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Abstract  

Electromembrane processes are increasingly important group of separation methods, widely 

used for removal of charged components from solutions. It is a growing field of research with 

a plethora of both existing and still developed applications. The separation is based on ion 

migration across the charged membranes (a polymeric matrix with fixed charged groups, 

counterbalanced with mobile counter-ions), placed in the electric field. This paper presents 

the main electromembrane processes: electrodialysis (ED), electrodialysis reversal (EDR), 

electrodialysis with bipolar membrane (EDBM), electrodeionization (EDI), membrane 

capacitive deionization (MCDI), reverse electrodialysis (RED). We present the common 

applications of electromembrane processes and discuss the physical basis of the 

electromembrane processes. The most important parameters of the ion-exchange membranes 

are discussed, as well as the novel approaches towards mitigation of scaling, enhancement of 

mass transfer, decreasing the concentration polarization, and new hybrid electromembrane 

processes. Critical analysis of the possibility of energy production by reverse electrodialysis is 

presented. 
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Electromembrane processes are increasingly important group of separation methods, widely 

used for removal of charged components from solutions. The separation is based on ion 

migration across the charged membranes (a polymeric matrix with fixed charged groups, 

counterbalanced with mobile counter-ions), placed in the electric field. In this paper we 

present the main electromembrane processes, discuss their mode of operation, their 

applications and the challenges that they are facing. We then present the latest innovations in 

the field. 

The most common electromembrane process is electrodialysis (ED). A schematic view of the 

electrodialyzer stack is presented in Fig. 1. A salt solution flows between the alternately 

placed cation- and anion-exchange membranes. When an electric field is applied in the 

direction perpendicular to the solution flow, cations migrate through the cation-exchange 

membranes and are retained by the anion-exchange membranes, whereas the anions migrate 

through the anion-exchange membranes and are retained by the cation-exchange membranes. 

Thus, a salt solution stream is being split into desalinated stream (diluate) and concentrated 

stream (concentrate). 

Electrodialysis is widely recognized as a method for brackish water desalination [1, 2]. ED 

plants can be cheaper than reverse osmosis (RO) plants for a low salinity feeds. There are 

several reasons why the ED can outperform RO in brackish water desalination. The ion-

exchange membranes are more resistant to biofouling than RO membranes, less sensitive to 

chlorine, able to operate at higher feed SDI and are easier to clean up. The basis of the process 
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is different: in reverse osmosis and nanofiltration, the energy is proportional to the amount of 

solvent that needs to be transported across the membrane; in electrodialysis it is quite the 

opposite – the required energy is proportional to the amount of ions that is need to be 

transferred. Because brackish water desalination requires the removal of relatively small 

amount of salt, the ED can be economically competitive. Electrodialysis is also being applied 

for the treatment of more concentrated solutions. One of the possible applications of 

electrodialysis is a brine preconcentration method in evaporative salt production [3]. Recently, 

electrodialysis has been proposed as a new method for production of concentrated sodium 

chloride solution for the chlor-alkali industry [4-6].  

 

 

Fig. 1. A scheme of electrodialyzer, electrode reactions not depicted 

 

Electrodialysis faces several challenges. The concentration range of feeds that can be 

subjected to electrodialysis is limited. On the one hand, during electrodialytic desalination, the 

decreasing diluate concentration increases the membrane stack resistance. Although small 

intermembrane distance allow reaching very low diluate concentration [7], the electrodialysis 

alone cannot economically produce water of very low salinity due to the high investment 

costs. Electrodialysis becomes inefficient at low salinity due to high electric resistivity. On the 

other hand, electrodialysis of highly concentrated solutions requires application of high 

current density, which increases the energy consumption of the process. Working at very high 

current densities may cause local overheating and chemical damage of the membrane.  

Choice of ion-exchange membrane is crucial in design of ED operation. The most important 

parameters are the electric resistance, permselectivity, chemical stability, and mechanical 

strength. These parameters often have opposing effect: for example, a high degree of cross-

linking improves the mechanical strength, but increases the electrical resistance. More ionic 

charges in the membrane matrix lead to a low electrical resistance, but in general, cause a 

high degree of swelling combined with poor mechanical stability [8].  

Permselectivity of the ion-exchange membranes describes the ease of counter ions migration 

through the membrane [8]. Ideally, the membrane should not pass any co-ions; in reality, the 

amount of co-ions transported through the membrane depends on electrolyte concentration 

and ion-exchange capacity [8].  

The electric resistance of ion exchange membranes is an important factor, especially at high 

concentration and high current densities. The membrane electric resistance strongly depends 

on membrane morphology, type of electrolyte and electrolyte concentration and the 

membrane development focuses on decreasing the resistance by decreasing the membrane 

thickness.  

A relatively recent development in the field of ion-exchange membranes are the univalent 

permselective membranes and bipolar membranes. Univalent permselective membrane 

consists of a standard ion-exchange membrane coated with a thin layer of a different charge. 

A C A C A C A C A C A CCAnode Cathode

DiluateConcentrate
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Such a layer increases the permselectivity towards monovalent ions. The bipolar membrane 

(BM) is a layered membrane constructed so that one surface is a cation exchange layer, 

whereas the opposite surface is an anion exchange layer [9]. Between those two layers water 

splitting occurs, which lowers the pH of the solution contacting the cation-exchange side of a 

BM and increases the pH of the solution facing the anion-exchange side. Bipolar membranes 

are used in production of acids and bases from their salts; however, they face low current 

efficiency and problems with ion leakage. 

A big challenge in ED is the concentration polarization and the limiting current density. 

Because the ion transport number is higher in the membrane than in solution, the ion 

concentration in layer adjacent to the membrane surface (boundary layer) is different than in 

the bulk of the solution: lower on the diluate side of the membrane and higher on the 

concentrate side. As the current density increases, concentration at the diluate side of the 

membrane drops, eventually reaching zero at the so-called limiting current density (LCD). 

Working above the LCD can result in electrosplitting of water, which decreases the current 

efficiency, changes the pH, and may lead to crystallization of sparingly soluble metal 

hydroxides, i.e. calcium hydroxide, magnesium hydroxide [10]. There are methods of coping 

with concentration polarization and limiting current density, which have been intensively 

researched, such as intermembrane spacer design [11-14], adding micro-corrugations on the 

membrane surface [15], application of conductive spacers [16], introduction of gas bubbles to 

enhance mixing by creating a two-phase flow [17], or application of pulsed electric field 

(PEF) [18]. 

Another important issue in electrodialysis is scaling. The electrodialysis feeds typically 

contain ions of sparingly soluble salts (Ca
2+

, Mg
2+

, SO4
2-

, and HCO3
-
). As the desalination 

goes on, the salinity of the concentrate increases, increasing the risk of membrane fouling by 

crystallization of inorganic compounds. Traditionally, anti-scalants, such as etidronic acid, 

sodium hexametaphosphate, polyamino polyether methylene phosphonic acid are used; but 

they may be problematic if the concentrate is to be used for salt production or discharged to 

the environment. Another approach to scaling mitigation is the electrodialysis reversal – an 

electrodialysis performed with periodic reversal of electrodes’ polarity. When the polarity 

changes, direction of ion migration changes, which tears off the growing deposits and the 

membrane electric resistance is restored. Novel methods of scaling avoidance are being 

developed: performed a single-pass electrodialysis in a such manner that residence time of 

majority of the particles travelling the concentrate compartment is smaller than the 

crystallization induction time, which prohibits the creation of crystal nuclei inside the ED 

module [19]; application of pulsed electric field (PEF), which acts as cleaning-in place 

process [18, 20]; application of external magnetic field, which disturbs the double ionic layer 

surrounding the colloidal particles and their zeta potentials by action of Lorentz forces exerted 

either on moving ions or on charged solid particles – the result is the decreased nucleation rate 

[21]; application of ultrasonic field, which mechanism of action is still disputed [21]. 

Since the invention of the electrodialysis there has been a constant development in stack 

configuration, which resulted in creating new electromembrane processes: electrodialysis 

metathesis (EDM), electro-electrodialysis (EED), electrodialysis with bipolar membrane 

(EDBM); however, a lot of progress have been made with hybrid electromembrane processes: 

electrodeionization (EDI), which combines electrodialysis and ion exchange; membrane 

capacitive deionization (MCDI) and flow electrode capacitive deionization (FCDI), which 

combine electrosorption of porous carbon electrodes with ion-exchange membranes; 

electrochemical desalination, which combines electrochemical reactions with ion-exchange 

membranes; electrodialysis with ultrafiltration (EDUF) membrane, which combines 

electrodialysis with pressure-driven methods; and electrodialysis with liquid membranes. 
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In an electrodeionization unit, ion exchange resins are placed between the ion selective 

membranes of the electrodialyzer. This allows in situ resin regeneration due to the creation of 

hydroxyl and hydrogen ions by the water splitting caused by electric overpotential [9]. Ion 

exchange resin also increases the conductance of resin-filled compartments. EDI has several 

advantages over traditional ion exchange: it is a continuous operation, with in situ resin 

regeneration; it produces no hazardous wastes, as ion-exchange post-regeneration lyes; it 

removes weakly dissociated species: boric acid, ammonia, silica, carbon dioxide [22]. 

Similarly to electrodialysis, electrodeionization can be operated in polarity reversal mode in 

order to mitigate scaling [23] or utilize the bipolar membrane [24, 25] as a source of resin-

regenerating ions. The drawback of EDI is that it requires high quality feed water, typically 

having total dissolved salts content (TDS) lower than 25 mg/dm
3
; thus, sophisticated 

pretreatment of the feed water is required, which is typically done by reverse osmosis. 

Membrane capacitive deionization (MCDI) is a process, which integrates capacitive 

deionization (CDI) with ion-exchange membranes. The principle of membrane capacitive 

deionization is presented in Fig. 2. Feed solution flows between porous carbon electrodes with 

ion-exchange membranes placed on top of them. During sorption step, ions migrate towards 

the electrodes through the ion-exchange membranes, causing a decrease in solution salinity. 

When the electrodes are fully loaded, the electrode polarity is reversed or the power is 

switched off, causing ion desorption. The ion-exchange membrane acts as a barrier, 

preventing ions desorbed on one electrode from sorption on the second electrode during the 

desorption step. Recently, a concept of flow electrode capacitive deionization (FCDI) has 

been introduced: the electrode is a suspension of carbon particles, circulated from cathode to 

anode compartments of the CDI unit [26]. Although a lot of papers focus on development of 

new electrode material, the economic viability of MCDI remains questionable. 

 

a)

 

a) 

b)

 

b) 

Fig. 2. A scheme of membrane capacitive deionization MK – cation-exchange membrane, MA 

– anion-exchange membrane, C – porous carbon electrode, a) sorption b) desorption 

 

There are some interesting hybrid electromembrane processes being researched. 

Electrochemical desalination is a recently proposed microfluidic technique, based on Faradaic 

reactions. In this concept, a positively charged Ag/AgCl electrode is used. The chloride anion 

migrates towards the Ag/AgCl electrode and reacts with Ag
+
 created by oxidation of silver to 

form silver chloride. The sodium cations migrate through cation-exchange membrane towards 

negatively charged cathode [27]. Electrodialysis with ultrafiltration membrane (EDUF) has 

been investigated as a method for separating large particles, such as peptides, based on their 
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molecular charge and size in an electric field without any pressure. EDUF process has been 

studied extensively for bioactive peptides separation and concentration from a variety of food 

proteins, such as β-lactoglobulin, soy, flaxseed, alfalfa white, whey protein hydrolysates, or 

for separation of anticancer and antibacterial peptides from snow crab by-product 

hydrolysates [28]. Electrodialysis with liquid membranes is based on selective transport 

through ionic liquid placed between the ion-exchange membranes of the electrodialyzer. 

Since the organic phase can be highly selective toward a specific ion, the membrane-ionic 

liquid-membrane set acts as a selective membrane – examples include lithium recovery [29]. 

Finally, there is a large and growing interest in generating electric power with 

electromembrane processes. This is possible by reverse electrodialysis (RED). A stack design 

is similar to the conventional ED (see Fig. 1), but instead of applying electrical power to 

cause the ion flux across the membranes, high salinity solution and a low salinity solution are 

introduced into the module. Concentration gradient across the membrane causes spontaneous 

diffusion, migration of ions generates electricity. Plenty of scientists and engineers work on 

increasing the power density (electric power generated per membrane area) and the method is 

being heavily researched. However, there are several problems limiting the real-life 

applications of RED. One of the biggest is where to find both highly concentrated brine and 

pure water close to each other – this may limit the application of RED geographically. The 

electric resistance of the membranes is a major obstacle and new, low-resistance membranes 

dedicated for RED are constantly being developed. Costs of ion-exchange membranes are still 

too high compared to obtained power. Electric resistance of the solutions can be significant, 

especially if thick intermembrane spacers are applied; on the other hand, application of thin 

spacers can increase the hydraulic pressure drop, up to a point where the pumping energy 

requirement can exceed the generated electric energy, making the device uneconomical. 

Moreover, the driving force of the process decreases along the membrane as the 

concentrations of two solutions is slowly converging. Application of very small 

intermembrane distance can increase the ion flux through the membrane by decreasing the 

boundary layer thickness and subsequently decreasing the concentration polarization, but it 

simultaneously means driving force will decrease along the membrane faster, in borderline 

case making the RED stack impractically short. 

In conclusion, electromembrane processes is a growing field of research with a plethora of 

both existing and still developed applications. The research of electromembrane processes 

consist in developing new ion-exchange membrane, improving the performance of 

conventional technologies by enhancing mass transfer and retarding scaling, investigating 

new stack designs and novel hybrid processes. 
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