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Abstract. Electrodialysis (ED) is an efficient technique for treating high-salinity industrial effluents. 

This study examined the removal efficiencies of sodium chloride (NaCl), sodium acetate 

(C2H3NaO2), and acetic acid (CH3COOH) using electrodialysis. The procedure utilized a cation 

exchange membrane type MK-40 and an anion exchange membrane type MA-40. The impact of 

operational parameters, including electrolysis time, initial concentration, and applied current, was 

examined. The findings indicated that the removal efficiency improved over time, reaching 70% for 

NaCl at an initial concentration of 0.086 M and an applied current of 1 A. The elimination efficiency 

of C2H3NaO2 attained a maximum value of 97% at a concentration of 0.036 M and an applied 

current of 1 A. The maximum removal efficiency of acetic acid was 71%, achieved at a starting 

concentration of 0.033 M with an applied current of 1 A. The findings indicated that the current 

efficiency peaked at elevated initial concentrations of all examined contaminants, whereas 

increasing the applied current significantly enhanced removal efficiency. Consequently, 

electrodialysis is an efficient technique for removing certain contaminants from industrial effluents. 

 

Keywords: Electrodialysis Process, Ion Exchange Membrane, Pigment Wastewater Treatment, 

Operational Parameters, Removal Efficiency 

 

INTRODUCTION 

 

The rising demand for water across the 

rural, urban, and industrial sectors has 

created significant environmental and 

economic challenges in water resource 

management, including resource depletion 

and waste disposal. Numerous industrial 

processes use substantial amounts of water, 

generating significant waste streams that 
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contain both contaminants and valuable 

constituents (Gurreri et al., 2020). Wastewater 

treatment without discharging it into seas 

and rivers is one of the most important 

problems worldwide (Aziz et al., 2012; 

Othman, 2023). The water crisis has become 

global in scope due to climate change, water 

scarcity, and recent industrial, economic, and 

social developments (Abdelkader, 2023). 

Water-based pigments are widely used for 

coloring fabrics, wood, paintings, and 

architecture. The textile industry ranks among 

the top consumers of water and intricate 

chemicals across the many phases of textile 

processing. Over 100,000 varieties of 

commercial dyes are produced annually, 

totaling over 700,000 tons. Simultaneously, 

approximately 15% of the coloring agents 

used in industrial processing are discharged 

into the environment, posing a threat to 

human health and other organisms 

(Samarghandi et al., 2020). Industrial 

processes typically generate wastewater 

streams abundant in organic and inorganic 

constituents. The regulation of contaminants 

from industrial wastewater is presently a 

primary focus of scientific research (Silva et 

al., 2013). 

Due to the complex nature of industrial 

wastewater, no single procedure can 

adequately treat all contaminants (Crini & 

Lichtfouse, 2019). Diverse methods were 

employed to eliminate the impurities, 

including physical, chemical, and biological 

procedures. Membrane processes have been 

widely researched due to their robustness 

and diverse applicability (Ahmed et al., 2022; 

Obotey & Rathilal, 2020). Electrodialysis (ED) 

is the predominant technique employed for 

the removal of contaminants from 

wastewater (Jaroszek & Dydo, 2016. ED is a 

membrane-based separation technique 

wherein ions traverse an ion-selective 

membrane under the influence of an electric 

field (Silva et al., 2023). The method is 

electrically powered and comprises stacks of 

alternating anion-exchange membranes 

(AEMs) and cation-exchange membranes 

(CEMs). The performance of the 

electrochemical device depends on its design 

and operational parameters, including the 

geometry of the cell compartment, 

membrane properties, feed concentration, 

ionic composition of the raw water, current 

density, and flow rate. Ion exchange 

membranes (IEMs) account for 40% to 50% of 

the total cost, making them the most 

expensive component of the ED process 

(Oztekin & Altin, 2016; Sarapulova et al., 

2019). 

A multitude of researchers have 

investigated ion removal using 

electrodialysis. Masigol et al. (2012) 

employed batch-process electrodialysis to 

extract sodium sulfate from an aqueous 

magnesium stearate solution. Gherasim et al. 

(2014) examined the viability of a batch 

electrodialysis procedure employing Ralex 

AM-PES and Ralex CM-PES heterogeneous 

ion-exchange membranes for the extraction 

of lead ions from synthetic wastewater. Kwak 

et al. (2013) developed an electrokinetic 

apparatus and employed direct visualization 

of liquid flows using charged fluorescent dyes 

across a broad voltage range (0–100 V). 

Malek et al. (2013) examined the 

electrodialysis efficacy in the desalination of 

0.085 M NaCl by applying several voltage 

ranges (15-50 V) to enhance ED efficiency.  

Furthermore, electrodialysis has 

demonstrated efficacy as a cost-effective 

desalination technique for separating sodium 

acetate at approximately 0.122 M. Caprarescu 

et al. (2016) investigated the removal 

efficiency of indigo-carmine dye from 

synthetic solutions at different currents (0.05, 
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0.1, and 0.15 A) using electrodialysis. Another 

report indicates that electrodialysis has 

effectively purified actual wastewater 

streams, removing light carboxylic acids (C1-

C6), including acetic acid, without prior 

chemical treatment (Rukowicz, 2023).  

Information regarding the utilization of 

MK-40 and MA-40 membranes for the 

treatment of pigment industry effluent, which 

contains significant quantities of sodium 

chloride (NaCl), sodium acetate (C2H3NaO2), 

and acetic acid (CH3COOH), is scarce. This 

study seeks to examine the influence of 

operational parameters, including 

electrodialysis duration, beginning 

concentration, solute removal efficiency, and 

applied current efficiency, on the removal of 

NaCl, C2H3NaO2, and CH3COOH utilizing ion 

exchange membranes MA-40 and MK-40. 

 

MATERIALS AND METHOD 

 

Membranes and Reagents 

This study used two commercial ion-

exchange membranes, MA-40 and MK-40, 

provided by Shchekinoazot (Russia). The 

primary characteristics of commercial 

membranes MA-40 and MK-40 are presented 

in Table 1. Chemical reagents NaCl, 

C2H3NaO2, and CH3COOH were obtained 

from the pigment production facility of PJSC 

“Pigment” in Tambov, Russia. 

 

Experimental Set-up 

The compartments were alternately 

filled with dilute and concentrated solutions, 

as seen in Figure 1. The electrode materials 

for both the cathode and anode were 

platinized titanium, an electrochemically inert 

material that helps prevent dissolution. The 

electrode chambers were filled with electrode 

solutions. At the terminus of each electrode 

compartment, the cell is linked to charged 

and plates connected to a power source, 

resulting in the flow of electric current across 

the ED stack. The anions move towards the 

anode (positively charged), while cations 

move towards the cathode (negatively 

charged). The existence of IEMs serves as 

optimal selective barriers for ions, permitting 

anions to traverse the adjacent AEM while 

being obstructed by the nearby CEM. Cations 

traverse the CEM and are impeded by the 

adjacent AEM, resulting in a reduction of ions 

in the dilute compartment channel and an 

augmentation of ions in the concentrated 

compartment channel (refer to Figure 2). 

 

Table 1: Properties of commercial MA-40 

and MK-40 membranes. 

Membranes 

properties 

Anion 

exchange 

(MA-40) 

Cation 

exchange 

(MK-40) 

Ion exchange groups 

(bulk) 
=NH, ≡N –SO3 ¯ 

Idem (surface) =NH, ≡N –SO3 ¯ 

Thickness (µm) 470 ± 20 480 ± 10 

Ion exchange capacity 

(mM cm-3 wet) 
3.2 ± 0.08 1.7 ± 0.1 

Ion exchange material 

surface fraction (%) 
19 ± 4 22 ± 3 

Contact angle 

(degrees) 
50 ± 2 55 ± 3 

Particular electrical 

conductivity in 0.5M 

NaCl solution (mS/cm) 

7.5 ± 0.3 7.7 ± 0.3 

Diffusion permeability  

(10-8 cm2/s) 
7.0 ± 0.4 6.7± 0.4 

 

Experimental Procedure 

Before commencing the experiment, 

membranes were cleaned with a carbon 

tetrachloride and ethanol solution, then 

immersed in a saturated NaCl solution, and 

finally placed in distilled water. MA-40 was 

immersed in a dilute hydrochloric acid 

solution, while MK-40 was immersed in a 

dilute sodium hydroxide solution for a 
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duration of one day. Subsequently, MA-40 

was immersed in a dilute NaOH solution, 

whereas MK-40 was subjected to a dilute HCl 

solution for an additional day. Subsequently, 

the membranes were rinsed with distilled 

water until the pH was neutral. 

 

 

Fig. 1: Schematic flow diagram of the 

electrodialysis process 

 

 

Fig. 2: The solution flow through the 

membrane in the ED stack 

 

The ED stack consists of a sequence of 

cell pairs, each comprising MA-40 and MK-

40, with both diluted and concentrated 

channels. The ED stack comprises eight 

compartments, consisting of four MA-40 

membranes and four MK-40 membranes. A 

spacer plate was installed between each 

membrane to ensure a consistent 

intermembrane spacing and promote fluid 

movement within the channels. Spacers are 

equipped with gaskets along the edges of the 

channels, which seal the channels and 

facilitate the passage of solutions. The active 

area of each membrane measured 0.0024 m², 

and its thickness was 0.0004 m. The ED stack 

was linked to both dilute and concentrated 

tanks. Each reservoir contained 1.5 × 10-3 m³ 

of several solutions to evaluate the removal 

efficiency. 

 According to data from the pigment 

facility in Tambov, Russia, NaCl, C2H3NaO2, 

and CH3COOH were identified as the most 

concentrated wastewater resulting from the 

production of pigment yellow 13. Different 

concentrations of NaCl (0.086, 0.17, and 0.257 

M), C2H3NaO2 (0.0366, 0.0731, and 0.122 M), 

and CH3COOH (0.033, 0.066, and 0.1 M) were 

used to examine their removal efficiency. The 

operating temperature of the ED process for 

each solution was maintained at ambient 

temperature. 

 To initiate the ED experiment, the 

solutions were pumped into the ED stack, and 

the conductivities of the NaCl, C2H3NaO2, and 

CH3COOH solutions were measured every 5 

minutes. The conductivity measurements of 

the NaCl and C2H3NaO2 solutions were 

translated into concentration using 

established calibration curves for each 

solution. In contrast, the pH of the CH3COOH 

solution was recorded every 5 minutes and 

converted to concentration based on the 

modified calibration curve. Each experiment 

was conducted in triplicate to minimize error. 

The solute removal efficiency R (%) was 

determined using Equation 1 (Gubari et al., 

2019). 
 

1. Plate 

2. Spacer Plate 

3. Solution 

input 

4. Electrode 

solution 

5. Plate 
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R (%) =
C0−Ce

C0
× 100 (1) 

   

C0 (M) and Ce (M) denote the 

concentrations of the solute in the inlet and 

outflow streams of the solution, respectively. 

The optimal method for evaluating the 

influence of adverse phenomena in the ED 

separation process is to determine the actual 

utilization factor, defined as the ratio of the 

theoretical current, derived from the volume 

of solution extracted from the dilute channel, 

to the current flowing through the cell. The 

present efficiency (η) of electrochemical 

deposition for each experiment was 

quantified utilizing Equation 2. 

 

η =
ZFQf(Ci−C0 )

NI
× 100  (2) 

 

Ci (M) and Co (M) represent the 

electrolyte concentration before the 

experiment (t=0) and at any time t (s), 

respectively; z denotes the ion charge, F 

signifies the Faraday constant (96485 C.mol-

1), Qf indicates the dilute flow rate (m3/s), I (A) 

refers to the applied current, and N 

represents the number of cell pairs. 

 

RESULTS AND DISCUSSION 

 

Electrodialysis selectively isolates ionic 

substances from aqueous solutions using 

ion-selective membranes and an electric 

current. The efficacy of NaCl, C2H3NaO2, and 

CH3COOH removal, together with the current 

efficiency of electrochemical deposition 

procedures, was examined. 

 

Sodium Chloride Removal Efficiency 

The removal of NaCl solution was 

studied at different initial feed concentrations 

and various applied currents. The ED process 

was used to investigate NaCl removal over 25 

min of operational time. The solution flow 

rate was kept constant at 5.3×10-6 m3/s while 

the applied currents ranged from 0.25A to 1A. 

The removal efficiency of different NaCl 

concentrations using various applied currents 

is shown in Figure 3. The removal efficiency of 

the NaCl solution improved over time. The 

improvement in NaCl solution removal 

efficiency is attributed to the depletion of 

ions in the dilute solution channels, resulting 

from their migration into the concentrated 

channel over time. Ahmed et al. (2019) 

observed that the efficacy of ED removal 

using a 0.5 M NaCl solution improved over 

time (Sriram et al., 2019). Mendoza et al. 

(2018) observed the same phenomenon at 

different initial NaCl concentrations (Ahmed 

et al., 2019). The elimination efficiency of 

NaCl decreases as its concentration increases. 

During the decrease of NaCl with ED, 

membrane fouling transpired over time. 

Notwithstanding membrane cleaning, the 

current efficiency of electrodialysis cannot be 

restored to its initial value (Mendoza et al., 

2018). Increasing the applied current 

positively affected the removal efficiency of 

NaCl. This occurrence has also been 

documented in other sources (Talebi et al., 

2018; Suwal, 2019). To enhance the current 

utilization in the electrodialysis process, 

current efficiency under all conditions was 

computed using Equation 2, as shown in 

Table 2. The peak current efficiency reached 

93% at a concentration of 0.257 M and an 

applied current of 1 A. Table 2 indicates that 

increasing the applied current increases 

current efficiency. Banasiak et al. (2007) noted 

that the concentration of NaCl in a dilute 

solution decreases rapidly during the initial 

30 minutes. Subsequently, the salt 

concentration decreased, leading to a 

progressive reduction in the current between 

the two electrodes within the package. This 



110  Electrodialysis Process Application for Pigment Wastewater Treatment Using Ion Exchange 

Membranes 

results from concentration polarization in the 

membrane's boundary layer and the 

depletion of electron carriers in the diluent. 

 

 

 

 

Fig. 3: NaCl removal efficiency over time at 

various applied currents: concentration of 

NaCl (a) 0.086 M, (b) 0.17 M, and (c) 0.257 M. 

 

 

Table 2. Current efficiency of various NaCl 

concentrations at different applied currents 

over 25 min of operation. 

Concentration 

(M) 

0.25A 0.5A 0.75A 1A 

0.086 70 77 82 89 

0.17 79 84 89 92 

0.257 85 87 90 93 

Sodium Acetate Removal Efficiency 

The removal of C2H3NaO2 efficiency was 

investigated, as shown in Figure 4. The 

solution flow rate was constant at 5.3× 10-6 

m3/s, and the currents applied in this 

experiment were 0.25 A, 0.5 A, 0.75 A, and 1 

A. The applied current in the three selected 

preparation solutions depends on the 

substance's properties and the applied 

voltage. The elimination efficiency of 

C2H3NaO2 increased over time but decreased 

with higher starting concentration. Patil et al. 

[16] examined the efficacy of the ED 

procedure for reducing C2H3NaO2. The 

removal efficiency significantly improved 

after 4.5 hours. The findings indicated that 

the removal effectiveness of C2H3NaO2 

decreased from 35% to 26% as the 

concentration increased from 0.0366 M to 

0.122 M at an applied current of 0.25 A over 

25 minutes, demonstrating a negative 

correlation between removal efficiency and 

concentration. It was previously reported that 

the removal efficiency of sodium acetate 

increased from 21% to 79% when the 

concentration of sodium acetate rose from 

0.0244 M to 0.0975 M at an applied voltage 

of 1.0 V (Kim et al., 2013). The concentration 

of C2H3NaO2 in the dilute compartment rises 

in conjunction with the current density. An 

increased current density increases the 

driving force, causing CH3COO- and Na+ to 

migrate from the supply section to the 

extraction section rapidly. 

Table 3 presents the current efficiency of 

C2H3NaO2 during electrochemical deposition 

over 25 minutes. The current efficiency of 

C2H3NaO2 exceeded that of NaCl. Melnikov et 

al. (2021) have noted a similar observation 

when employing a combination of sodium 

chloride and sodium acetate in the ED 

process. A delay in the elimination of acetate 

ions was observed in comparison to chloride 
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ions. Furthermore, Patil et al. (2015) 

demonstrated that desalination of sodium 

acetate decreased from 75% to 35% upon the 

inclusion of additional components in the 

original mixture.  

 

 

 

 

 

Fig. 4: C2H3NaO2 removal efficiency over 

time at various applied currents: 

concentration of C2H3NaO2 (a) 0.0366 M, (b) 

0.0731 M, and (c) 0.122 M. 

Furthermore, a study by Xue et al. (2018) 

demonstrated that the current efficiency of 

the ED increases with increasing C2H3NaO2 

concentration. In the same context, Maciej et 

al. (2021) indicated that increasing the 

concentration of metal salts in the 

electrochemical deposition process at 3 

mA/m3 enhanced current efficiency (CE) to a 

specific threshold, after which a marked 

decline in CE was observed. This 

phenomenon can be attributed to elevated 

energy consumption and the gradual 

depletion of ion transport mechanisms. 

 

Table 3: Current efficiency of various 

C2H3NaO2 concentrations at different 

applied currents over 25 min of operation. 

 

The materials used in the research can 

be written as a separate subsection. Please 

provide details of the manufacturing process 

and purity of materials, e.g., Fe(NO3)3.9H2O 

(99% purity Merck, Germany) was employed 

as iron oxide precursor. 

 

Acetic Acid Removal Efficiency 

Wastewater containing acetic acid is 

commonly produced in several chemical 

processes (Gao et al., 2023). Various 

techniques have been employed to diminish 

these acids; notably, the ED method was 

utilized in this investigation. An enhancement 

in the removal effectiveness of CH3COOH was 

noted, as illustrated in Figure 5. Different 

applied currents (0.25, 0.5, 0.75, and 1 A) were 

utilized over a 25-minute operational period. 

The elevated current efficiency of acetic acid, 

as indicated in Table 4, in comparison to the 
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0.0731 65 73 80 83 
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current efficiency of the preceding salts, is 

attributable to the optimal quantity of acetic 

acid ions being depleted at the lowest 

voltage. The experimental results indicated 

that the concentration of the CH3COOH 

solution decreased over time in the dilute 

channel, while it increased in the 

concentrated channel, thereby enhancing the 

CH3COOH removal efficiency. 

 

 

 

 

 

 

Fig. 5: CH3COOH removal efficiency over 

time at various applied currents: 

concentration of CH3COOH (a) 0.033 M, (b) 

0.066 M, and (c) 0.1 M. 

 

The greatest removal efficiency of acetic 

acid was 71% at a concentration of 0.033 M 

with an applied current of 1 A. Electrodialysis 

was found to remove up to 70% of the acetic 

acid from wastewater at a concentration of 

0.2% (Yu et al., 2000). Lee et al. (2014) 

examined the efficacy of acetic acid removal 

via electrochemical desalination, revealing 

that the current efficiency for an acetic acid 

solution at pH 3.1 and an applied voltage of 

12 V was approximately 55%. Furthermore, 

the rate of decline in CH3COOH 

concentration increases with increasing initial 

acetic acid concentration. Han et al. 

demonstrated that the permeability of acetic 

acid consistently exceeds that of acetate (Du 

et al., 2021). Further electrostatic influences 

on acetate transport relative to acetic acid 

can elucidate this.  

Table 4 presents the current efficiency of 

CH3COOH for a 25-minute operational 

period. The maximum current efficiency 

observed was 98% at the greatest 

concentration with an applied current of 1 A. 

Simultaneously, a peak current efficiency of 

56.72% was attained for the reduction of 

acetic acid under the best experimental 

circumstances of bipolar membrane 

electrodialysis (Han et al., 2017). Zhang et al. 

(2011) found that an increase in the applied 

current of an acetic acid solution correlates 

with an increase in current efficiency. 

 

Table 4: Current efficiency of various 

CH3COOH concentrations at different 

applied currents over 25 min of operation. 

Concentration 

(M) 

0.25A 0.5A 0.75A 1A 

0.033 85 89 91 95 

0.066 65 92 93 96 

0.1 90 93 95 98 
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CONCLUSIONS 

 

The ED performance for the removal of 

NaCl, C₂H₃NaO₂, and CH₃COOH was 

evaluated using MA-40 and MK-40 

membranes over 25 minutes of operation at 

applied currents ranging from 0.25 to 1 A. For 

NaCl, the maximum removal efficiency 

reached 70% at an initial concentration of 

0.086 M and an applied current of 1 A. The 

highest current efficiency for NaCl was 93%, 

obtained at 0.257 M and 1 A. Removal 

efficiency decreased with increasing NaCl 

concentration, whereas current efficiency 

increased with both concentration and 

applied current. For C₂H₃NaO₂, the highest 

removal efficiency was 97% at 0.0366 M and 

1 A. The maximum current efficiency reached 

87% at 0.122 M and 1 A. Compared to NaCl, 

C₂H₃NaO₂ exhibited higher removal 

efficiencies under similar operating 

conditions. For CH₃COOH, the maximum 

removal efficiency was 71% at 0.033 M and 1 

A. The highest current efficiency recorded in 

this study was 98%, achieved at 0.1 M and 1 

A. Current efficiency increased with 

increasing applied current and concentration. 

Across all investigated solutes, increasing the 

applied current from 0.25 A to 1 A 

consistently enhanced both removal 

efficiency and current efficiency. Higher 

removal efficiencies were generally observed 

at lower initial concentrations, whereas 

higher current efficiencies were obtained at 

higher concentrations. These results 

demonstrate that the ED system equipped 

with MA-40 and MK-40 membranes 

effectively removes inorganic salts and 

organic acids from pigment-related 

wastewater under controlled operating 

conditions. 
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