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• A new method for determining limiting 
current in ED setup using Nernst 
equation 

• The ion-specific limiting current pro-
motes selectivity in multi-ionic 
mixtures. 

• High Cl/SO4 and F/SO4 separation effi-
ciencies in 1:1:100 mixtures of Cl:F:SO4  
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A B S T R A C T   

Electrodialysis is a promising technology to remove low concentrations of target ions from multi-ionic mixtures. 
While the synthesis of selective membranes is a prominent topic in research, few studies have been presented on 
selectivity-enhancing process design. This work investigates the limiting current density as a selectivity promoter 
in removing dilute target ions from a concentrated solution. Ambiguities and challenges in the prevailing defi-
nitions of the limiting current density are identified, and a new approach based on the Nernst equation is pro-
posed, the boundary-layer method. Chloride and fluoride with starting concentrations of 10 mM were removed 
from 1 M sodium sulfate base electrolyte with varying current density levels around the limiting value. Removal 
rates, separation efficiencies, and energy consumption were compared. The separation efficiencies between 
chloride and sulfate and fluoride and sulfate had their highest values at 0.93 and 0.81, respectively, when 
operating at 130 A/m2. We demonstrate that increasing the ion selectivity through the ion-specific limiting 
current density is possible and only requires standard current-voltage data. The experimental results suggest that 
process optimization is an essential supplement to membrane development to enhance the selective removal of 
target ions by electrodialysis.  
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1. Introduction 

Membrane technology can play a crucial role in enabling sustainable 
industrial growth and transition due to its versatility, efficiency, and 
high selectivity, leading to more rational utilization of raw materials and 
recovery of by-products [1]. Electrodialysis (ED) is a promising tech-
nology within membrane processes for solution purification due to its 
high selectivity and capacity [2,3]. 

ED is an electro-membrane process where ions move in an electric 
field, passing anion- and cation-exchange membranes (AEMs and CEMs, 
respectively). A typical ED setup is illustrated in Fig. 1. Applying an 
electric potential across the cell establishes a charge imbalance in the 
stack, forcing cations towards the cathode, passing the CEM, and anions 
towards the anode, passing the AEM. Consequently, anions and cations 
are collected in every second compartment while every other compart-
ment is desalinated [4]. The ions preferably transported across the 
membrane are called counter-ions, and the ions repelled by the mem-
brane are called co-ions. Membranes can further be customized to 
feature selectivity of ions with the same charge; for example, 
monovalent-selective IEMs discriminate ions of higher valence [5]. 

Despite ED's benefits for solution purification and revalorization, 
large-scale industrial applications are limited [6]. The lack of upscaling 
can partially be attributed to membrane inefficiencies like low perme-
ability and selectivity, low thermal and chemical resistance, and high 
cost. Alongside the development of superior membranes, process pa-
rameters like module design and hydrodynamics must be understood, 
and optimized [1]. Predominantly, process optimization addresses en-
ergy requirements and efficiency of ED setups. The transport rate of ions 
in ED increases with increasing current; however, the same is true for the 
loss of efficiency. Depending on the treatment goals, a practical mini-
mum current is required to achieve a specific salt removal in a reason-
able time. There is also a practical maximum current in ED, which is 
commonly called the limiting current. 

The limiting current density (LCD) is dictated by membrane and 
solution properties, the ED stack design, and operational parameters 
such as flow velocity and temperature [7]. The applied current de-
termines to a large extent the operational cell resistance and efficiency 
of the ED system [8]. It is, therefore, often recommended to operate ED 
at around 80 % of the LCD to limit power consumption and energy costs 
[9,10]. LCD determination methods have been developed for binary 
electrolytes [9,11–13] and multi-ionic mixtures considering complete 
desalination of the treated solutions [14–16]. Gorobchenko et al. 

developed a model that describes ion selectivity in a bi-layered mono-
valent selective CEM as a function of the current density. They suggest 
that changes in the kinetic control cause the dependence of the counter- 
ion selectivity on the current density according to three current regimes: 
(1) at low currents, the substrate membrane controls the ion selectivity, 
favoring the transport of multi-over monovalent ions, (2) with 
increasing current, the control passes to the selective layer, favoring the 
transport of mono-over multivalent ions, and (3) when the LCD of the 
mixture is reached, the membrane permselectivity becomes zero, and 
their diffusivity in the boundary layer controls the selectivity between 
counter-ions. In consequence, the dependence of the ion selectivity on 
the electric current density passes through a maximum [17]. Zabolotsky 
et al. describe a similar behavior of counter-ion selectivity in ternary 
mixtures as a function of current density, pointing out that a loss of 
permselectivity appears at the LCD due to the decrease of the boundary 
concentrations of the ions in the depleted diffusion layer to zero [18]. 
Geraldes and Afonso introduced the concept of a critical current density, 
ji,crit, that defines the current density at which the concentration of a 
specific ion i in a multi-ionic mixture approaches zero at the solution/ 
membrane interface. They used the definition of the critical current 
density to determine the limiting transport number, tm

i,lim, for which all 
counter-ion concentrations vanish simultaneously at the solution/ 
membrane interface. The LCD for multi-ionic mixtures is estimated by 
adding the contributions of each ion based on its limiting transport 
number and concentration in the solution. For single salt and multi-ionic 
solutions, the developed model predicted LCDs that nearly matched the 
experimental data [15]. If the LCD of a multi-ionic mixture is the sum of 
each ion's contribution, the critical current density can be interpreted as 
ion-specific LCD, and operating ED at the specific LCD of a target ion 
could affect the separation efficiency between counter-ions. 

In this work, we determine the ion-specific LCD in a membrane stack 
and investigate whether it can be used as a selectivity promoter. In 
particular, the removal of chloride and fluoride trace concentrations (10 
mM) from a concentrated sulfate solution (1 M) is studied. In many in-
dustries, such as groundwater treatment, hydrometallurgy, and thermal 
power generation, an excess of chloride and fluoride accumulates in 
process solutions. Halides can be toxic for human and aquatic life and 
corrosive towards process equipment [19–21]. The respective electro-
lytes often also contain sulfate ions that can be revalorized as sulfuric 
acid or recirculated where it is needed in the process [22,23]. Various 
groups have studied selectivity between chloride and sulfate in ED, 
mostly investigating surface-modified or microstructure-tuned 

Fig. 1. Illustration of an ED stack. CEMs and AEMs are alter-
nated between the electrodes. A rinse solution is circulated in 
the electrode compartments, where electrochemical reactions 
occur. Driven by the electric field, anions migrate towards the 
anode through the AEM, while cations migrate towards the 
cathode through the CEM. As a result, ions are concentrated in 
every second compartment while every other compartment is 
desalinated. The sketch illustrates a continuous ED operation, 
where the feed stream is divided into a concentrate and a 
diluate outlet stream; however, ED is often run in batch mode 
on the laboratory scale.   
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membranes. Equimolar concentrations of the two competing counter- 
ions ranging from 0.02 M to 0.5 M have been investigated [24–34]. 
Recently, a study has been performed on designing monovalent- 
selective AEM to remove chloride and fluoride from sulfate [35]. 
Kabay et al. investigated ED with selective removal of fluoride in the 
presence of chloride and sulfate by using an equimolar mixture with an 
initial concentration of 100 mg/L fluoride. The migration order of the 
ions was Cl− > F− > SO4

2− [36]. Arar et al. studied the separation of 
low fluoride concentrations (2 mg/L) from 1:25:25 mixtures with 
chloride and sulfate. ED was operated at 80 % of the LCD of the mixture. 
The removal rate of fluoride was higher (96 %) in the presence of both 
chloride and sulfate compared to binary mixtures of fluoride and chlo-
ride (63 % removal of F) and fluoride and sulfate (93 % removal of F), 
which was ascribed to the increased ionic strength of the solution. 
However, the same enhancing effect was observed for leakage of chlo-
ride and sulfate, which were removed by 98 % and 53 % in the ternary 
mixture, respectively [37]. 

By using the ion-specific LCD of chloride and fluoride, the ED unit is 
operated at the maximum transfer rate of the target ions, maximizing 
separation efficiency while limiting energy consumption. Our research 
identifies potential strategies for enhancing selectivity between like- 
charged ions through process optimization as a crucial completion to 
membrane development. A semi-empirical method to determine the LCD 
based on the Nernst equation is proposed, where the only experimental 
input needed is the recording of a current-voltage characteristic of the 
respective salts in the ED setup. The results are validated by performing 
desalination experiments at the apparent optimum current and lower 
and higher current values. The experiments are evaluated by tracking 
the removal rates of the anions, determining the separation efficiencies 
between chloride and sulfate as well as fluoride and sulfate, and 
comparing the energy consumption at the different current intensities. 
The LCD values are compared to those obtained by the Cowan-Brown 
and Isaacson-Sonin methods (CB and IS methods, respectively), two 
widely used techniques to determine the LCD. 

2. Theory and principles 

Due to the incomplete mixing of the solutions and typically high 
permselectivity of the IEMs, boundary layers form at the membrane 
surfaces. Within the boundary layers, concentration profiles arise. The 
concentration of counter-ions decreases from the bulk towards the 
membrane surface at the dilute side and increases towards the mem-
brane surface at the concentrate side [38]. Fig. 2 shows such a 

concentration profile for chloride and sulfate, including bulk solutions, 
boundary layers, and an AEM. IUPAC recommends the term concen-
tration polarization (CP) for such concentration profiles [39]. Due to CP, 
ion diffusion in the boundary layer occurs in the same direction of 
migration for counter-ions and in the opposite direction for co-ions to 
satisfy the local electroneutrality criterion. A lowered concentration of 
ions in the boundary layer increases the ohmic resistance and the energy 
input requirement to drive the ion transport [40,41]. The degree of CP 
increases as the electrodialytic current density increases due to the 
depletion of ions at the membrane/solution interface and the formation 
of steeper concentration profiles. When the concentration of counter- 
ions approaches zero at the membrane surface facing the dilute side, 
the LCD is reached, as shown for chloride in Fig. 2. Theoretically, no 
further increase in the rate of ion permeation can occur with an addi-
tional increment of current density [42]. 

The limiting current is a concept used in a variety of electrochemical 
systems that describes a saturation of the current in a system. The charge 
transfer limitation is typically caused by insufficient diffusion rates of 
the reactants compared to the availability of electrons. It is, therefore, 
also called diffusion-limited current density [43]. In ED setups, there is 
no actual saturation of the current density. Instead, an increase of po-
tential drop towards infinity can be observed when increasing the cur-
rent from the ohmic regime to over-limiting values [44]. Three main 
mechanisms are found to be responsible for continued charge transfer at 
over-limiting current densities: (1) current-induced convection, (2) 
water splitting, and (3) co-ion leakage and current-induced membrane 
disintegration. For further insight into mass and charge transfer at over- 
limiting current, we refer to [45,46]. 

The deviation from the merely diffusion-controlled behavior leads to 
ambiguities in identifying the LCD in ED. Isaacson and Sonin state that 
even though there is no such value that represents an absolute physical 
upper bound to the current density, there is a practical upper bound for 
current density in ED desalination to avoid water dissociation, pH 
changes, and a drop in current efficiency (i.e., the amount of work input 
that results in charge transfer by ions through the membranes) [47]. 
According to Cowan and Brown, the LCD represents the first value where 
the current is diffusion limited [48]. In contrast, Nikonenko et al. 
describe the LCD as the current density at which the counter-ion con-
centration at the membrane surface becomes negligible compared to the 
counter-ion bulk concentration [45]. As a consequence of the different 
definitions of LCD, many empirical, semi-empirical, and theoretical 
approaches exist to determine LCD. There are several recent reviews of 
LCD determination methods [2,44,49], giving a comprehensive over-
view starting from the first advance made by Peers in 1958 [14] and 
ending with the introduction of a semi-empirical approach in 2019 by La 
Cerva et al. [44]. Purely empirical correlations for the LCD often predict 
the current saturation and therefore fail to describe the ED system 
adequately [44]. Despite a wide range of theoretical models to predict 
the LCD, in practical applications, it is generally experimentally deter-
mined [38]. The IS and CB techniques are two commonly used graphical 
methods to determine the LCD that require only the recording of 
current-voltage curves for the system of interest. The straight line 
indicating the ohmic region in the current-voltage curve is extrapolated 
using the IS method. A tangent is drawn past the turning point where the 
potential rises towards infinity. The LCD is identified as the intersection 
between those two lines. The apparent resistance, ΔE/j, is plotted 
against the inverse current density using the CB method. The LCD is 
defined as the intersection between the trend line with a positive slope 
and that with a negative slope. Both of these methods use the LCD 
definition of the first diffusion-limited value. For complete desalination 
of the feed solution, going beyond that value often requires a drastic 
voltage increase that is not justified by a corresponding increase in ion 
removal/recovery. However, when removing target ions from a base 
electrolyte, the voltage increase after depletion of the target ions will be 
reasonable since the base electrolyte maintains enough ionic strength for 
charge transfer. Therefore, when using LCD as a tool for the selective 

Fig. 2. Schematized concentration profiles of the two competing counter ions 
chloride and sulfate through an AEM and the adjacent diffusion boundary 
layers. Due to the lower concentration of chloride, it depletes at the membrane 
surface under lower applied currents than sulfate. 
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removal of counter-ions, it can be profitable to adopt the LCD definition 
of negligible counter-ion concentration at the membrane surface. 

Ion depletion in the boundary layer is coupled with increasing cell 
resistance. The total cell potential across an ED cell is 

ΔEcell = ΔEOCV + rj+ ∣ΔECP∣ (1)  

where ΔEOCV (V) is the open circuit voltage, r (Ωm2) is the ohmic re-
sistivity of the cell, j (Am− 2) is the electric current density and ΔECP (V) 
is the concentration (polarization) overpotential [50]. The ohmic 
resistance of a unit cell has contributions from the AEM and CEM, the 
dilute and concentrate compartments and from the spacers [51]. The 
ohmic potential constitutes the linear behavior of the current-voltage 
curve, while the overpotential is the deviation from linearity. 

ΔECP describes the contribution of the concentration gradient in the 
boundary layers to the cell potential, and can be expressed by the Nernst 
equation [52]: 

ΔECP =
ΔgCP

|zi|F
= n

RT
|zi|F

ln

(
asurf

i

abulk
i

)

(2)  

where ΔgCP (J⋅mol− 1) is the share of available work that is lost due to CP, 
zi is the charge number of ionic species i as absolute value (i.e., z = 1 for 
chloride and fluoride), F (C⋅mol− 1) is the Faraday constant, n is the 
number of membranes used in the stack, R (J⋅K− 1⋅mol− 1) is the universal 
gas constant, T (K) is the solution temperature, asurf

i and abulk
i (mol− 1⋅L) 

are the surface and bulk activities of component i, respectively. The 
activity is defined as ai = γici, where γi and ci are the activity coefficient 
and concentration of component i, respectively. 

ΔECP can be quantified from a chronovoltametric sweep by extrap-
olating the linear behavior and determining the deviation between this 
linear contribution and the measured electric potential. Consequently, 
Eq. (2) can be solved for the activity ratio between the solution at the 
membrane surface and in the bulk: 

asurf
i

abulk
i

= exp
(

ΔECP

n
|zi|F
RT

)

(3) 

At the LCD, the left-hand term of Eq. (3) approaches zero. We call this 
novel technique for determining the LCD in ED the boundary-layer (BL) 
method. 

3. Materials and methods 

3.1. Materials 

Commercial Selemion membranes (AGC Engineering Co., Ltd., 
Japan) of the type CMVN (common CEM) and ASVN (monovalent-se-
lective AEM) were used. According to the technical specifications, both 
membranes have a thickness of 100 μm, CMVN has an area resistance of 
2.0 Ωcm2 and ASVN has an area resistance of 4.0 Ωcm2 in 0.5 M NaCl. All 
membranes were stored in 0.1 M NaCl before the experiments; therefore, 
the area resistances are expected to be slightly higher than indicated by 
the suppliers for 0.5 NaCl. Woven silicone/polyester spacers with inte-
grated gaskets were supplied by FumaTech (Germany), with a thickness 
of 470 μm, a mesh size of 800 μm, and a shadow effect of 0.33, according 
to supplier information. Solutions were prepared using demineralized 
water and technical grade NaCl, NaF, and Na2SO4 provided by Merck. 
Shenchen V6-6L peristaltic pumps (Baoding Shenchen Precision pump 
Co., Ltd., China) recirculated the solutions. For electrochemical mea-
surements, the Gamry Interface 5000E potentiostat/galvanostat and 
respective Gamry software were used (Gamry Instruments, USA). Fluo-
ride concentrations were measured using the inoLab® pH/ION 7320 
benchtop meter with the F 800 DIN fluoride selective electrode. A total 
ionic strength adjustment buffer (TISAB) was purchased from Xylem 
WTW. Chloride concentrations were measured by silver nitrate titration 

(AgNO3, 99 %, Aldrich), using an EasyPlus™ titrator by Mettler-Toledo 
(USA). Sulfate concentrations were measured by ion chromatography 
(IC, Metrohm 940 Professional IC Vario 1, Switzerland). 

3.2. Experimental setup 

An in-house-made cross-flow ED stack with an electrode area of 9 × 4 
cm2 was used. In each experiment, four cell pairs (4 AEMs and 5 CEMs) 
were stacked between the electrodes, and spacers were used between the 
membranes to facilitate solution flow and mixing. End spacers were used 
between the electrodes and the neighboring CEMs to establish a closed 
electrode rinse solution circuit. A batch of 500 mL 0.5 M Na2SO4 was 
used as electrode rinse solution at each electrode and circulated through 
the electrode compartments with a flow rate of 100 mL/min. The cell 
was run in batch mode, using 1 L of feed solution for the diluate and 
concentrate compartments. Each batch was stirred with a magnetic 
stirrer. A sketch of the setup with one unit cell (2 CEMs, 1 AEM) is shown 
in Fig. 3. A four-electrode configuration was used to measure current- 
voltage characteristics, where the working sense and counter sense 
were connected to the stack electrodes. Reference electrodes (mercury- 
sulfate electrodes provided by Gamry) were connected to the electrode 
rinse solution through salt bridges made with Agar and 0.5 M Na2SO4. 
The four-electrode setup eliminates the stack electrodes' contribution to 
the current-voltage characteristic, focusing the potential response on the 
membrane stack and its interfaces without accounting for electrode 
charge transfer resistance [53]. 

3.2.1. Determining the limiting current density with the boundary-layer 
method 

For the LCD experiments, 10 mM sodium chloride or 10 mM sodium 
sulfate were used as feed solutions and circulated at a flow rate of 100 
mL/min, i.e., with a surface velocity of 2.2 cm/s through the ED stack 
equipped with four cell pairs. Amperodynamic sweeps were conducted, 
starting from open circuit potential (zero current drawn). The current 
was increased pulse-wise in 10 mA steps until the maximum voltage 
supplied by the potentiostat of 6 V was reached. Each current value was 
held for 30 s, while values for current and voltage were recorded every 
0.25 s. The plot of current and voltage over time obtained from two 
repetitions with 10 mM NaCl is shown in Fig. 4a. The equivalent plot for 
10 mM NaF can be found in Supplementary Material S1. 

After 3/4 of the current step (the voltage value had stabilized), the 
voltage value was plotted against the respective current to obtain 
current-voltage characteristics from the experimental data. Current- 
voltage characteristics for 10 mM NaCl are shown in Fig. 4b for two 
repetitions. The dotted and dashed lines represent the linear extrapo-
lation of the first five data points, i.e., the ohmic contribution to the cell 
potential. The deviation of the measured potential from the linear 
extrapolation gives the overpotential, as represented by Eq. (1). Fig. 4c 
visualizes the non-linear potential contribution as a function of the 
current density for 10 mM NaCl. 

The obtained ratio asurf
i

abulk
i 

is an average for all nine diffusion boundary 

layers facing the dilute side. Fig. 4 d shows the apparent ratio of surface 
activity and bulk activity in the dilute compartment for 10 mM NaCl as a 
function of current density for two repetitions. The respective plots for 
NaF are given in Supplementary Material S1. The LCD value was reached 

when asurf
i

abulk
i

< 0.01, by definition. 

The IS and CB methods were also used to determine the LCD, as 
described in Section 2. Fig. 5 shows the LCD determination with the IS 
and CB methods for two repetitions with 10 mM NaCl. The plots for LCD 
determination with the IS and CB methods for 10 mM NaF can be found 
in Supplementary Material S1. Note that our experiments' positive slope 
on the right-hand side of the plots is quasi-horizontal. Other groups have 
observed similar behavior [44,45]. 

The current-voltage curve of the mixture used as feed solution in the 
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Fig. 3. Graphical description of the ED setup; A four-electrode 
setup was used for recording current-voltage curves, where the 
working and counter electrodes of the potentiostat were con-
nected to the cell electrodes, working sense and counter sense/ 
reference electrodes were in contact with the respective rinse 
solution via salt bridges. Note that the current-voltage curves 
were recorded for membrane stacks with four cell pairs, 
whereas the sketch illustrates a simplified setup with one cell 
pair.   

Fig. 4. Graphical description of the BL method for 
LCD determination for 10 mM NaCl: a potentiostat is 
connected to the ED cell, the current is increased step- 
wise, and the electric potential is recorded (a), the 
electric potential is plotted as a function of the current 
density (b), the overpotential ΔECP is determined as 
the current-voltage characteristic's deviation from 
linearity (c), and finally, the ratio of membrane sur-
face activity to bulk activity is determined by insert-
ing ΔECP into the Nernst equation (Eq. (2)). The LCD 

is reached by definition once a
surf
i

abulk
i

< 0.01. E1 and E2 in 

(a) are the recorded electric potentials for two repe-
titions of the same experiment. In (b) to (d), the two 
repetitions are distinguished by hollow and full sym-
bols. In (b), the dashed line corresponds to the linear 
extrapolation of the full symbols, while the dotted line 
corresponds to the hollow symbols.   
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desalination experiments (i.e., 10 mM NaCl, 10 mM NaF, and 1 M 
Na2SO4) was also compared. As expected, the measurement resulted in a 
straight line due to excess sodium sulfate. 

3.2.2. Desalination experiments 
ED was performed with a multi-ionic mixture of 10 mM NaCl, 10 mM 

NaF, and 1 M Na2SO4 to separate chloride and fluoride from the 
concentrated sulfuric solution. The applied current density was deter-
mined based on the LCD for NaCl and NaF. A relation between the 
current density and ionic fluxes inside the membrane is given by [54]: 

j = F
∑

i
∣zi∣Jmig

i (4)  

where Jmig
i is the migrative ion flux (mol⋅m− 2⋅s− 1) of ionic species i. Eq. 

(4) suggests that the specific current density ascribed to the migrative 
transport of ionic species i is proportional to its valence zi. Therefore, to 
apply the limiting current densities for NaCl and NaF and account for the 
current density assigned to the transport of Na2SO4 through the mem-
brane, the optimal current density for the separation of chloride and 
fluoride from sulfate, jopt, was determined according to: 

jopt =
(
jCl−
lim + jF−

lim

)
⋅2 (5) 

Following on from Eq. (4), the divalent sulfate ions carry twice as 
much current as monovalent ions. Therefore, double the LCD value of 
the target ions must be provided when treating the multi-ionic mixture 
composed of sodium chloride, sodium fluoride, and sodium sulfate. 

As a benchmark, desalination was also performed at a lower and a 
higher current density level, i.e.: 

j− = 0.75⋅jopt
j+ = 1.5⋅jopt

(6) 

Desalination experiments lasted 300 min, whereas the LCD experi-
ments lasted around 30 min. Therefore, jopt corresponds to the optimum 
value for removing chloride and fluoride at the beginning of the ED 
treatment. With decreasing concentration in the dilute compartment, jopt 

drops. The dynamic aspect of the LCD is considered when analyzing the 
results, where jopt,t refers to the optimum current density at time step t. 
During the first hour of desalination, samples were taken from the dilute 
and concentrate batch every 10 min, for the second hour every 20 min, 
and for the next 3 h every 30 min. Samples were analyzed to determine 
the chloride, fluoride, and sulfate concentrations. In addition, the cur-
rent density and voltage were recorded when taking a sample. 

Sulfate concentrations were further fitted based on the ionic fluxes of 
chloride and fluoride. The fitting was carried out due to inaccuracies in 
the sulfate measurement, ascribed to the high dilution factor for the IC 
measurements. The chloride and fluoride fluxes were calculated based 
on their concentration change per time step [54]: 

Ji ≈
V
A

⋅
ci(nt) − ci(nt − 1)
t(nt) − t(nt − 1)

(7)  

where V (L) is the solution volume on the diluate side, A (m2) is the 
active area of the membrane, ci is the concentration of component i 
(
mol⋅L− 1), nt is the time step, and t it the time (s). For each measure-

ment, 7 mL samples were taken from the dilute and concentrate solution, 
leading to a total volume decrease of 105 mL in each batch during the 
experiment. This volume change was considered in the flux calculation. 
However, the water drag from the dilute to the concentrate compart-
ment was neglected. 

The fluxes of sulfate, chloride, and fluoride are linked by their 
transport numbers, where [55]: 
∑

i
ti = 1 (8) 

The transport number is the fraction of the electric current carried by 
an ionic species i. We assume perfectly selective anion-exchange mem-
branes, where the sum of anion transport numbers is equal to unity, 
whereas the cation transport number is zero. The transport numbers of 
chloride and fluoride were calculated according to [54]: 

ti =
F|zi|Ji

j
(9) 

ti is associated with the migrative flux of ions, Jmig
i , and the total ion 

flux is the sum of migrative and diffusive terms, according to [54]: 

Ji = Jmig
i + Jdiff

i (10) 

The contribution of convection was neglected, which is common 
practice in the description of ED systems, justified by the relatively low 
water permeance of IEMs [56,57] and the fact that the migrative flux 
generally surpasses the convective flux significantly when an electric 
current is drawn [5,58]. The diffusive term was determined, and Eq. 
(10) was solved for the migrative term to find tCl and tF, which 
demonstrated that Jdiff

i was negligible in the applied concentration range 
of chloride and fluoride. Therefore, Ji was used in Eq. (9) rather than 
Jmig

i . The transport number for sulfate was found through: 

tSO2−
4

= 1 − tCl− − tF− (11) 

Eq. (9) was then solved for the ion flux of sulfate, neglecting the 
diffusive term of sulfate transport. Finally, the sulfate concentration in 
the dilute solution was estimated considering the measured starting 
concentration and using Eq. (7), which was solved numerically as: 

cLC
SO4

2− (nt) ≈ cLC
SO4

2− (nt − 1) − JSO4
2−

A
V
(t(nt) − t(nt − 1) ) (12)  

Fig. 5. LCD of 10 mM NaCl solution circu-
lated in the ED stack determined by (a) the 
Isaacson-Sonin method and (b) the Cowan- 
Brown method. For the IS method, the 
voltage is plotted over the current density and 
for the CB method, the voltage over the cur-
rent density is plotted over the inverse current 
density. The hollow and full symbols distin-
guish two repetitions of the same experiment. 
The black lines represent the linear extrapo-
lations of the right-hand and left-hand data 
points, where dashed lines correspond to full 
symbols, and dotted lines correspond to hol-
low symbols. As the dashed and dotted grey 
lines indicate, the intercept of the right- and 
left-hand side linear extrapolations de-
termines the LCD.   
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3.3. Performance evaluation 

The cumulative energy consumption, or work input W, for a given 
period of ED treatment is defined as: 

W =

∫ t

0
ΔEcellIdt (13)  

where I is the electric current (A). The energy-specific transport rate of 
each anion is assessed as the concentration change of ion i achieved per 
energy input: 

JE
i =

VΔci

W
(14)  

where Δci is the change in ion concentration between two measure-
ments. JE

i is the inverse of the more commonly used specific energy con-
sumption [59] and more suitable when assessing the contributions of 
competing counter-ions to the energy requirement. The Gibbs free en-
ergy of separation, ΔGmix, defines the minimum energy expenditure for a 
certain separation (i.e., change in chemical potential) in a feed solution. 
As such, ΔGmix corresponds to a thermodynamically reversible process, 
which can be envisioned as a batch ED setup with an applied voltage that 
is always infinitesimally larger than the equilibrium voltage and takes 
an infinitely long time. Excess energy is necessary to achieve a finite 
desalination rate (i.e., salt removal rate) for practical applications [60]. 
For separating NaCl, NaF, and Na2SO4 at constant pressure and tem-
perature in an ED stack, the Gibbs free energy of separation is defined as: 

ΔGmix = RTV

[(

cHC
NaClln

(
aLC

NaCl

aHC
NaCl

)

+ cHC
NaFln

(
aLC

NaF

aHC
NaF

)

+ cHC
Na2SO4

ln

(
aLC

Na2SO4

aHC
Na2SO4

) ]

(15) 

The general expression for the Gibbs free energy of mixing is derived 
from [61] and can be consulted in the Supplementary Material. The 
Pitzer model, as described in [62], was used to estimate activity co-
efficients. The relevant coefficients for NaCl, NaF, and Na2SO4 are taken 
from [63]. The solution volume is calculated by subtracting the removed 
sample volume from the initial volume of the batch, not accounting for 
water transfer between the dilute, concentrate, and electrode compart-
ments. We assume that the ions removed from the diluate are added to 
the concentrate and therefore calculate cHC

i from the concentration 
change in the diluate compartment. 

To investigate the energy efficiency, η, the second law efficiency was 
determined, i.e., the ratio of the increase in available work attained by 
the products, ΔGCl,F, to the maximum available useful work of the en-
ergy consumed, W [64]: 

η =
ΔGCl,F

W
⋅100 (16) 

Since the treatment goal is to remove Cl and F, ΔGCl,F was used rather 
than ΔGmix, which is obtained by eliminating the last right-hand term 
from Eq. (15). Leakage of sulfate contributes to Eq. (16) as an energy 
loss. 

We further assessed the separation efficiency between the target and 
competing sulfate ions. The transport number is often used to quantify 
the selectivity of a process or membrane for a specific ion. However, the 
transport number is proportional to the ion flux and, therefore, to the 
effective ionic concentration change over time (see Eq. (7)). Certainly, 
the total concentration change per time-step is higher for counter-ions 
with higher concentrations. To evaluate the relative difference in 
transport rate between two ions A and B of different concentrations, the 
separation efficiency, SA

B , as introduced by Zhao et al. [65], is used: 

SA
B(t) =

[
cB(t)
cB(0)

]
−
[

cA(t)
cA(0)

]

[
1 −

cB(t)
cB(0)

]
+
[
1 −

cA(t)
cA(0)

] (17)  

where cA(0) is the initial concentration of the target ion in the dilute 
compartment, cB(0) is the initial concentration of the competing 
counter-ion in the dilute compartment, cA(t) and cB(t) are the concen-
trations of A and B at time t, respectively. SA

B ranges from − 1 (complete 
depletion of ion B) to 1 (complete depletion of ion A). To increase 
comparability with other studies, the selectivity PA

B =
tA/tB
cA/cB

, which is 
often presented as a membrane property and commonly measured in 
equimolar mixtures of counter-ions [5], was also determined and is 
given in the Supplementary Material S4. 

4. Results and discussion 

The ED process must be balanced regarding removal rates of target 
ions, leakage of competing ions, separation efficiency, and energy input 
according to the treatment goals. The trade-off between removal rate 
and energy input is a target for optimization in ED. In addition, for 
multi-ionic mixtures, a higher removal rate of target ions is typically 
accompanied by increased leakage of competing counter-ions. The 
separation efficiency classifies which of the competing ions shows a 
relatively higher increase in transport rate with increasing current 
density. Consequently, the ratio of transport rates is controlled by the 
current density, i.e., the intensity of CP. The results of this experimental 
study elucidate whether the transport ratio of target ions versus 
competing counter-ions is optimal when working at the LCD of the target 
ions. 

Table 1 presents an overview of the experimental results and ana-
lyses conducted to compare the ED performance at the three current 
density levels. In the following, these results are discussed in detail. 

4.1. Determination of LCD 

The LCD was determined by the BL method described in Section 
3.2.1 and compared to the IS and CB methods. Values for the LCD ob-
tained by the different methods are presented in Table 2. Note that there 
is no margin of error for the BL method, as this method gives discrete 
values, which were the same in the two repetitions for all measurements. 

The BL method results in considerably higher values for the LCD than 
the IS and CB methods, which give similar values. This is consistent with 
the difference in the underlying definitions of LCD, where the BL method 
defines the LCD as when the surface activity of ion i becomes negligible 
compared to the bulk activity, as discussed in Section 2. However, this 
definition has an ambiguity as we need to define at which asurf/abulk 
value asurf becomes negligible. We consider asurf/abulk < 0.01 as an 
adequate and practical criterion. For higher accuracy, the data density 
can be enhanced around the LCD by decreasing the step size in the 
amperodynamic sweeps. 

Similarly, the IS and CB methods are known to be sensitive to the 

Table 1 
Comparison of the ED performance after 5 h treatment at j− , jopt and j+.   

j (A/m2) 

100 130 200 

Removal (%) Cl− <90 ± 1a <86 ± 2a <87 ± 1a 

F− 23 ± 4 98 ± 1 98 ± 1 
SO2−

4 11 ± 1 19 ± 2 23 ± 7 
JE

i (mmol/J) Cl− 10.89 ± 0.75 4.37 ± 0.03 1.76 ± 0.63 
F− 0.90 ± 0.19 1.45 ± 0.08 0.37 ± 0.05 
SO2−

4 47.57 ± 0.38 15.14 ± 0.30 6.43 ± 0.17 
ΔGmix (kJ) Cl− 0.12 ± 0.01 0.12 ± 0.02 0.14 ± 0.05 

F− 0.01 ± 0.00 0.17 ± 0.02 0.16 ± 0.00 
SO2−

4 0.34 ± 0.03 0.46 ± 0.00 0.80 ± 0.07 
η (%) 1.52 ± 0.28 0.93 ± 0.00 0.18 ± 0.16 
SCl−

SO2−
4 

0.91 ± 0.01 0.93 ± 0.00 0.88 ± 0.00 

SF−

SO2−
4 

0.30 ± 0.04 0.81 ± 0.00 0.73 ± 0.00  

a Last value within detection limit. 
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density of experimental data for the high-current-density tangents. To 
quantify this sensitivity, the LCD was determined with the IS and CB 
methods using the two, three, and four last data points recorded with the 
amperodynamic sweep. Note that for the IS method, these are the last 
two to four data points on the right side of Fig. 5a, while for the CB 
method, they are on the left side of Fig. 5b since the x-axis represents 1/j. 
Table 3 shows the LCD for NaCl and NaF with the error margin of two 
repetitions. 

While the IS and CB methods attained similar values for the LCD, the 
LCD varied considerably for both methods depending on the data points 
included in the graphical determination. For both chloride and fluoride, 
the value decreased by more than 1 A/m2 when one more data point was 
considered. The choice of data points for the high-current tangent is not 
obvious. 

The three current density levels for the desalination experiments 
were found by inserting the LCD determined by the BL method into Eq. 
(6), resulting in values of j− = 100 A/m2, jopt = 130 A/m2, and j+ = 200 
A/m2. When using the LCD values suggested by the IS and CB methods, 
jopt becomes approximately 100 A/m2 (99.78 A/m2 with the IS method 
and 98.88 A/m2 with the CB method). Notably, j− according to the BL 
method coincides with jopt determined by the IS and CB methods. 
Consequently, the ED performance at the optimum current density as 
determined by the BL method is compared to each one higher and one 
lower control value and concomitantly to the optimum value deter-
mined by the IS and CB methods. 

4.2. Desalination experiments 

Fig. 6 shows the removal rates (c/c(0)) of chloride, fluoride, and 
sulfate, respectively, in the dilute compartment as functions of time. 
Each experiment was run two times, and each data point is the mean 
value of two repetitions within the respective error bar. Note that the 
applied currents correspond to the initial concentrations of chloride and 
fluoride and are not adjusted to the concentration decrease during the 
experiment. Chloride, plotted in Fig. 6a, has the highest transport rate of 
the three anions. The sensitivity of the concentration analysis only 
allowed us to track the chloride concentration to about 10 % of its 
starting value before the concentration fell below the detection limit. 
When applying 100 A/m2 (j− ), chloride was depleted to under 10 % of 
its starting concentration after 3 h of treatment. For both 130 A/m2 (jopt) 
and 200 A/m2 (j+), the threshold was reached after 100 min. The 
desalination curves for chloride at 130 A/m2 and 200 A/m2 are nearly 
the same, with a slightly increased transport rate at 200 A/m2 in the first 
2/3 of the process. However, after chloride is depleted to around 20 % of 
its starting concentration, the desalination curves flatten, and the curves 
at jopt and j+ converge. The flattening curve indicates that once the 
chloride concentration reaches approximately 2 mM, the transport of 

chloride ions to the membrane becomes the rate-determining step, 
making the transport rate independent of the current density. The same 
behavior can be observed for j− . Removal of chloride passed 2 mM is 
therefore associated with increased energy cost. This can be ascribed to 
the increasing japplied/jopt,t ratio during the experiment. Continuous 
operation of the ED cell, multi-stage operation, or dynamic control of the 
current to match the target ion concentration can counteract the 
growing energy inefficiency [60]. 

The fluoride transport rate is considerably lower compared to chlo-
ride. As seen in Fig. 6b, fluoride is depleted after 300 min of ED at 130 
A/m2 and 200 A/m2. Similar to chloride, a retardation of the slope is 
observed around 2 mM, and the plots for jopt and j+ converge. 
Remarkably, at 100 A/m2, the fluoride removal rate was only 23 % after 
5 h of desalination. These results imply that the fluoride transport rate is 
the controlling factor for removing chloride and fluoride from the sulfate 
solution. While the fluoride transport was impractically slow at j− , it 
increased significantly when stepping the current up to jopt , corre-
sponding to the LCD suggested by the BL method. Even though fluoride 
has a lower LCD than fluoride in the single-salt measurements presented 
in Section 4.1, chloride was depleted before fluoride at j− . This can be 
ascribed to the favorable ionic properties of chloride compared to 

Table 2 
Comparison between the LCD obtained with the BL, IS and CB methods.   

Boundary-layer (A/m2) Isaacson-Sonin (A/m2) Cowan-Brown (A/m2) 

NaCl  36.10 27.84 ± 0.16 27.66 ± 0.34 
NaF  30.56 22.05 ± 0.09 21.78 ± 0.16  

Table 3 
LCD values obtained with the IS and CB methods for ED with 10 mM NaCl and 
10 mM NaF.  

LCD 
(A/m2) 

2-Point tangent 3-Point tangent 4-Point tangent 

IS CB IS CB IS CB 

NaCl 27.84 ±
0.16 

27.66 ±
0.34 

26.66 ±
0.12 

26.41 ±
0.31 

25.49 ±
0.12 

25.15 ±
0.32 

NaF 22.05 ±
0.09 

21.78 ±
0.16 

20.86 ±
0.01 

20.49 ±
0.06 

19.61 ±
0.03 

19.10 ±
0.05  

Fig. 6. ED Desalination curves with ternary mixtures of 10 mM chloride, 10 
mM fluoride, and 1 M sulfate at different current densities. 
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fluoride and sulfate, like a lower hydrated size and higher diffusivity [5]. 
Therefore, chloride transports a larger charge share when operating 
below the current corresponding to the LCD for chloride and fluoride. 
However, when increasing the current to jopt , the mass transport of 
chloride takes on its maximum value where it is limited by diffusion, 
allowing fluoride to transport more charge across the cell and reach its 
maximum transport rate. A further increase to j+ did not result in a 
similar mass transport enhancement. However, the improved transport 
rate of fluoride was accompanied by doubling the sulfate leakage, as 
seen in Fig. 6c. The sulfate leakage was around 10 % at 100 A/m2 and 
around 20 % at 130 A/m2 and 200 A/m2. 

As described in Section 3.2.2, the sulfate concentration was also 
estimated through the fluxes of chloride and fluoride and the relation 
tCl− + tF− + tSO2−

4
= 1. The modeled sulfate concentrations are presented 

in Fig. 7 alongside the mean measured concentrations for the three 
current density levels. The model shows reasonable conformity with the 
experimental data despite the simplifications of assuming perfectly se-
lective AEMs and neglecting convection and the back-diffusion of sul-
fate. For assessing the performance parameters, the sulfate 
concentration provided by the model was used as the strong fluctuations 
of the measured values lead to inconsistencies in the further data 
processing. 

Fig. 8 compares the energy-specific transport rates determined by Eq. 
(14) for chloride, fluoride, and sulfate at the three current density levels. 
The values represent an average over the whole duration of the exper-
iment. The complete energy-specific transport rate profiles can be found 
in Supplementary Material S2. For chloride and sulfate, the energy- 
specific transport rate decreased with current density, while fluoride 
exhibits a higher transport rate at 130 A/m2 than at 100 A/m2. The 
particular behavior of fluoride can be ascribed to the significantly 
increased transport rate when stepping the current density up from j− to 
jopt (see Fig. 6b). Sulfate has the highest energy-specific transport rate 
among the competing anions due to its abundance in the solution. In 
contrast, fluoride has the lowest energy-specific transport rate due to its 
low concentration compared to sulfate and disadvantageous properties 
for transport across the membranes compared to chloride. Figs. S.3 to 
S.5 in Supplementary Material show that the energy-specific transport 
rate decreases during the experiments for chloride and fluoride and in-
creases for sulfate. The decreasing energy efficiency can again be 
ascribed to the increasing japplied/jopt,t ratio during the experiment. As 
seen in Fig. 8, JE

Cl− decreased by approximately a factor of 2.5 between 
each current step. Between 100 A/m2 and 130 A/m2, JE

F− increased by a 
factor of 1.6 while JE

SO2−
4 

decreased by a factor of 3.4. For the second 

current step, JE
F− and JE

SO2−
4 

decreased by factors 3.9 and 2.4, respectively. 

Consequently, stepping the current up from j− to jopt significantly cut the 
energy-specific transport rate of sulfate while enhancing energy-specific 

fluoride transport. In contrast, increasing the current to 200 A/m2 

substantially restricted JE
F− . Therefore, among the three current den-

sities, jopt seems most suited for the simultaneous removal of chloride 
and fluoride. Fig. 8 also reaffirms the slow fluoride transport as the 
bottleneck for halogen removal. 

Fig. 9 shows the energy input as a function of chloride and fluoride 
removal rates at the three current levels. Up to 50 % removal, the 
relation between removal and work input was approximately linear. For 
removal beyond 50 %, the work requirement increased exponentially. At 
j− , jopt , and j+, the work required to remove close to 90 % chloride was 
approximately 5 kJ, 10 kJ, and 50 kJ, respectively. At j− , fluoride was 
removed by around 25 % at an energy expenditure of circa 8 kJ. At 130 
A/m2 and 200 A/m2, the work input for close to 100 % fluoride removal 
was 30 kJ and 150 kJ, respectively. Consequently, the energy require-
ment for depletion tripled between jopt and j+ for both target ions. Since 
the time required for the removal of chloride and fluoride was similar at 
jopt and j+, the practical maximum current must lie between j− and jopt. 

Fig. 10 shows the Gibbs free energy for chloride, fluoride, and sul-
fate, as calculated with Eq. (15). For chloride, ΔG was similar at all 
current levels, reflecting that a similar chemical potential change was 
achieved. The same is true for fluoride at j+ and jopt , while ΔGNaF at j−
was 16 times lower, corresponding with the poor transport rate at that 
current density. ΔGNa2SO4 was around four times higher than ΔGNaCl at 
130 A/m2, which can be ascribed to its high concentration in the solu-
tion. While the Gibbs energy remained nearly constant for NaCl and NaF 
between jopt and j+, it almost doubled for sulfate separation. These re-
sults highlight the transport limitations for fluoride and chloride caused 
by depletion in the boundary layer. The increased current predomi-
nantly resulted in enhanced charge transfer through sulfate ions. Eq. 

Fig. 7. Experimentally determined (full symbols) and modeled (hollow symbols) sulfate removal rate in ED desalination at different current density levels.  
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(16) defines energy efficiency as the ratio of the Gibbs free energy of 
fluoride and chloride to the total consumed work in the system. The 
results for the three current levels are shown in Fig. 11 as the average of 
two repetitions with the respective error bars. In accordance with the 
increased excess energy, η dropped from approximately 1.5 % at 100 A/

m2 to 1 % at 130 A/m2 and 0.2 % at 200 A/m2. While the loss of energy 
efficiency between j− and jopt was accompanied by a significant 
improvement in fluoride removal rate, the decrease between jopt and j+
was not justified by a corresponding gain in fluoride removal. Conse-
quently, jopt is suggested as the preferable current level allowing high 
mass transport of target ions while limiting the excess energy. 

The separation efficiency was determined according to Eq. (17). 
Separation efficiencies between chloride and sulfate and between fluo-
ride and sulfate at the three current density levels are presented in 

Fig. 12 as averages through the experiment with the respective error 
bars. The full profiles, presented in Supplementary Material S3, show a 
decreasing trend over time in accordance with the increasing japplied/jopt,t 

ratio. In all cases, the process was selective for chloride and fluoride over 
sulfate (separation efficiencies > 0). However, the separation efficiency 
between fluoride and sulfate was as low as 0.30 at j− , increased to 0.81 
when increasing the current density to jopt , and dropped to 0.73 with a 
further increase to j+. For chloride and sulfate, the difference in sepa-
ration efficiency at different operating current densities was less distinct. 
Notably, the separation efficiency was highest for both target ions at jopt . 
The selectivities between chloride and sulfate and between fluoride and 
sulfate, presented in Fig. S.8 as averages through the experiment, show 
similar trends, with a maximum of 24.47 for chloride over sulfate and 
10.02 for fluoride over sulfate. These results support our hypothesis that 
the ion-specific LCD must be considered for optimum ion selectivity in 
the ED of multi-ionic mixtures. Follow-up studies will be performed to 
elucidate the influence of the solution composition, i.e., the ratio of 
target ions to competing counter-ions, on the process selectivity. 

5. Conclusion 

This work investigated the ion-specific limiting current density 
(LCD) as a selectivity promoter in the Electrodialysis (ED) of multi-ionic 
mixtures. A new method called the boundary-layer method (BL) was 
presented to determine the LCD for binary salt solutions in an ED setup. 
The method takes advantage of the Nernst equation. Extrapolating the 
ion-specific LCD to multi-ionic mixtures allows for identifying the 
optimal operating current regarding the mass transfer of target ions 
while limiting excess energy consumption. ED was performed on mix-
tures of 10 mM NaCl, 10 mM NaF, and 1 M Na2SO4 with the goal of 
removing chloride and fluoride. The experimental results suggested 130 

Fig. 9. Work input as a function of removal rate for chloride and fluoride at the different current density levels. Note the different magnitudes of the y-axes. Symbols 
represent experimental data, and lines are added to guide the eye. 
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A/m2 as the optimum current density (jopt) for this application, while 
100 A/m2 and 200 A/m2 were used as lower (j− ) and higher (j+) control 
values, respectively. The lower control value corresponds to the ion- 
specific LCD determined with the Isaacson-Sonin (IS) and Cowan- 
Brown (CB) methods. 

The following points summarize our main findings: 

• Chloride was depleted ahead of fluoride due to its favorable trans-
port properties and ion characteristics. Therefore, the fluoride 
transport rate was the controlling factor for removing chloride and 
fluoride from the base electrolyte solution.  

• While fluoride removal was only 23 % after 5 h of ED at j− , complete 
depletion of fluoride was observed during the same treatment time at 
jopt . A further increase to j+ did not result in a significant enhance-
ment of target ion removal, which suggests that the removal rates of 
chloride and fluoride were limited by diffusion in the boundary 
layer.  

• The work input and energy efficiency for 5 h of ED increased with 
current, as a larger current leads to higher efficiency losses. How-
ever, between j− and jopt , the excess work input and lower energy 
efficiency were justified by the enhanced fluoride removal rate, 
which was not the case for j+.  

• The separation efficiency for removal of fluoride over sulfate 
increased significantly when stepping the current density up from 
100 A/m2 to 130 A/m2, and dropped again at 200 A/m2. 

Among the three current density levels, jopt was favorable for the 
simultaneous removal of chloride and fluoride. Our results imply that 
the ion-specific LCD is a critical parameter to optimize separation effi-
ciency for removing dilute target ions from concentrated solutions with 
ED. Furthermore, the BL method was better suited to finding the opti-
mum current than the CB and IS methods. To further restrict the opti-
mum current density, more experiments must be conducted between j−
and jopt . Future research could be directed towards a more thorough 
theoretical formulation of the transport phenomena in the laminar 
boundary layer and membranes to identify the main drivers for selec-
tivity among counter-ions and maximize current efficiency. 
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