formation and deposition of precipitated salts on the surface of the membranes, which can
lead to their degradation, increase its resistance, and imply an unnecessary energy
consumption. In recent years, several authors have considered the operation of
electrodialysis under overlimiting conditions since they have verified considerable
advantages, such as the reduction of membrane area [107], reduction of apparatus

dimensions [176], reduction of operating time and increase in ion transport [61,230].

5.1. Overview of overlimiting mass transfer mechanisms

The operation of electrodialysis at overlimiting condition is established from the
occurrence of intense concentration polarization. When concentration polarization is
intensified, the saturation of current density occurs due to the ion depletion at the
membrane vicinity. When the limiting current density is reached, the voltage (and,
consequently, the electrical resistance) over a membrane surrounded by two DBLs tends

to infinity, theoretically. However, in practice, this does not occur because the system
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adjusts itself to continue transporting electric current. The first explanation given for this
transport of current in overlimiting condition was the generation of H* and OH" ions
during water dissociation, which was justified by the change in the solution pH on the
membrane surface [39,231]. However, in 1956, Frilette [232] verified that besides there
being no saturation of electric current, the saturation of Na® ions crossing a
cation-exchange membrane did not occur, either, which was explained by the occurrence
of the convection phenomenon. Therefore, from Frilette [232] and Peers [163],
convection was also considered a justification for the current and ion transport under

overlimiting condition.

With the aid of improved techniques and greater knowledge about the overlimiting
condition, researchers began to discover other phenomena and mechanisms that occur
simultaneously or as a result of water dissociation and convection, such as the Kharkats
effect (or exaltation effect) and the current-induced membrane discharge (CIMD). In
recent years, extensive efforts have been made to distinguish the effects of
electroconvection and gravitational convection on the transfer of ions, in addition to
understand the different types and mechanisms of electroconvection, such as

stable/unstable, bulk electroconvection, electroosmosis of the first and second kind

[223,233-235].

5.2.Electroconvection

Electroconvection is one of the major responsible phenomena for ion transport when
the system operates in overlimiting conditions. However, its mechanisms are not
completely understood yet, although some information in literature has been universally
accepted. In theoretical studies about the types of convection, Rubinstein et al.
[223,233,235-238] verified that, especially in homogeneous membranes,
electroconvection results from the interaction between the electric field of the system and
its respective space charge under conditions of deviation of the local electroneutrality
condition. As a consequence, a nonpotential volume force grows strong enough to set in
motion the fluid in the boundary layer adjacent to the membrane [69,107]. This occurs
due to the formation of vortexes, which increase the counter-ions transfer in several times
by mixing the depleted solution [39,239]. For heterogeneous membranes with curved or

electrically heterogeneous surface, Dukhin and Mishchuk [240,241] showed that the
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tangential component of electric current are necessary for the onset of electroconvection,
since the curvature of the current lines toward the ion conducting regions causes the
formation of vortices. In heterogeneous membranes, the accumulation of electric current
lines leads to their distortion in the ion conductive pathways on the membrane surface,
which is known as “funnel effect” [242]. This tangential component of ion fluxes in the
diffusion boundary layer enables the emergence of electroconvection in heterogeneous
membranes. When electroconvection emerges, hydrodynamic instabilities are produced,
since a non-uniform electric field is formed as a result of the intense variation of fluid
velocity and concentration of ions at the DBL [217]. Hence, vortexes are formed, and the
system begins to be controlled by complex phenomena that will be mentioned below.
Figure 22 shows a representation of electroconvection vortices formed near a

heterogeneous surface containing well and poorly conducting areas.

Electroconvection (EC) can be classified as stable or unstable, also known as
Dukhin-Mishchuk EC mode and Rubinstein-Zaltzman EC mode, respectively [39,243].
In the polarization curves, the registration of plateau regions with a moderate increase in
current density is related to the stable EC, while the great increase in the final region of
the curve is related to wunstable EC or water dissociation [223,243]. In
chronopotentiograms, the unstable EC causes intense oscillations of the potential drop
and this is responsible for the increased delivery of ions, contributing to an enhanced mass
transfer. This behavior of intense oscillations in chronopotentiometric curves because of
electroconvection is shown in Figure 23, in the region between points 3-4. Moreover,
large unstable vortices cause the suppression of the undesirable water dissociation
phenomenon in comparison with stable vortices [145]. Druzgalski et al. [244] showed
how electrohydrodynamics become chaotic by using some concepts from turbulence
theory such as Reynolds-averaging. These intense oscillations related to the unstable EC
may be associated with the breaking of large vortices into smaller ones, which may merge

again and generate new large vortices.

It is known that electroconvection occurs more intensively in more diluted solutions
due to the larger thickness of the space charge region near the membrane
surface [39,168,243]. Diluted solutions exhibit stable electroconvection more intensively
than concentrated solutions [222]. The properties of membranes are also important for
the stability of electroconvection. Experimental studies have shown that when the

depleted diffusion layer is immobilized by casting a thin layer of an agarose-gel on its
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surface, the excess current noise cannot be observed after reaching the plateau, hindering
the occurrence of electroconvection [245]. According to Andreeva et al. [142], the surface
modification of the membrane by casting a conducting film on its surface allows an earlier
onset of unstable electroconvection, which leads to a decrease of the plateau length.
Pismenskaya et al. [246] used chronopotentiometry to evaluate electroconvection after
modifying an anion-exchange membrane with a weakly crosslinked ion-exchange resin.
The membrane modification enhanced the concentration of quaternary amines, whereas
the secondary and tertiary ones were reduced. The fraction of membrane conductive areas
increased, and they were redistributed because of the formation of agglomerations of
conductive areas. This intensified electroconvection and enlarged the vortexes formed

near the modified membrane in comparison with the unmodified one.

Some physical and mathematical models have been developed to explain the
mechanisms involved in electroconvection. After Rubinstein and Shtilman [247], several
works have been published to mathematically describe the overlimiting regime using the
Nernst-Planck and Poisson equations [248,249]. These models are developed for 1D
systems and consider the appearance of space charge region and the consequent reduction
of DBL. Although 1D models may be useful to capture the experimentally observed pH
fronts [250], they do not consider convection and are therefore unable to associate this
variation of the DBL with the experimental results that show an increase of ion transfer
in the overlimiting regime. Simulations show that, when the current density is equal or
higher than the limiting current density, differences in the behavior of polarization curves
constructed with models that do not consider electroconvection are visible [243].
Uzdenova et al. [251] proposed a 1D model based on the Nernst-Planck and Poisson
equations for the galvanostatic mode, and compared the results with those obtained
experimentally through chronopotentiometry; the calculated transition times were in good
agreement with the experimental ones. However, the model was not able to simulate the
chronopotentiometric curves beyond the inflection point related to additional transfer
mechanisms at the overlimiting regime. In this case, the simulated potential drop
continued to rise steeply, even when the extended space charge region was formed. This
is the major limitation of 1D models. Therefore, 2D models, which are based on the
Nernst-Planck-Poisson equation coupled with the Navier-Stokes equation, consider
convection in addition to diffusion and migration as transfer mechanisms of ions, and

were developed by Dukhin and Mishchuk [252] and Rubinstein et al. [253]. In recent
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years, several 2D models have been developed in modeling studies on mass transfer
phenomena because they allow, with good precision, evaluating the ion transfer through
membranes in overlimiting current regimes [75,76,102,217,240,254-257]. In 2018,
Nikonenko et al. [258] published a review on the existing mathematical models that
describe ion transfer through electromembrane systems. The authors focused on the
influence of the membrane heterogeneity (inside and at their surface) on the performance
of separation processes. In several works reported by Nikonenko et al. [258],
chronopotentiometry was used to evaluate the mathematical models, mainly to compare

theoretical and experimental transition times.

The use of chronopotentiometry, together with mathematical assessments based
mainly on 2D models, has generated very promising results in studies conducted in
overlimiting current regimes. As mentioned in section 4.3, Mareev et al. [8] identified,
mathematically, the nature of two transition times present in chronopotentiograms of a
heterogeneous membrane. The first transition time (7;) appeared when the diffusive
transport of ions from the solution to the conductive areas reached its limiting condition,
whereas the second transition time (7,) appeared when the electroconvection-diffusion
ion delivery to the overall membrane surface achieved its limiting value. This
mathematical evaluation was possible because the authors developed a 2D model, which
also consider electroconvection besides diffusion as mass transfer mechanism.
Larchet et al. [75] treated experimental chronopotentiometric curves with numerical
modelling using Kedem—Katchalsky equations. With the results, it was possible to assess
the relationship between ion transfer effects, such as electroosmosis and streaming
potential. Different mechanisms of streaming potential and their effects were discussed
based on the shape of the ChPs and the numerical results. Mareev et al. [76] used a 2D
model to simulate chronopotentiograms in underlimiting and overlimiting regime. The
authors presented the diffusion layer thickness, 9, as a function of the Donnan potential
drop at the interface between the membrane and the depleted solution. Simulated curves
very close to the experimental ones were obtained, as shown in Figure 24. Roghmans et
al. [226] modified cation-exchange membranes to assess the influence of geometrical and
chemical membrane surface topology on the evolution of electroconvection. The study
was performed by chronopotentiometry together with direct numerical simulations with
a 2D model. The simulated results agreed with the experimental ones since they showed

that the surface charge of the printed patterns influences the direction of the
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electroconvective vortices, which is advantageous during ion transport toward the
membrane. Uzdenova [259] developed a 2D model to obtain theoretical
chronopotentiograms and current-voltage curves for the galvanodynamic mode. The
model allowed the description of the formation of the extended space charge region and
the development of electroconvection at a cation-exchange membrane. The increase in
the electrolyte concentration, channel length and velocity of the forced flow showed to
increase the intensity of electroconvection. The theoretical curves obtained were very

similar to the experimental ones.

Mareev et al. [260] proposed a 2D non-stationary model of ion transport though a
membrane using a new formulation of the boundary conditions at the conductive areas.
By applying an electric current stream function, they showed the non-uniformity of the
distribution of current lines over the conductive regions and its influence on
chronopotentiograms and electrochemical impedance spectra. Mareev et al. [116]
reported an approach for a three-dimensional (3D) modeling of transient ion transfer
across a heterogeneous surface. Theorical transition times were compared to those
experimentally obtained by chronopotentiometry and they were in a very good agreement.
The authors also evaluated the assumption of the uniform current density distribution
proposed by Rubinstein et al. [242] and verified that shorter transition times than the

experimental ones were obtained for a 0.02 mol/L NaCl solution.

Druzgalski and Mani [261] developed a 3D model to solve the
Poisson-Nernst-Planck and Navier-Stokes equations in order to compare the results with
those obtained with a 2D model. Some qualitative similarities were verified by examining
instantaneous snapshots from the models. In turn, significant differences were verified in
quantitative predictions of mean quantities such as concentration, charge density, and
current density. The authors showed the need of using 3D models since dimensionality
significantly influences the quantitative evaluation of electroconvection, especially in the

extended space charge region.

Experimental studies of electroconvection by evaluating ChPs and polarization
curves without wusing a mathematical model are also often performed.
Nebavskaya et al. [87] studied the influence of the ion exchange membrane surface
charge and hydrophobicity in underlimiting and overlimiting regimes by

chronopotentiometry. The authors noted that in underlimiting condition, the mass transfer
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rate is mainly affected by the membrane surface charge, while in overlimiting conditions,
the main factor is the degree of hydrophobicity. This may be explained by the difference
in the convection types in the underlimiting (electroosmosis of the first kind) and
overlimiting regimes (electroosmosis of the second kind). Electroosmosis of the first kind
occurs by the action of the tangential electric field upon the diffuse part of the electric
double layer, whereas in the electroosmosis of the second kind, the tangential electric

field acts upon the extended space charge of the nonequilibrium double layer [235,262].

The influence of the hydrophobicity of the membrane on the overlimiting regime
was also verified by Pismenskaya et al. [263]. They compared chronopotentiograms and
current-voltage curves of virgin and used membranes after overlimiting experiments and
suggested that intensive currents produced erosion of the ion-exchange polymer, which
formed a continuous phase in the membrane. This erosion led to the exposure at the
surface of small particles (about 100 nm) of relatively hydrophobic polyvinylchloride.
The higher hydrophobicity of the surface was responsible for the increase in
electroconvective vortices. Korzhova et al. [264] also evaluated chronopotentiograms and
polarization curves as a function of the deposits of hydrophobic non-conducting spots of
a fluoropolymer after modifying the membrane surface. The modified membranes
showed larger amplitude of oscillations due to the greater hydrophobicity, lower voltage
growth, and lower water dissociation rate. This occurred because the hydrophobic spots

enhanced the intensity of the tangential electric force applied to the space charge region.

5.3.Gravitational convection

Another type of convection involved in the overlimiting regime is the gravitational
one. Gravitational convection occurs by the non-uniform distribution of the solution
density, which causes an Archimedes force. Together with the gravitational force, the
fluid in the region near the membrane is set in motion [256,265]. The Archimedes force
emerges due to the tendency of a body to be pushed out of the liquid’s bulk onto its surface
due to the lower body’s density if compared to the liquid’s density [266]. In an
electrodialysis system, the rise of volume force is conditioned by gradients of
concentration and/or temperature. Therefore, this phenomenon tends to occur more
intensively in concentrated solutions, due to the higher Joule heating and higher

concentration gradients. Theoretical [160,257,266,267] and experimental studies
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[73,75,80,152,168,248,268,269] on gravitational convection are frequently published.
Among the techniques employed in the experimental studies, the wuse of

chronopotentiometry has shown special relevance.

Through chronopotentiometry, Pismenskaya et al. [73] verified that in a system with
a 0.1 M NaCl solution, the main overlimiting mechanism is gravitational convection,
whereas in a system with 0.01 M NaCl, the main mechanism is electroconvection. The
authors verified a reduction of the potential drop in the ChPs after reaching a maximum
point, which occurred due to the gravitational convection. This behavior of the ChP is
represented in Figure 25 and is discussed in section 5.4, since this shape may also be
caused by dissociation of water or by the current-induced co-ion transfer through the
membranes. The reduction in potential drop observed by Pismenskaya et al. [73] was
much greater with the heterogeneous membrane than with the homogeneous one. This
was explained by the greater heat created by Joule effect at the heterogeneous membrane
under application of a current density due to its greater resistance. In addition to this, the
heat dissipation from the heterogeneous membrane was lower than from the
homogeneous one, due to the greater thickness and resistance of the former. Therefore,
the heat produced accumulated on the surface of the membrane and heated the depleted

diffusion boundary layer.

Marti-Calatayud et al. [141] used chronopotentiometry to confirm that gravitational
convection occurs even at current densities below the limiting current density. The
authors noted that at currents below or slightly greater than the limiting one, gravitational
convection is the main overlimiting mechanism, which causes a decrease in the thickness
of the diffusion boundary layer and in the membrane potential drop. Krol et al. [80]
evaluated chronopotentiometric and polarization curves obtained with the system in
vertical and horizontal positions to evaluate the effects of gravitational convection. The
authors verified that, in the horizontal position, without any forced convection, the
steady-state condition was not achieved in the chronopotentiograms since the potential
drop increased continuously with time. This occurred because concentration gradients in
the depleted solution were established by gravitational force. Oscillations in potential
drop caused by the gravitational convection were also verified. Hence, the work showed
the importance of gravitational convection in a system under overlimiting regime.
Pismenskaya et al. [268] also evaluated polarization curves by chronopotentiometry using

systems in different positions. The authors verified that the differences between the curves
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obtained with the system in horizontal and vertical positions did not exceed 6%.

Therefore, gravitational convection could be neglected in their experiments.

The effects of gravitational convection are generally quite subtle. In addition to
occurring only in solutions at high concentrations, gravitational convection is more
intense in systems with greater intermembrane distances and in solutions with lower flow
rates [269]. Hence, the effect of gravitational convection is greater in systems with high
Grashof number [Gr = (Apo/po).(gH?*/v?)] [248,257], in which Apy is a characteristic
variation in solution density in the system, py is the initial solution density and H is
intermembrane distance. Besides, whatever the nature of the bulk flow (laminar/turbulent,
or natural/forced), the gravitational force is able to destroy the diffusion boundary layer
only when the respective Rayleigh number is greater than 1000, which is a critical value

for this mechanism [223,236].

5.4.Water dissociation

Water dissociation in membrane systems began to be intensively studied in the
1980s [270] and, in recent years, several works have been performed to understand its
mechanisms and consequences. Studies focused on water dissociation performed by
voltammetry, chronopotentiometry and electrochemical impedance spectroscopy are
often performed, with the possibility of analyzing the evolution of the solution pH over
the course of the experiments [142,152]. Water dissociation takes place in a thin layer at
the membrane interface (~1 nm thick) and it occurs as proton-transfer reactions between
molecules of water and the charged groups of the membrane [270,271]. When the applied
current density approaches the limiting current density of the membrane system, the
reaction rate rapidly increases [168]. Therefore, water dissociation becomes considerable
when the concentration of salt ions on the surface of the membrane is comparable to the

concentration of the H" and OH" ions of the water [222].

The membrane type strongly influences water dissociation, and the range of the
catalytic activity of ionogenic groups toward the reaction of water dissociation is
presented as follows: —N(CH3)3 < —SOs3H <=NH, -NH, < =N [142,272]. For this reason,
water tends to dissociate more intensively at anion- than at cation-exchange membranes.
This can be justified by the different mechanisms of the phenomenon in both types of

membranes, which can be proven by the different pH variations at the membranes and by
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polarization curves [273]. Belova et al. [265] studied water dissociation on two
anion-exchange membranes by chronopotentiometry. The authors noted that with one of
the membranes (MA-40M), the intensity of water dissociation was low and
electroconvection was more noticeable, whereas with the MA-40 membrane,
electroconvection seemed to be suppressed by water dissociation. Kang et al. [135]
assessed the influence of the surface charge density on the water dissociation behavior.
They observed that the increase in the fixed charge density caused an increase in the water
dissociation intensity, which is in accordance with the classical electric field-enhanced
water dissociation theory. Kang et al. [77] used a Nafion membrane (DuPont, USA) with
an iron hydroxide/oxide deposited layer for evaluating the influence of inorganic
substances on water dissociation. The authors observed that the intensity of the
phenomenon of the metal-embedded cation-exchange membranes was 10*-10° times
higher than those of the virgin membranes in the same conditions. They believed that the
immobilized bipolar structure consisting of the H" and OH- affinity groups increased the

electric fields and the catalytic activity of the membrane.

The solution type also influences the rate of water dissociation, as observed by
Rybalkina et al. [154] using chronopotentiometry with KCI and NH4Cl electrolytes. They
noted that the presence of NH4" species in solution favors water dissociation at the AEM.
This was explained by the intense transfer of OH" ions through the membrane, toward the
concentrate compartment, and the formation of NH3 molecules at the enriched membrane
boundary layer; a back diffusion of these NH3 species occurred toward the depleted
membrane boundary and water dissociation was catalyzed by these ions at the diluate
side. It was also noted that, as water dissociation was intensified, secondary and tertiary
fixed groups of the AEM were deprotonated, causing a reduction in the ion-exchange
capacity of the membrane. The chronopotentiograms showed that the presence of NH3
molecules at the membrane led to an increase in its resistance when the system was
expected to be at steady-state condition. Current-voltage curves obtained for each solution
also showed different shapes; lower limiting and over-limiting current densities at a given

potential drop were obtained with the NH4Cl solution.

Marti-Calatayud et al. [216] evaluated the relationship between current efficiency
and plateau length by chronopotentiometry. They verified that water dissociation was
more relevant in curves with long plateaus since greater values of membrane voltage are

needed to reach the region of overlimiting currents. In contrast, in systems with lower
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plateau lengths, the tendency of water dissociation occurrence is lower since
electroconvection takes place more intensively. The authors observed that the transfer of
nickel ions through the membrane was favored by electroconvection in conditions of low

plateau length, while water dissociation considerably reduced the transfer efficiency.

The system configuration also affects the rate of water dissociation, which is
negligible in systems with large distances between membranes, with or without
agitation [274]. The reduction of water dissociation in pulsed-ED processes has also been
evaluated in recent years, in addition to determining optimal conditions for pulse regimes,

which consequently decreases fouling and scaling [182,275,276].

Another phenomenon, less evident, may occur associated with water dissociation:
the exaltation effect, which was firstly studied by Kharkats [277]. This occurs by the
generation of H" and OH" ions and their presence in the region near the membrane since
these ions may disturb the electric field and increase the exaltation of the transport of
counter-ions. That is, OH™ ions generated in the depletion region attract cations from the
salt and move them from the bulk solution to the interface, promoting their transport
through the membrane, while H* ions promote the same mechanism with salt
anions [160]. In general, the exaltation effect is neglected due to the greater relevance of
electroconvection and the fact that the mobility of H" and OH" is 5 to 10 times greater
than the mobility of salt ions. However, Melnikova et al. [193] mathematically verified

that this phenomenon is able to increase the transport of H,PO4 by 11%.

Water dissociation can also cause the current-induced membrane discharge
(CIMD) [278]. In this case, the intense passage of OH ions through anion-exchange
membranes, which have weak basic functional groups, can deprotonate their charges.
Consequently, the membranes lose permselectivity, that is, the passage of co-ions through
the anion-exchange membrane increases. Studies performed by IR-spectroscopy [107]
show that after the intense passage of OH™ ions through commercial anion-exchange
membranes with quaternary amines, these functional groups are rapidly converted into
tertiary and secondary amines, by Hofmann reaction [43,264]. The process is intensified

by the local Joule heating up to detachment of ionic groups.

Chronopotentiometric studies performed by Mikhaylin et al. [145] and Korzhova et
al. [264] show that the presence of electroconvective unstable vortices lead to suppression

of water dissociation, because of the competition that takes place between these two
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phenomena. In this case, the vortices contribute to decrease the OH™ concentration in the
depleted boundary solution. Belova et al. [152] and Slouka et al. [279] noted the opposite
effect: a partial suppression of electroconvection by water dissociation at anion-exchange
membranes. This may be related to the reduction of the space charge at the depleted
interface by H" ions since they have opposite charges compared to the space charge at the
membranes, being able to reduce it. The same phenomenon is valid for OH™ at
cation-exchange membranes [39]. Finally, chronopotentiometric curves may also show a
reduction in potential drop when water dissociation takes place [280]. This is explained
by the formation of the conductive H" and OH" ions and their intense transfer through the
membranes. Recently, Titorova et al. [170] found that the type of co-ions in the solution
to be treated by electrodialysis may also reduce the membrane potential drop. According
to the authors, the current-induced co-ion transfer through the membranes reduces the
electrical resistance of the diffusion boundary layer over time; this may lead to the
appearance of a peak in the chronopotentiograms after reaching the transition time. A
similar peak can also appear due to gravitational convection and/or water dissociation

occurring at the membrane surface, as shown in Figure 25.

6. Conclusion and Future Directions

The present paper provides a review on the use of chronopotentiometry for
determining transport properties of membrane/electrolyte systems and evaluating mass
transfer phenomena involved in electromembrane processes operated in underlimiting

and overlimiting current regimes.

The most relevant properties evaluated by chronopotentiometry are the limiting
current density, electrical resistances, plateau length, transition times, transport number
of counter-ions in the membrane phase and apparent fraction of conductive area.
Moreover, the evolution of the potential of the membrane system over time also contains
valuable qualitative information regarding the different mechanisms of mass transfer that
arise when overlimiting currents are applied, such as gravitational convection,
electroconvection or the dissociation of water. In recent years, great attention has been
given to the use of chronopotentiometry in combination with mathematical models (1D,
2D, and recently also 3D), especially to understand the nature of overlimiting transfer

phenomena. For instance, these studies have been used by electrochemists to explain the
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phenomena involved in the registration of two transition times in chronopotentiometric
curves, to determine the thickness of diffusion boundary layers, and to differentiate

between stable and unstable modes of electroconvection.

The influence of the characteristics of ion-exchange membranes (heterogeneity,
hydrophobicity, surface charge, type of fixed charge, and thickness), electrolytes
(concentration, pH, and properties of counter-ions and co-ions) and system configurations
(intermembrane distance, flow rate, and orientation of asymmetric membranes) on ion
transport taking place in electrodialysis cells has been intensively assessed by means of

chronopotentiometry. Most of such investigations are summarized in this review.

There is a great number of potential directions for future works on
chronopotentiometry. One of them is the intensification of evaluations using membranes
that have been developed recently, such as those presenting anti-fouling, anti-microbial,
and monovalent-selective properties, in addition to profiled membranes, which present
an integrated spacer functionality. Chronopotentiometry is also expected to be employed
in investigations on membrane systems with solutions that will probably be treated
intensively by electrodialysis in the coming years, such as municipal wastewaters.
Chronopotentiometric evaluations with weak electrolytes are also expected to increase,
such as solutions from fermentation broth; several authors have investigated the
separation, by electrodialysis, of organic acids from this biological process, but the
mechanisms of ion transfer across the membranes need to be better understood. Weak
electrolytes contain species that dissociate at the membrane surface and inside it as a
result of water dissociation and equilibrium shifts occurring simultaneously in the
membrane/electrolyte system. Further studies are necessary to shed light on these
phenomena, and methods able to measure the pH inside the membrane during the tests,
for example, may be developed. Besides, in studies with weak electrolytes, the authors
generally evaluate the ion transport using a commercial membrane and only one type of
species in the electrolyte to facilitate the understanding of phenomena occurring in the
membrane/electrolyte system. However, in industrial electrodialytic processes, the
electrolytes have several types of competing species to be transported across the
membranes. Therefore, to approximate the results to real membrane processes, further
chronopotentiometric studies are expected to be conducted considering the transport of
more complex mixtures across the membranes, at a greater range of electrolyte

concentrations, and with different types of ion-exchange membranes.
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Lastly, in recent years authors have developed robust models to simulate
chronopotentiograms. In these models, solutions of single salts such as NaCl or weak
electrolytes with phosphate anions have been used. The use of complex solutions in
evaluations of mathematical models can be considered as a trend in chronopotentiometric
studies. New models, especially 3D ones, are expected to be developed in the coming
years; this is especially important considering the difficulty in simulating, with good
precision, the region of the chronopotentiograms in which intense concentration

polarization occurs, hindering the determination of transition times.
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Figure Captions

Figure 1 - Classification of membranes according to their heterogeneity and polarity.

Figure 2 — Schematic drawing illustrating a counter-ion pathway through homogeneous
and heterogeneous ion-exchange membranes (Adapted from ref. [9]).

Figure 3 - SEM images of a (a) heterogeneous and (b) homogeneous cation-exchange
membrane. Red arrows indicate dispersed agglomerates of ion-exchange particles. Blue
arrows indicate the polymer binder (Adapted from ref. [15]).

Figure 4 - Schematic representation of a polymer matrix of a cation-exchange
membrane equilibrated in an electrolyte (Adapted from ref. [2]).

Figure 5 - A schematic diagram of a typical monopolar electrodialysis system.

Figure 6 - Schematic diagram of the function of a bipolar membrane.

Figure 7 - Representation of a typical repeating unit within a bipolar membrane
electrodialysis system.

Figure 8 - Schematic representation of a chronopotentiometric setup with a) the typical
three-compartment cell and b) the six-compartment cell used in refs. [81,82].

Figure 9 - Representation of typical chronopotentiometric curves of monopolar
membranes.

Figure 10 - Determination of transition time using the derivative method (Adapted from
ref. [65]).

Figure 11 - Representation of the (1) vs. (Co/1)* curve for determining the counter-ion
transport number.
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Figure 12 - Representation of a chronopotentiometric curve with precipitate formation
(full line). Dashed line corresponds to a classical shape of a chronopotentiometric curve
for a monopolar membrane (Adapted from ref. [71]).

Figure 13 - Dependencies of transition time on current density represented in Sand's
coordinates obtained by ref. [151] using one membrane and two different solutions:
NaCl and LysHCI (Adapted from [151]).

Figure 14 - Typical current-voltage curve of an ion-exchange membrane.

Figure 15 - Concentration profile at the membrane-solution interface during
electrodialysis (Adapted from ref. [281]).

Figure 16 - a) and b) Schematic drawing illustrating the evolution of concentration
profiles of counter-ions in the diffusion boundary layer at different current densities
(Adapted from ref. [160]).

Figure 17 - Representation of a Cowan-Brown curve.

Figure 18 —a) CVCs with two limiting current densities and b) ChP with two transition
times (Adapted from ref. [141]).

Figure 19 - Current-voltage curves obtained with and without discounting the

ohmic resistance (Adapted from ref. [81]).

Figure 20 - Representation of the current lines distribution close to the surface of
(a) homogeneous and (b) heterogeneous ion-exchange membranes.

Figure 21 — CVC of an unmodified membrane and of two coated membranes with 25%
and 31% of surface coverage degree with a microgel (adapted from ref. [226]).

Figure 22 — A scheme of electroconvection vortices formed near a heterogeneous
surface containing well and poorly conducting areas (Adapted from ref. [282]).
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Figure 23 - Representation of a chronopotentiometric curve with the typical oscillations
due to the occurrence of electroconvection (adapted from ref. [268]).

Figure 24 - Theoretical (solid) and experimental (dashed) chronopotentiometric curves
of a cation-exchange membrane at different current densities in 0.02 M NaCl solution
(Adapted from ref. [76]).

Figure 25 - Representation of a chronopotentiometric curve with the typical decrease in
potential drop due to gravitational convection, dissociation of water and/or
current-induced co-ion transfer (adapted from ref. [73]).
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