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1. Introduction 
 

Organic and inorganic ions are present in most industrial 

and urban wastewater along with natural freshwater. In 

some cases, these ions need to be concentrated and 

recovered or completely removed (Zhang et al. 2012). High 

concentrations of various metals present in industrial 

wastewater can cause serious environmental pollution if not 

properly treated (Fu et al. 2011, Malamis et al. 2012). The 

electroplating industry wastewater contains various types of 

toxic substances such as cleaning agents, heavy metals, and 

solvents. Among these, metallic substances such as copper 

and nickel are dangerous, especially when discharged 

without treatment (Akbal and Camcı 2011, Lee et al. 2017). 

Therefore, a variety of removal methods have been 

developed, including chemical precipitation/coagulation, 

membrane technology, electrolytic reduction, ion exchange, 

and adsorption (O’Connell et al. 2008). 

Recently, ion exchange, reverse osmosis, nanofiltration, 

and electrodialysis (ED) have been proposed as 

technologies for the separation and concentration of ions 

(Strathmann 2010, Nakayama et al. 2017, La Cerva et al. 

2018, Min et al. 2019, Oh et al. 2020). ED consists of  
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electrodes, spacers, and ion exchange membranes arranged 

in a way that has more than one separate stream. In ED, 

ions are separated by the potential differences of the two 

electrodes at either end of the ion exchange membrane 

system (Koutso et al. 2007, Silva et al. 2013, Iváfiez 

Mengual et al. 2015). The rate of separation of ions depends 

on the charge and mobility of each ion, conductivity of the 

ionic solution, relative concentration of ions, and applied 

potential difference. Additionally, the results of ED also 

depend on the design parameters such as the flow rate, 

configuration, and structure of the cells and spacers (Lee et 

al. 2006, Silva et al. 2013, Min et al. 2020). 

These parameters affect the current utilization and 

concentration polarization (Lee et al. 2002). Concentration 

polarization in ED occurs at the surface of the ion-exchange 

membrane. In general, the transport number of counter-ions 

is one and the transport number of co-ions is zero in 

ion-exchange membranes (Strathmann 2010). As the ion 

concentration in the ion exchange membrane is lower than 

that in the diluate, the ion concentration in the diluate 

solution decreases. Eventually, the electrolyte concentration 

at the membrane surface decreases, resulting in a 

concentration gradient between the membrane surface and 

well-mixed bulk fluid, resulting in the diffusion of 

electrolyte transport. A steady-state is obtained when the 

additional ions needed to balance those removed from the 

ion-exchange membrane surface are supplied by the 

diffusion transport. However, when the ion concentration of 

the diluate on the surface of the ion exchange membrane 

becomes zero, the current density approaches its maximum 

value, which is thus defined as the limiting current density 
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Abstract.  Electrodialysis (ED) is an advanced separation process used to treat industrial wastewater using potential 

differences. In this study, flow rates within the stack were increased by creating a flow channel to increase the limiting current 

density (LCD). Increasing the flow rate within the stack increases the diffusion flux, which leads to an increase in LCDs. 

Experiments show that the applied voltage of the flow-accelerated stack was improved by 12.2% compared to the stack 

without a flow channel, but the LCD decreased by 3.6%. The removal efficiency of both copper and nickel between the two 

stacks was greater than 95.6%, with no significant difference. However, the concentration rate of ions was superior in the 

stack without a flow channel. This may be attributed to the fact that the applied voltage increases when the channel is attached, 

resulting in differences in the separation rate and the resulting concentration polarization. In terms of the current efficiency, the 

channel-less stack was found to be 42.5% better than the channeled stack. It would be desirable to apply voltages below the 

LCDs as those exceeding LCDs at the same membrane flow rate would significantly reduce the economic feasibility. 
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(LCD) (Lee et al. 2006, Koutsou et al. 2007, Strathmann 

2010). To maintain maximum efficiency without damaging 

the ion exchange membrane, a slightly higher current 

density than LCD must be supplied, but to prevent damage 

to the ion exchange membrane, a lower current density than 

LCD must be supplied. In addition, since energy 

consumption is determined by the current density, LCD is 

the most important design variable in terms of the 

economics and ion separation efficiency of the ED 

(Scarazzato et al. 2015, Jia et al. 2018). 

Diffusion transport is closely related to the design 

parameters and the membrane surface flow rates. However, 

the increase in the flow rate on the membrane surface was 

minimized as the energy consumption increased. Thus, the 

geometry of the diluate and concentrate cells in the ED 

stack is created identically, in the same direction on a single 

surface to avoid both a linear streamline and a hydrostatic 

pressure difference. This resulted in a relatively low 

recovery rate of ED. The flow rate of the membrane could 

be increased by installing a channel in the stack of the ED 

to create a winding path flow. Consequently, as the path 

from the inlet to the outlet of the stack becomes longer, the 

flow rate quickens compared to a stack without channels 

(Strathmann 2010). A stack with a winding path flow is 

critical as it can increase treatment costs owing to 

high-pressure losses, but the flow rate in the stack increases 

the application efficiency (Veerman et al. 2011, Tedesco et 

al. 2012, Gurreri et al. 2012). 

In this study, a stack with a long path narrowing towards 

the outlet was used, along with an increased flow rate, to 

apply a higher voltage while preventing concentration 

polarization. Since the cross-section of the flow path 

decreases as the width decreases in the direction of the 

outlet, the flow velocity in the stack increases as it reaches 

the outlet. As a result, since an increase in the flow velocity 

in the stack increases the ion transport rate to the surface of 

the ion exchange membrane, concentration polarization is 

prevented and a higher voltage (or current) can be applied, 

thereby improving the separation efficiency of ions. 

The specific objectives of this study are to; (a) 

investigate the effect of the stacked channel on the LCD at 

the same flow rate, (b) compare the separation efficiency of 

copper and nickel ions in each LCD, and (c) evaluate the 

economy in terms of its current efficiency. 
 

 

2. Materials and methods 
 

2.1 Wastewater 
 

Wastewater from an electroplating facility located in 

Ansan, Korea was used. The wastewater from the 

electroplating facility has a COD (chemical oxygen 

demand) of 963-998 mg/L (980±15.2 mg/L) mg/L, T-N 

(total nitrogen) of 1,475-1,505 mg/L (1,490±11.3 mg/L), 

and T-P (total phosphorus) of 5.8-6.2 mg/L (6.0±1.8 mg/L). 

The copper and nickel concentrations were 1,582-1,612 

mg/L (1,596±9.38 mg/L) and 260-273 mg/L (267±4.0 

mg/L), respectively, and the electrical conductivity was 

18.4-19.0 mS/cm (18.6±0.2 mS/cm), while the pH was 

1.84-2.01 (1.98±0.06). 

 
Fig. 1 Schematic illustrating electrodialysis 

 

 
(a) Stack without channel (b) Stack with channel 

Fig. 2 Schematic diagram illustrating the construction of 

a sheet flow stack design 

 

 

2.2 Electrodialysis setup 

 

The ED system consists of a PVC material diluate tank 

with a capacity of 0.5 L, concentrate and electrode solution 

tanks, three circulation pumps with a maximum flow rate of 

7 L/min (NH-30PX, Pan world Co. Ltd., Korea). A standard 

laboratory apparatus consisting of a rectifier with an 

automatic control range of 0-30 V/0-3 A (P3030, Advantek 

Co. Ltd., Korea) was used. The size of each electrode 

installed at both ends of the stack was 45 mm (W) × 105 

mm (H) × 2 mm (D). Each electrode consisted of a titanium 

base plated with a solution containing platinum and 

ruthenium to prevent corrosion. A schematic diagram of the 

device used in the experiment is shown in Fig. 1. 

The size of the ion exchange stack used in the 

experiment was 115 mm (W) × 225 mm (H). The effective 

area of the cation and the anion exchange membranes in the 

stack without channels is 55.5 cm2, and the total length of 

the flow path is 18 cm. Conversely, the effective area of the 

ion exchange membrane of the stack with channels is 48.5 

cm2, and the total length of the flow path is 33.9 cm. A 

net-like spacer was installed in the diluate and concentrate 

cells of all stacks to induce a zigzag flow to provide a better 

turbulent flow and reduce the concentration polarization 

(Strathmann 2010, Min et al. 2021a, b). A schematic 

diagram of the stack used in the experiment is shown in 

Fig. 2. 

In this study, Neosepta CMX-SB and AMX-SB from 

ASTOM (Tokyo, Japan) were used as cationic and anionic 

exchange membranes, respectively. Neosepta ion-exchange 

membranes are classified as homogeneous membranes 

because the bulk of the membrane, except for the 
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reinforcing fabrics, contain no structural irregularities more 

than 1 µm (Pismenskaya et al. 2012, Mareev et al. 2018). It 

consists of randomly crosslinked sulfonated (CMX-SB) or 

aminated (AMX-SB) styrene-divinylbenzene copolymer 

(45-65%) and polyvinyl chloride (45-55%) (Mareev et al. 

2018). 

The ion exchange membrane was used in the experiment 

after immersion in the solution at 25 ± 1°C for 24 h. After 

the end of the experiment, the ion-exchange membrane was 

soaked in a solution containing 0.36% H2SO4 and 1.22% 

Na2SO4 (Sigma-Aldrich, USA) for 1 h to remove the 

precipitate attached to the surface. The physical properties 

of the ion exchange membrane are presented in Table 1 

(Galvanin et al. 2016, Nebavskaya et al. 2017). 

 
2.3 Operation conditions 

 
The LCD was measured using wastewater with a 

concentration of 1,595 mg/L of Cu and 267 mg/L of Ni. 

The stack with and without channels consisted of five pairs 

of ion-exchange membranes. The potential increased by 1 V 

from 2 to 10 V, and subsequently increased by 2 V up to 20 

V. The current and resistance were measured after 

stabilizing for 5 min in each step when applying a potential. 

As a difference exists in the effective area of each stack, the 

flow rate was adjusted to maintain the same flow rate of 

1.44 cm/min at the membrane surface. The flow rate of the 

concentrate was kept the same as that of the membrane. 

Additionally, the removal efficiency of Cu and Ni was 

measured in a batch experiment under the LCD conditions 

determined in each stack. The electrolyte solution used 4% 

(w/w) Na2SO4 (Van de Bruggen et al. 2004, Ji et al. 2017). 

All experiments were conducted repeatedly. 

 
2.4 Analytical methods 

 
In all experiments, Orion 5 Star (Thermo Fisher 

Scientific Inc., USA), which can simultaneously measure 

the electrical conductivity and pH, was installed in the 

diluate and concentrate tanks, and measurements were 

conducted at 1-minute intervals. The current was measured 

at 1-minute intervals, and the resistance was calculated. Cu 

and Ni were sampled 5 min after the start of the experiment 

and collected every 10 min thereafter. The collected 

samples were filtered with a 0.45 μm syringe filter and 

subsequently measured according to EN ISO 11885:2007  

 

 
using inductively coupled plasma optical emission 

spectroscopy (ICP-OES, ICP-6000, Thermo Fisher 

Scientific Inc., USA). The filtered sample was acidified 

with 2% HCl; more than six standard samples including the 

blank were prepared using a multi-element standard 

solution for ICP (Sigma-Aldrich Co., LLC., USA) to correct 

the calibration concentration. Samples with a concentration 

higher than the calibration concentration were measured by 

diluting with 2% HCl. The wavelengths of Ni and Cu were 

231.60 nm and 324.75 nm, respectively (Min et al. 2021a, 

b). 

The removal efficiency of heavy metals in the diluent 

during the ED operation was calculated as given by Eq. (1), 

and the recovery rate of heavy metals in the concentrated 

water was calculated as given by Eq. (2) (Wang et al. 

2012). 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝐶0 −  𝐶𝑡

𝐶𝑜

 × 100 (1) 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑟𝑎𝑡𝑒 (%) =  
𝐶𝑡 − 𝐶0

𝐶𝑜

 × 100 (2) 

where Co is the initial concentration of heavy metal ions 

before the experiment (mg/L) and Ct is the concentration of 

heavy metal ions at each experiment time interval (mg/L). 

In the diluate tank containing the treated water of the 

ED process, the ion removal efficiency follows first-order 

kinetics at high concentrations, and after a certain time, this 

decreases to a zero-order reaction (Min et al. 2021a, b). 

Therefore, the change in electrical conductivity in the 

product over time is expressed as a shift order kinetic as 

given by Eq. (3). 

𝑘1𝐶𝑡 + 𝑘2

𝑘1𝐶𝑜 + 𝑘2

= 𝑒−𝑘1𝑡 (3) 

where Co and Ct are the electrical conductivity (μS/cm) or 

ion concentration (mg/L) at the start of the experiment in 

the diluate and concentrate, respectively; at time t, k1 and k2 

are first-order and zero-order constants, respectively. 

Each stack is composed of five pairs, but as the charge 

passes through all the cell pairs connected in series, the 

current efficiency can be expressed as follows (Strathmann 

2010, Wang et al. 2012, Min et al. 2021a, b).  

Table 1 Main properties of the ion exchange membrane 

Type 
Cationic 

(Neosepta CMX-SB) 

Anionic 

(Neosepta AMX-SB) 

Thickness (mm) 0.14 – 0.20 0.12 – 0.18 

Burst strength (MPa) ≥ 0.40 ≥ 0.25 

Electric resistance at 0.5 M NaCl and 25°C (Ω cm2) 2.0 – 3.5 2.0 – 3.5 

Perselectivity 1.0/0.5 M KCl (%) 92 95 

Ion exchange capacity (meq/g) 1.26 ± 0.05 1.30 ± 0.05 

Water content (g H2O/(g dry membrane)) - 0.10 – 0.14 

Membrane density (g/cm3) - 1.10 
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ζ =
𝑧𝐹𝑄𝐶𝑠

∆

I𝑁
 (4) 

where ζ is the efficiency of the current, I is the total current 

(A) applied to the stack, 𝐶𝑠
∆  is the difference in 

concentration (mol) between the feed and product solution, 

Z is the valence number of the ion, and F is the Faraday 

constant (C/mol). Q is the volumetric flow rate (m3/s), and 

N is the total number of cell pairs. 

 

 

3. Results and discussion 
 

3.1 Limiting current density 

 

LCD is the most important design factor determining the 

efficiency of ED, and various methods have been proposed 

for its accurate estimation (La Cerva et al. 2018). As the 

LCD depends on the fluid mechanics of the stack, structure 

of the flow channel, and spacer design, a method has been 

proposed to determine it using a mass transfer coefficient. 

The mass transfer coefficient can be determined by the 

Sherwood number, which is a function of the Schmidt and 

Reynolds numbers (Nikonenko et al. 2007, Ibáñez Mengual 

et al. 2014). However, it is difficult to directly determine 

the mass transfer coefficient in the ED stack as it must be 

measured independently (Lee et al. 2006). The most 

common way of determining the LCD is by using a 

current–voltage (V–I) curve determined through an 

experimental method (Lee et al. 2006). 

Prior to all the experiments, the LCD in each stack was 

determined using an experimental method. In general, the 

LCD is determined through the inverse (1/A) of resistance 

and current, but differences in the LCD can occur 

depending on how the intersection is interpreted. Therefore, 

in this study, all the relationships between the voltage, 

resistance, and current are shown in Fig. 3. Using this 

method, the LCD can be determined to be low. However, 

considering the application of 70-90% of LCD (Silva et al. 

2013) due to its economic feasibility in a full-scale facility, 

this method could intuitively determine the voltage and 

current. The LCD of the stack without channels was 4.32 

A/m2 and were calculated using the correlation between the 

voltage, resistance, and current; that for the stack with 

channels with increasing flow rate was 4.43 A/m2. 

Compared to a stack without channels, LCDs in a high-flow 

rate stack with channels were improved by approximately 

2.5%, but the limit voltages in both stacks were the same at 

8 V. However, the LCDs calculated for the stack without 

channels using traditional V-I curves was 4.41 A/m2, and 

that for the channeled stack was 4.25 A/m2. The result of 

the V-I curve was calculated to be approximately 3.7% 

higher for the LCD of the stack without channels. However, 

the applied voltage for the stack without channels was the 

same at 8 V, but that for the channeled stack was 9 V. The 

LCD calculation using the V-I curve revealed that the high 

applied voltage of the channeled stack may be due to the 

increase in the flow rate in the stack when the flow rate in 

the stack reaches the outlet, along with the increase in the 

ion transport rate to the ion exchange membrane surface. 

 
Fig. 3 Experimental LCD in each stack 

 
 
3.2 Removal and recovery of ions 

 

Based on the applied voltage of the LCD determined 

using the traditional V-I curves from the LCD experiment, 

the voltages of the channel-less and channeled stacks were  

8 V and 9 V, respectively. For safety purposes, a potential 

difference voltage mode was applied as very low 

concentrations of diluate could produce high voltages in the 

ion exchange membrane stack (Gherasim et al. 2014). 

During the ED process, the ion removal efficiencies and 

concentration rates were estimated through the regression 

analysis of the analytical experimental data. Fig. 4 shows 

the changes in the electrical conductivity of the diluate and 

the concentrate over time in each stack. The ion removal 

efficiencies and concentration rates of the channeled stack 

are faster than that of the channel-less stack. This difference 

may be due to the difference in the applied voltage as the 

driving force of ions passing through the ion exchange 

membrane is proportional to the electric field strength 

(Káňavová and Machuča 2014).  

Increasing the applied voltage increases the rate of ion 

transfer through the membrane; thus, ion separation may 

occur rapidly in the early stages of the ED operation. The 

ion separation rate of the channeled stack was high up to 20 

min after the experiment; however, the ion separation rate 

of the channel-less stack was higher thereafter. This 

difference in the ion separation rate can be confirmed by the 

ion removal efficiency. Until the initial 20 min of the 

experiment, the ion removal efficiencies of the channel-less 

and channeled stacks were 91.4% and 92.2%, respectively, 

but the final removal efficiencies were 97.3% and 96.8%, 

respectively. The rate constant generally increases as the 

applied voltage increases and begins to decrease after 

reaching a maximum value. This decrease in the rate 

constant is related to the ionic concentration of the solution 

and the ionic resistance of the membrane. The increase in 

the ionic resistance of the membrane with the decrease in 

the concentration of ions may be due to the concentration 

polarization or diffusion boundary layer resistance (Geise et 

al. 2014). As the flow rate of the stacks is the same, the 

effect of concentration polarization will be predominant  
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Fig. 4 Changes in the electrical conductivity of the 

diluate and concentrate in each stack 

 

 
(a) Copper 

 
(b) Nickel 

Fig. 5 Changes in the copper and nickel concentrations 

in the diluate and concentrate water in each stack 
 

 

rather than that of the diffusion boundary layer. As the 

channeled stack decreased the concentration of ions quickly 

due to the higher applied voltage, the influence on the 

concentration polarization during the total experiment time 

would be greater than that of the channel-less stack. 

Although there is a difference in the removal efficiency of 

ions, the final ion concentration rates of the channel-less 

and channeled stacks were 81.2% and 81.3%, respectively. 

Thus, no significant difference was observed. 

The removal efficiencies of copper and nickel were 

better in the channeled stack (Fig. 5). Although the removal 

efficiency of nickel was slightly higher than that of copper 

in each stack, no significant difference was observed in the 

removal efficiency as both copper and nickel are divalent 

ions (Zhang et al. 2017). 

The efficiency of copper removal between the two 

stacks was approximately the same. Furthermore, the 

removal efficiency of copper was 95.6 and 95.8% for 

channel-less and channeled stacks, respectively, showing no 

significant differences. The nickel removal efficiency of the 

channeled stack was slightly higher than that of the 

channel-less stack. However, the removal efficiencies of the 

channel-less and channeled stacks were 97.4 and 97.5%, 

respectively, with no significant differences between the 

stacks, as observed with copper. However, the channel-less 

stack showed a better recovery rate. For copper, the 

recovery rate of the channel-less stack was 82.2%, and that 

of the channeled stack was 81.7%. In the case of nickel, the 

recovery rates of the channel-less and channeled stacks 

were 86.8 and 84.8%, respectively. This difference may be 

due to the low applied voltage of the channel-less stack, 

which reduced the concentration polarization compared to 

the channeled stack. Therefore, considering the removal 

efficiency of ions, it may be effective to operate lower than 

the limiting current density. 

In wastewater with a low concentration of copper and 

nickel, concentration polarization occurs more quickly, 

which can lead to significant differences in ion removal 

efficiency. Therefore, so further studies on the optimal 

operating conditions are required.  
 

3.3 Current efficiency 

 

The required membrane area can be calculated using the 

current density, feed and product concentration, flow rate, 

and current efficiency, as shown by Eq. (4). The 

maintenance cost of the ED process is classified into the 

labor, maintenance, and energy costs, and is generally 

calculated using proportional constants as it is directly 

proportional to the production capacity. The economic 

feasibility of an ED plant is calculated as the sum of the 

facility and energy costs (Starthmann 2010). The energy 

required in the ED process can be divided into the electrical 

energy required to concentrate the ionic component of the 

feed into a concentrated solution and the energy required to 

supply and circulate the solution to the stack (Bernardes et 

al. 2016). As LCD is inversely proportional to the 

membrane area, the capital cost decreases with increasing 

LCD, but with the increase in the maintenance cost. 

Additionally, as LCD affects the lifetime of the membrane, 

the economic feasibility can be ensured only by operating 

the facility considering the current efficiency. 

The current efficiency under each experimental 

condition increased 10 min after the start of the experiment 

but subsequently decreased significantly as the operating 

time increased (Fig. 6). The current efficiency of the 

channel-less stack was better than that of the channeled 

stack. During the initial 10 min, the current efficiency of the 

channel-less stack was 5% better than that of the channeled  
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Fig. 6 Current efficiency over the operating time of each 

stack 

 

 

stack, and the final current efficiency was 42.5% better. 

This is because the voltage of the channeled stack was 

12.5% higher than that of the channel-less stack at the same 

membrane surface flow rate, but the final ion removal 

efficiency was 0.51% lower. During the ED, the diffusion 

flux in the ion exchange membrane is proportional to the 

ion concentration in the feed water. As the concentration of 

diluate decreases over the operation time, the diffusion flux 

decreases, and the concentration polarization occurs on the 

surface of the ion exchange membrane, increasing the 

electrical resistance (Bernards et al. 2016). Therefore, 

applying a voltage exceeding the LCD at the same 

membrane surface flow rate can decrease the efficiency of 

the current and increase the energy cost; therefore, applying 

a voltage below the LCD is desirable. 

 

 

4. Conclusions 

 

In this study, to increase the LCD and prevent 

concentration polarization, a channeled stack with a long 

path and a stack without a channel were compared. 

Consequently, the LCD obtained by the traditional V-I 

curve of the channel-less stack was higher than that of the 

channeled stack at the same membrane flow rate. However, 

the applied voltage was higher in the channeled stack 

because the flow rate of the channeled stack increased 

towards the outlet, along with the increased ion transport 

rate to the surface of the ion exchange membrane compared 

to the channel-less stack. Considering the ion removal 

efficiency, the ion separation rate of the channeled stack, to 

which a high voltage was applied, was fast at the start of the 

experiment. However, as the concentration of ions 

decreased quickly, the concentration polarization occurred 

earlier, eventually slowing down the ion separation rate. 

Therefore, the final removal efficiency was also lower than 

that of the channel-less stack. In particular, the high applied 

voltage had a greater effect on the concentrate rate of ions 

due to the concentration polarization. There was almost no 

difference in the removal efficiency of copper and nickel 

depending on the presence of channels, but the 

concentration of ions was high due to the reduced effect of 

the concentration polarization in the channel-less stack 

wherein the applied voltage was low. The current efficiency 

in both stacks decreased with increasing operating time. In 

particular, the current efficiency of the channeled stack was 

considerably low compared to the channel-less stack 

because the concentration polarization phenomenon 

occurred faster, and the applied voltage was high. However, 

as the current efficiency of the channel-less stack was also 

considerably low, operating below LCDs would be 

desirable for the cost. 
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