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Abstract 

The need for unconventional sources of fresh water is pushing a fast development of desalination 

technologies, which proved to be able to face and solve the problem of water scarcity in many dry 

areas of the planet. Membrane desalination technologies are nowadays leading the market and, 

among these, electrodialysis (ED) plays an important role, especially for brackish water desalination, 

thanks to its robustness, extreme flexibility and broad range of applications. In fact, many ED-related 

processes have been presented, based on the use of Ion Exchange Membranes (IEMs), which are 

significantly boosting the development of ED-related technologies. This paper presents the 

fundamentals of the ED process and its main developments. An important outlook is given to 

operational aspects, hydrodynamics and mass transport phenomena, with an extensive review of 

literature studies focusing on theoretical or experimental characterisation of the complex phenomena 

occurring in electromembrane processes and of proposed strategies for process performance 

enhancement. An overview of process modelling tools is provided, pointing out capabilities and 

limitations of the different approaches and their possible application to optimisation analysis and 

perspective developments of ED technology. Finally, the most recent applications of ED-related 

processes are presented, highlighting limitations and potentialities in the water and energy industry. 
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1. Introduction 

Seawater desalination is the main non-conventional source of fresh water in many countries all around 

the world. In some specific areas, facing severe water scarcity conditions, it is indeed the first source 

of fresh water for the local population. Recent figures about desalination industry indicate a 

cumulative contracted capacity of desalination plants in 2016 of almost 100 Mm3/day, with an 

average contracted capacity per year between 3 and 5 Mm3/day in the last 5 years [1], and a 

continuous increasing trend is expected in the next decades. Interestingly, seawater desalination led 

the desalination market in the first decade of the third millennium, with a dramatic capacity increase 

for SW-desalination plants in those years. Conversely, during the second decade the desalination 

industry experienced a growth of the applications to the desalination of brackish water and other types 

of water streams (e.g. tertiary waste waters, surface saline waters, etc.), where the typical capacities 

are small or medium (below 50.000 m3/day) [1]. 

Among several different technologies, membrane processes nowadays have the leading role. In 

particular, looking at the new contracted plants (2010-2016), Reverse Osmosis now holds by far the 

majority of the global market share, ranging from 60% to 90% depending on the geographical areas. 

Thermal evaporative processes (mainly Multiple Effects Distillation and Multiple Stage Flash 

technologies) are still keeping an important role in Gulf countries, historically characterized by the 

operation of huge thermal desalination plants, thanks to their robustness, small sensitivity to low 

quality seawater feed and salt concentration and to the large availability of low-temperature waste 

heat for powering the thermal evaporative plants. 

Within this context, electromembrane processes, e.g. electrodialysis (ED), electrodialysis reversal 

(EDR) and electrodeionization (EDI), have a small, yet stable share in low-salinity desalination 

applications. New ED/EDR and EDI contracted plants in 2015-2016 covered between 1 and 2% of 

the total desalination installed capacity, with the majority of plants processing brackish water and 

with a size ranging between few tens of m3/day up to a maximum of 10,000m3/day, reached by an 

EDR plant installed in South Africa [1].  

Such limitation in installed capacity and type of treated feed is mainly due to the relatively higher 

cost of ion exchange membranes (IEMs) compared to RO membranes, and to the significant reduction 

of membrane selectivity when seawater is used as the feed solution. 

A very recent development in the field of electromembrane processes has been the launching of 

reverse electrodialysis (RED) for energy generation from salinity gradients. In this new application, 

the salinity difference between two streams (e.g. seawater and river water, or concentrated brines and 
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brackish water) is converted into electricity by means of a controlled mixing of the two solutions. 

RED significantly promoted the development of new membranes and new plant configurations 

suitable for operations at high salinity, with optimized process efficiencies [2–8]. 

Electromembrane processes are thus experiencing a very promising revival era, pushed by R&D and 

industrial developments carried out by research institutions and major industrial stakeholders in the 

US, Europe and Japan [9]. 

In addition to that, a number of novel applications have been proposed in other industrial sectors, 

where the features of ED (or EDI) are more suitable than RO. Examples of these applications are the 

use of ED for brine concentration in sea-salt production facilities in Japan [10, 11]; in food industry 

(e.g. for juice de-acidification) [12–14]; in electronics (e.g. for ultrapure water production) and 

wastewater treatment, especially for heavy metals removal [15–17]. Moreover, the recent trends in 

the field of renewable energy desalination have also highlighted the promising features of 

photovoltaic (PV)-ED coupling, made possible by the extreme flexibility of the ED process, which 

can follow the oscillating behaviour of PV power production [18]. The same features make ED 

extremely suitable also for coupling with other off-grid sources, such as wind energy [19]. 

Finally, several special applications of electromembrane processes are gaining room in the scientific-

technological community, which is more and more engaged in developing new IEMs and devices, 

enlarging the potential for the application of this flexible and multi-faceted class of technologies. 

Among these, it is worth to mention the growing field of bipolar membranes for acid and alkali 

production and electrochemistry applications [20–26], the development of selective-electrodialysis 

for selective salt separation from saline streams [26–29], and the application of the electrodialysis 

metathesis (EDM) in Zero Liquid Discharge (ZLD) desalination [30–33]. 

An overview of ED technologies for water desalination and related processes is presented here, with 

a specific focus on the most challenging topics for the growth of the technology, such as IEM 

development, modelling tools for process optimization, and innovative applications. 

In particular, an extensive review of literature studies on the hydrodynamics, mass transport and 

fundamental phenomena governing the operation of electromembrane processes is given, with the 

aim of providing the reader with a comprehensive collection of all the main findings published in this 

field so far. The most important physicochemical phenomena are critically analysed for an in-depth 

knowledge of what governs ED and related processes. Finally, the most significant mathematical 

modelling approaches to the design and simulation of electromembrane processes are presented. 
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2. Historical development and working principle 

2.1 From early steps to commercialisation 

ED was proposed for the first time in 1890 by Maigrot and Sabates [34]. They built an early concept 

unit to demineralize sugar syrup by using carbon as electrodes and permanganate paper as membrane. 

A dynamo served as current supply. 

However, Maigrot and Sabates never used the term electrodialysis, which can be officially found for 

the first time in a patent in 1900 [35]. In this patent, Schollmeyer aimed to purify sugar syrup using 

the same technology as in [34], but with soluble zinc or iron anodes. Despite this, it is generally 

argued that ED was not actually theorised until 1911 [35–37], when Donnan presented his exclusion 

principle, experimentally confirmed by Teorell few years later. According to this principle, it is 

possible to manufacture membranes selective to cations using fixed negative charges and membranes 

selective to anions using fixed positive charges. 

The theorisation of electrochemical principles governing the behaviour of IEMs opened the way to 

the development of new membranes and to the conceptualisation of an electrodialyzer with multiple 

compartments [34]. However, the actual concept of multi-compartment ED where anion and cation 

exchange membranes are alternated could be only realised in 1950, when W. Juda and W. A. McRay 

manufactured the first synthetic ion-exchange membranes from ion exchange resins [35]. These 

membranes were used by Ionics (US) in 1954 to build the first ED desalination plant for Aramco 

(Saudi Arabia) [35]. Since that year, many other ED units were built. 

In 1974, ED faced the main breakthrough with the development of the electrodialysis reversal concept 

(EDR) [35, 38]. This new operational strategy allowed ED to work by periodically inverting the 

current, offering the main advantage of membrane fouling control and generating a breakthrough in 

the implementation of ED at the larger industrial scale. 

By then, a number of “ED-derived” alternatives, applications and processes have been developed and 

presented in the literature, providing a further booster to the development of electromembrane 

technologies in general. Figure 1 represents a synthetic timeline of the most critical development 

steps for ED and related technologies, indicating from the first important milestones to the more 

recent and very differentiated applications presented so far, including the first laboratory- or pilot-

scale experiences and the first commercialisation attempts of the most recent ED derived processes. 

A deeper insight on these special applications will be given in Section 6. 
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Figure 1. Timeline of the most important developments for ED and related processes. 

 

2.2 ED devices: cell pair and stack 

Electrodialysis (ED) is an electrically driven process. An ED unit is typically constituted by a train 

of ion-selective anion and cation exchange membranes (AEMs, CEMs), interleaved with alternating 

concentrate and dilute solution compartments and ending at both sides with an electrode compartment 

(Figure 2). 

 

Figure 2. Schematics of an electrodialysis system, identifying the repeating unit (cell pair). 

When the electrodes are electrically charged (by connecting them to a power source), an electrical 

current flows through the ED stack. As a consequence electrically charged solutes are forced to move 

according to the electric field. In particular, anions migrate towards the anode (positively charged) 

and cations towards the cathode (negatively charged). The presence of IEMs, as ideally selective 
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barriers to ions, ensures that anions move freely through the nearest AEM and are blocked by the 

nearest CEM. Conversely, cations move through CEMs and are blocked by AEMs, which leads to 

the depletion of salt content in the dilute compartments and the enrichment of the concentrate one 

(see Figure 2). The repeating unit of ED, namely the cell pair, consists of an AEM, a CEM, a dilute 

channel and a concentrate channel. An ED stack contains from a few cell pairs (in laboratory-scale 

units) up to several hundreds of cell pairs (values around 500 cell pairs or more are common in 

industrial units) and the two electrodic compartments, which allow the current of ions to be converted 

into a current of electrons flowing through the external electrical circuit. The active area of a single 

membrane goes from ~0.01 to ~0.06 m2 for laboratory scale units [39–43], reaching values around 1 

m2 for large industrial scale units [44, 45].  

In conventional electrodialyzers with the classical plate-and-frame equipment (see Figure 3), the feed 

channels are created by interposing between the membranes net spacers, maintaining a fixed inter-

membrane distance and providing some mixing promotion in the channels. Spacers are provided with 

gaskets along the perimeter of the channels, which seal the channels and guide the solutions through 

them. Holes in spacers and membranes create special ducts for the two hydraulic circuits acting as 

manifolds for distributing/collecting the solutions to/from the channels. The ED device is closed with 

two end plates and compressed by bolts and nuts. ED stacks can be also built without spacers, by 

using profiled membranes (spacers and profiled membranes will be discussed in detail in Section 4.4). 

The inter-membrane distance in ED stacks typically ranges from ~0.3 to ~2 mm [10, 39, 41, 44–50]. 

The electrodic compartments are typically obtained from the end plates and contain the two electrodes 

and the electrodic solution adopted for the conversion of ionic into electric current. NaCl has been 

used in the past as the electrodic solution, although this causes the production of active Cl2 [42] in 

the anodic compartment. For this reason, electrode rinse solutions containing SO4
2- salts are now 

usually preferred in order to avoid damages to the anode [51]. 

Recently, the use of capacitive electrodes instead of conventional ones has been studied [52, 53]. 

These electrodes are composed by an active carbon layer and a current collector. Ions are 

adsorbed/desorbed in the active layer; this releases/captures free electrons, which pass through the 

collector thus reaching the external electrical circuit. In this way, it is possible to convert the ionic 

current into an electronic one without the need for a redox reaction, thus providing advantages such 

as the absence of unstable or toxic products (i.e. Cl2) and the reduction of the electrodic potential drop 

[54]. On the other hand, capacitive electrodes suffer from saturation of the carbon layer, so that the 

electrical polarity needs to be periodically switched in order to operate the unit in a continuous way. 
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Figure 3. ED stack in the sheet flow arrangement of a laboratory scale unit with net spacers. A single cell pair and an additional CEM 

are represented. 

The ED process can operate in batch or continuous mode. The first operating strategy is usually 

limited to small scale applications [42], while continuous operation is more common at industrial 

scale [49]. Typically, a single stack is not sufficient to reach the desired product specifications, and a 

multistage configuration is adopted. This configuration has also the potential to reduce the energy 

consumption and is particularly interesting for seawater desalination [49]. Alternatively, when a 

recovery higher than 50% is required, a feed and bleed operation mode can be adopted. In this case 

part of the concentrate, of the diluate or of both streams is recirculated back to the stack inlet, in order 

to independently control outlet brine and diluate concentrations [49]. Finally, an alternative, though 

not common, configuration includes the presence of a circulation flow on the diluate side (as it 

happens in a batch process) and of segregated concentrate compartments, filled with non-circulating 

solution. This particular arrangement has been used at laboratory scale to obtain extremely 

concentrated solutions [55, 56]. 
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3. Overview of Ion Exchange Membranes 

Ion exchange membranes (IEMs) represent the key components of all electromembrane processes. 

IEMs are typically thin polymeric films containing fixed charged groups which are ionisable in water 

[10, 57]. On the basis of the presence of positive or negative charged groups, these membranes can 

be firstly classified into anion and cation exchange membranes, respectively. 

A cation exchange membrane (CEM) is characterized by the presence of fixed negative charges. Thus 

it is able to let positive ions (counter-ions) move across it and to block anions (co-ions). Conversely, 

the anion exchange membrane (AEM) blocks cations allowing the transport of anions. This exclusion 

principle, firstly theorized by Donnan [58], represents the fundamental IEM feature that makes the 

operation of all electromembrane processes possible. 

The following sections are intended to give a general overview of IEMs fundamental theory, 

manufacturing and characterisation. For a more detailed insight on these topics, readers can refer to 

some more specifically focused reviews [59–61]. 

 

3.1 Donnan equilibrium and membrane potential 

When an IEM is in contact with an electrolyte solution, the fixed charges on the surface of the IEM 

attract counter-ions by Coulomb forces and generate an electrical field. The Donnan exclusion [49, 

62] causes a sharp change of concentration at the IEM-solution interface, thus generating a very thin 

charged region called electrical double layer (nanoscale, Debye length), where the counter-ions 

neutralize the fixed charges, and their concentration is much higher than the co-ions concentration 

(Figure 4). Therefore, counter-ions tend to diffuse from the IEM to the electrolyte solution while co-

ions diffuse in the opposite direction. However, the large gradients of chemical potential are counter-

balanced by a large gradient of electrical potential, the so-called Donnan potential, so that the 

electrochemical potential is conserved (Donnan equilibrium) and the net flux of ions is null. 
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Figure 4. Schematic representation of ions concentration and electrical potential for a binary monovalent electrolyte solution in a cation 

exchange membrane immersed between a dilute and a concentrate solution. 

By imposing the equivalence between the electrochemical potentials of ions in the electrolyte solution 

and in the IEM in equilibrium with it, the Donnan potential (𝜑஽௢௡) can be expressed [49, 57] as  

 
∆𝜑஽௢௡ = 𝜑௜௘௠ − 𝜑ௌை௅ =  

1

𝑧௜𝐹
 ቈ𝑅𝑇 ln ቆ

𝑎௜
ௌை௅

𝑎௜
௜௘௠

ቇ +  𝑉ത௜∆𝜋቉ 
(1) 

 

where 𝜑௜௘௠ is the electrical potential on the IEM side, 𝜑ௌை௅ is the electrical potential on the solution 

side, 𝐹 is the Faraday constant, 𝑧 is the valence, 𝑅 is the universal gas constant, 𝑇 is the absolute 

temperature, 𝑎 is the activity of the ion, 𝑉ത is the partial molar volume, ∆𝜋 is the osmotic pressure 

difference between the two phases, the subscript 𝑖 refers to the salt ion i and the superscripts 𝑖𝑒𝑚 and 

𝑆𝑂𝐿 indicate the membrane and the solution, respectively. By equating the Donnan potentials for 

cation and anion, being the osmotic pressure term 𝑉ത௜∆𝜋 negligible with respect to the RT-logarithmic 

one [49], and by assuming that the activity coefficients are equal in both phases [62], the Donnan 

equilibrium for the concentration can be obtained as [58, 62] 
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2
൰

ଶ
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−
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(2) 

 

where 𝐶௖௢
௜௘௠ is the co-ion concentration in the membrane, 𝐶௙௜௫ is the fixed charge concentration and 

𝐶ௌை௅ is the salt concentration in the solution. 

An IEM immersed between two solutions at different concentrations is subject to a voltage difference 

over the two sides, referred to as “membrane potential”. According to the well-known theory by 

Teorell-Meyer-Sievers (TMS), the membrane potential is [62–64]  
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 ∆𝜑௜௘௠ =  ∆𝜑஽௢௡
௅ − ∆𝜑஽௢௡

ோ + ∆𝜑ௗ௜௙௙ (3) 

where ∆𝜑஽௢௡
௅ is the Donnan potential on the left side, ∆𝜑஽௢௡

ோ  is the Donnan potential on the right side 

and ∆𝜑ௗ௜௙௙ is the diffusion potential arising from the concentration gradient within the membrane 

and from the different diffusivity of the two ions. The simplest expression of the membrane potential 

that can be derived from the TMS theory is [49, 62, 63] 

 
∆𝜑௜௘௠ =  ൫2 𝑡௖௢௨௡௧௘௥

௜௘௠ − 1൯
𝑅𝑇

𝑧௜𝐹
𝑙𝑛

𝑎ௌை௅,ோ

𝑎ௌை௅,௅
 

(4) 

where 𝑡௖௢௨௡௧௘௥
௜௘௠  is the transport number of the counter-ion in the membrane, while 𝑎ௌை௅,ோ and 𝑎ௌை௅,௅ 

are the activities in the right and left solution, respectively. 

The one-dimensional TMS model is based on several simplifying assumptions [63, 64] and predicts 

the membrane potential well within a certain range of solutions concentration, while deviating from 

experimental data in other conditions, e.g. with large concentration ratios [64, 65]. Models accounting 

for the effect of the membrane nano-pore radius have been developed, such as the “uniform potential” 

model and the “space charge” model [64, 65]. The discussion of these models goes beyond the scope 

of this work; however, the simple mathematical formulation of the TMS theory makes it the most 

commonly adopted for practical uses. Therefore, in the following the membrane potential will be 

intended as derived from the TMS theory. 

 

3.2 IEMs preparation and classification 

Based on their morphology, IEMs can be classified into two main categories: homogenous and 

heterogeneous [57, 66]. A more detailed classification based on the degree of homogeneity of the 

structure can be made [66, 67], which is particularly useful for IEMs characterized by micro-

inhomogeneities. 

Homogeneous membranes are the most commonly used in ED and other electro-driven processes 

[66, 68–72]. Such membranes appear homogeneous at the microscopic scale, but at the nanoscopic 

scale they can be observed as multiphase (i.e. microheterogeneous) systems composed by at least two 

phases: the polymer matrix with the fixed charges and the interstitial (electroneutral) salt solution. A 

more rigorous description, as given by Zabolotsky et al. [73], recalls the presence of a gel phase, 

generated by a thin layer of solution, and of fixed charges located at the internal walls of interstitial 

vescicles (Figure 5). This phase is also related to the formation of an electrical double layer (EDL), 

where electroneutrality is not maintained due to the split of anions and cations concentration profiles, 

which actually generates the Donnan potential at the interface [60, 66, 74, 75]. The 
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microheterogeneous model in [73] is particularly useful for the estimation of structural parameters as 

well as for the description of the peculiar behaviour (i.e. dependence on electrolyte concentration) of 

fundamental properties such as permselectivity and electrical conductivity. 

Nevertheless, Kamcev et al. [76] recently discarded the actual existence of such a 

microheterogeneous structure discussing data of membrane resistance measurements. Therefore, this 

is still an open issue which will require further research activities. 

 

Figure 5. Representation of the structure of a homogeneous CEM, with the three different phases: polymeric hydrophobic, 

electroneutral solution and gel phase [74]. 

For homogeneous membranes, three main manufacturing methods can be identified [57, 66, 77]: 

1. Polymerisation of monomers: at least one of these monomers must contain ionisable groups; 

2. Introduction of charged moieties into a polymeric film: this can be done by adding either a 

charged monomer or a non-functional monomer to be functionalized afterwards; 

3. Introduction of charged moieties into a polymer, followed by polymer melting (or solvation 

in a solvent) and casting into a film.  

Styrene-divinylbenzene-based membranes represent one of the most remarkable examples of 

homogeneous structures produced starting from monomers. These membranes have been widely used 

in ED and are obtained from sulfonated or aminated styrene-divinylbenzene copolymers [70, 71]. 

These IEMs have been also used in ED plants concentrating seawater in order to produce table salt, 

where it is essential to increase the monovalent ion selectivity [70].  

Concerning the second class of manufacturing methods, polyethylene, polypropylene and 

fluorocarbon polymers are used for IEMs production from a preformed polymeric film [77]. In this 

case, films are commonly functionalized by grafting acrylic monomers to obtain weak acidic CEMs 

[78–82]. Alternatively, vinyl monomers such as styrene are grafted to the polymer film and 
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subsequently sulfonated or aminated in order to produce strong acidic CEMs [83–86] or AEMs [87, 

88]. 

The third manufacturing method is commonly adopted for soluble polymers such as polyether ketone 

and sulfonated polymers [77, 89]. These latter are particularly important as they represent a promising 

option for producing cheap membranes to be used for ED and other processes when working under 

severe conditions such as high temperature [66]. Production processes and properties of IEMs based 

on polysulfone block copolymers, polyether sulfone and polyarylene ether sulfone have been widely 

described in the literature [90–95]. 

Though still at a laboratory scale, electrospinning (coupled with hot-pressing) has recently been 

proposed for the production of nanoporous IEMs [59]. By this method it is possible to produce 

nanofibrous structures combining high porosity and large surface area with higher tensile modulus 

compared to the bulk material. In particular, very good performances of these new IEMs have been 

found for diffusion dialysis applications [59].  

Heterogeneous membranes are characterized by ion-exchange particles (of macroscopic size, 

compared to the nano-scale of phase discontinuities of homogeneous membranes) incorporated in a 

continuous phase made of a binding polymer [57]. These membranes are usually thicker, with higher 

mechanical strength but poorer electrochemical properties. The use of cheap binding polymers allows 

for a significant reduction in the IEMs specific price, and the best trade-off is to be found between 

these aspects [66]. Heterogeneous membranes are usually manufactured by incorporating ion-

exchange resins into polymer sheets (the binder polymer) with three main alternative procedures [66, 

96]: 

1. calendering the particles into the polymeric sheet; 

2. dry moulding of the inert polymer film and the resin particles followed by milling; 

3. dispersion of resin particles in a solution containing a film-forming binder followed by casting 

and solvent evaporation. 

In addition, new preparation methods have been recently engineered with the aim of improving IEMs 

structure. In this context, polymer blending and pore filling methods represent recently proposed 

alternatives [59]. 

An important feature strongly affecting the mechanical behaviour of heterogeneous membranes is the 

particle size distribution. In particular, it was observed that the flexibility increases when decreasing 

the particle size, while the brittleness increases with the particle loading [97]. 
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Special ion exchange membranes have also been developed through several research efforts focused 

on the optimal tuning of membrane properties. These efforts led to special membranes characterised 

by hybrid structures and particular manufacturing methods [66, 77]. Interpenetrating (IPN) and semi-

interpenetrating (sIPN) polymer network IEMs are examples [98–103]. IPN are prepared by mixing 

two polymers that cross-link due to permanent entanglement, while sIPN are composed by a linear 

or branched polyelectrolyte immobilised in a cross-linked polymer matrix. This particular structure 

allows electrochemical and mechanical properties to be tailored for specific applications [98, 103]. 

Membranes prepared by radiation grafting represent another class of IEMs, in which this new 

technique allows incompatible polymers to be linked, thus combining their properties. In addition, 

these properties can easily be tuned by choosing the degree of grafting [66]. Several works deal with 

the preparation and characterisation of IEMs through the grafting method, and the possibility of using 

them in ED has been assessed [104–108].  

The last group of special membranes is represented by the hybrid organic-inorganic IEMs. Combining 

the properties of polymers with those of inorganic materials, chemical, mechanical and thermal 

stability can be significantly enhanced [77]. For this reason, these membranes are mainly used in fuel 

cell applications [109–117]. Hybrid structures are usually obtained through intercalation, blending, 

in situ polymerization, molecular self-assembling or sol–gel process, with this latter being the most 

widespread method [118, 119].  

A particular development has led to special membranes incorporating both positive and negative fixed 

charges within the same membrane [77].  

Bipolar membranes (BPM) are the most remarkable example of this class. BPM are constituted of 

an anion exchange layer overlapped with a cation exchange layer. These membranes are mainly used 

in a special application of electrodialysis, where water splitting is induced to produce acid and 

alkaline solutions [57, 77]. Bipolar membranes can be manufactured by different methods such as 

casting a cation exchange polyelectrolyte solution on an anion exchange membrane (or vice versa) 

[120], adhering commercial cation and anion exchange membranes [23], or functionalizing the two 

sides of a standard membrane [121–124]. 

Two other interesting classes of membranes containing both type of charges are the amphoteric and 

the mosaic membranes [77]. The former present randomly distributed weak acid and weak basic 

groups. Their main feature is that charged groups respond to pH variations, thus modifying the 

cationic or anionic selective character of the membrane. This makes amphoteric membranes 

particularly useful in special applications such as in biomedical and industrial fields [77].  
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Mosaic membranes are characterised by anion and cation exchange areas arranged in a parallel way 

within a single membrane [125]. This allows individual current circulation in each layer, leading to 

negative osmosis and a salt permeability higher than that of neutral species. These special properties 

make mosaic membranes a promising candidate for the treatment of waste streams where salt should 

be separated from organic compounds. However, these membranes are not yet commercially 

available [77]. 

 

3.3 IEMs properties and characterisation 

In order to evaluate the performance of a membrane it is necessary to estimate several properties 

which can be grouped into three main categories: mechanical, physicochemical and electrochemical 

properties. 

Mechanical stability is essential for a membrane to be used in industrial applications such as ED. 

Several mechanical tests are performed for the mechanical characterization of membranes [126]. In 

particular:  

 Uniaxial tensile test. It is the most common test to evaluate Young’s modulus, yield strength, 

elongation at break, strain-softening and strain-hardening.  

 Creep and relaxation tests[127].  

 Dynamical mechanical analysis. It is widely adopted to investigate the viscoelastic properties 

and the glass transition temperature. 

 Bursting test. During the test, a membrane is exposed to an increasing pressure (simulating 

the presence of a differential pressure between the two channels of a cell pair) until failure 

occurs. 

The mechanical behaviour of IEMs is affected by several features of the membrane material, e.g. 

cross linking degree, water uptake, aging, and by operating conditions, e.g. temperature [68]. In 

particular, Young’s modulus decreases as the temperature increases [128] and membranes become 

stiffer as the cross-linking degree increases On the contrary, membranes plasticize at high level of 

water uptake [129]. 

Physico-chemical properties to be characterised in IEMs are swelling, ion-exchange capacity (IEC), 

chemical stability and permeability to ions (conductivity and diffusive permeability) and neutral 

species (diffusive permeability).  



 18 

The swelling degree can have a direct influence on the dimensional stability, permselectivity and 

specific electrical conductivity. The swelling degree can be evaluated by measuring the weight 

difference between dry and swollen membrane [130, 131]. In order to calculate the volumetric 

swelling, the membrane material density is needed [66]. 

The IEC indicates the amount of fixed charges in the IEM. It is commonly expressed as milli-

equivalent (meq) of functional groups per gram or cm3 of dry membrane (though in some cases they 

can be expressed per gram or cm3 of swollen membrane) and it is useful to estimate the fixed charges 

concentration. The main technique for the measurement of IEC is titration with NaOH for negative 

groups and with HCl for positive groups [89, 130, 131]. 

In ED and related processes, very large concentration differences can be achieved in the two 

compartments. For this reason, salt and water diffusion through IEMs can represent an important 

factor for determining process performance.  

Salt diffusion can easily be measured using the time-lag method or a more advanced method adopting 

radioactive tracers [49]. 

Water moves across membranes by two main mechanisms: osmosis (water passage driven by an 

osmotic pressure difference) and electroosmosis (passage of water molecules entrained in the 

solvation shell of ions, thus proportional to the ions flux). In order to determine the water osmotic 

permeability it is possible to measure the water flux in an ED batch process by simply measuring the 

weight change in the reservoirs, periodically switching off the stack current to exclude the 

electroosmotic effect [42].  

Electrochemical properties have the most important influence on the performance of IEMs. In 

particular, the two main electrochemical properties to be measured are permselectivity and electrical 

resistance.  

Permselectivity indicates how selective the membrane is to the passage of counter-ions. A low perm-

selective membrane will allow the passage of co-ions between compartments, thus negatively 

affecting the separation efficiency. The fastest method to estimate membrane permselectivity is by 

measurement of non-Ohmic membrane potential [66, 132]. The real (measured) membrane potential 

in the case of a single electrolyte in solution can be written as [32]: 

 
∆𝜑௠௘௔௦௨௥௘ௗ

௜௘௠ = 𝛼௜௘௠

𝑅𝑇

𝑧௜𝐹
 𝑙𝑛

𝑎ௌை௅,ோ

𝑎ௌை௅,௅
 

(5) 

where 𝑎ௌை௅,ோ and 𝑎ௌை௅,௅ are the salt activities in the solutions at the two sides (right and left) of the 

membrane and 𝛼௜௘௠ is the membrane permselectivity, which can be seen as the ratio between the 
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actual membrane potential and the theoretical one given by the Nernst equation (5) for 𝛼௜௘௠ = 1, i.e. 

𝛼௜௘௠ = 2 𝑡௖௢௨௡௧௘௥
௜௘௠ − 1 (see eq. (4)).  

It should be noted that the transport number (and thus the permselectivity) evaluated with this simple 

method is generally underestimated. In fact, this measurement leads to an apparent transport number 

that should be corrected by the water transport number. A more detailed discussion of this issue can 

be found in [61]. 

By a more rigorous definition, the permselectivity can be expressed as [49, 66]: 

 
𝛼௜௘௠ =  

𝑡௖௢௨௡௧௘௥
௜௘௠ −  𝑡௖௢௨௡௧௘௥

1 −  𝑡௖௢௨௡௧௘௥
 

(6)  

 

where 𝑡௖௢௨௡௧௘௥
௜௘௠  and 𝑡௖௢௨௡௧௘௥ are the counter-ion transport numbers in the membrane and in the 

solution, respectively. In particular, it is possible to experimentally estimate transport numbers using 

Hittorf’s method [61, 66, 134, 135] or by chronopotentiometric measurements [136–140]. One of the 

most critical aspects is that the concentration of electrolytes in solution affects permselectivity [5, 

141]. For this reason, multiple measurements at different concentrations are necessary in order to get 

the different permselectivity values in the whole operational range. 

The membrane electrical resistance (ER), inversely related to the electrical conductivity, generates 

Ohmic potential drops when an electrical current passes through the membrane pile, thus dramatically 

affecting the process energy consumption. As in the case of permselectivity, electrical resistance is 

influenced by solutions concentration [60, 75, 142]. This dependence can be explained with the 

typical multiphase structure of IEMs, widely reported in the literature [60, 73, 143]. In order to 

characterise membranes ER, direct current (DC) or alternating current (AC) measurements can be 

carried out.  

The simplest method consists of estimating ER from the slope of an I-V (current-potential) curve in 

DC mode, limited to the region where a linear relationship between voltage and current is maintained. 

This curve can be obtained using a test-cell with two chambers separated by one membrane [144] or 

by chronopotentiometry in a six-cell compartment device [75, 140]. Another option involves the use 

of a clip cell, composed by two black graphite electrodes fixed on Plexiglas plates and used to “clip” 

a conditioned wet membrane [145, 146]. ER can thus be measured by the previously mentioned DC 

method but also by means of AC methods (as described in the following lines). 

It should be noted that I-V curves (and, more generally, the use of DC methods) give reliable results 

only when IEMs are placed in contact with a sufficiently concentrated solution. The reason is that 

this method is not suitable for low concentrations as it cannot separate the effects of electric double 
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layer formation and concentration polarisation. In addition, the presence of DC leads to concentration 

polarisation in the internal pores even when the external diffusion layers are not present [147]. Finally 

the blank resistance to be subtracted in order to separate the resistance of the membrane from that of 

the solution can be relatively very high for low concentration, thus affecting the accuracy of the 

method. 

As an alternative to DC-based methods, AC-based measurements can be performed adopting the 

Electrical Impedance Spectroscopy (EIS) method, able to distinguish among the contributions due to 

Ohmic effects, electric double layer and diffusion boundary layer and, thus, to estimate the pure 

membrane resistance [75, 142, 148, 149]. On the other hand, EIS is the most complex methodology, 

as it requires the identification and implementation of an “electrical model” fully describing all 

phenomena involved, in order to properly interpret the experimental data and convert them into the 

desired information.  

 

3.4 Fouling and electrodialysis with polarity reversal (EDR) 

Although ED is not generally affected by fouling and scaling phenomena as much as other 

desalination processes such as RO [150], IEMs fouling can still be a limiting factor for maintaining 

good process performances. In particular, this phenomenon can significantly enhance membrane 

resistance and pressure drops along the channel and, in some cases, even reduce membrane 

permselectivity [151]. I-V curves are often used to characterise membrane fouling, though this method 

does not provide information on the properties of fouling layers. EIS has been proposed as a 

supplementary investigation method in order to capture more details on interfacial layers [152].  

Three main classes of fouling compounds can be identified: scalants, colloidal particles and organic 

materials [153]. 

Scaling is one of the most important problems in desalination, especially when the feed water is rich 

in low-solubility salts such as CaCO3 and CaSO4. The most common methods for reducing it include 

the use of lower recovery rate, the adjustment of pH and cleaning procedures with citric acid or EDTA 

[153]. In addition, the possibility of treating the concentrate stream (i.e. the one with highest scaling 

potential) of a batch ED unit by magnetic or ultrasonic field has been reported [154]. In particular, 

the magnetic field was applied to a part of the feeding line, while an ultrasonic bath was used as the 

concentrate tank. Interestingly, the last method not only results in a scaling reduction but also in an 

improvement of ions transport. 
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Colloidal particles can be abundant in sea or brackish waters and they are often negatively charged. 

Their deposition on the membrane surface is driven by the electric field pushing the colloidal particles 

towards the positive electrode. Such migration is stopped by the presence of the membranes, acting 

as a mechanical barrier and being covered by a growing deposited layer of colloids on their surface. 

Similarly to scaling, colloidal-fouling prevention strategies include the reduction of recovery and pH 

adjustment. Besides, micro and ultrafiltration can be used as pre-treatments, while a higher fluid 

velocity inside the stack can help particles displacement from the membrane surface [153]. The most 

effective action for colloidal and organic foulants, however, is the use of a polarity reversal strategy, 

which will be presented in the following lines. 

Fouling due to organic matter can be very severe when ED treats food industry streams [155, 156] 

and in water reuse applications [151, 157]. In these cases, the presence of organic compounds can 

dramatically affect fouling phenomena leading to a huge decline in process performances. For this 

reason, several research works have adopted model foulants such as bovine serum albumin, humate 

and sodium dodecylbenzene-sulfonate in order to investigate the phenomenon in depth [152, 158]. 

The molecular size of organic particles can significantly affect their fouling behaviour. In fact, 

particles with a molecular weight of 200 - 700 Da can cause internal membrane fouling, being able 

to penetrate membrane pores. On the other side, larger molecules cannot enter inside pores, thus being 

blocked on the external surface, while, conversely, much smaller molecules pass freely through 

membrane pores, thus not generating any internal blocking and fouling in the IEM [157]. In order to 

reduce organic fouling pre-treatments such as microfiltration, ultrafiltration or activated carbon have 

been proposed and cleaning actions with NaOH solutions are also possible [153]. 

Regardless of the different classes of materials, most foulants present in feed waters exhibit 

electrostatic features which enhance the fouling risk for AEMs [151, 159]. In this respect, many 

efforts have been made through years in order to increase AEMs antifouling properties by surface 

modification processes [160–162]. Grebenyuk. et al. [160] modified AEMs by adding high molecular 

mass surfactants obtaining an increased resistance against organic deposition. Alternatively, 

modification with poly(sodium 4-styrene sulfonate) [161] or polydopamine [162] can also reduce 

fouling, while negligibly affecting other IEMs properties. 

Despite the different strategies proposed for reducing fouling in IEMs, standard ED operation always 

require in-place-cleaning procedures, resulting in a cost increase for the process [153]. For this reason, 

the development of the electrodialysis reversal (EDR) concept represented one of the main 

breakthroughs for the ED technology, succeeding in dramatically reducing the fouling tendency of 

IEMs in ED stacks for very long lifetimes. The EDR concept is based on the idea of reversing the 
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polarity of the electrodes at regular time intervals [163]. Consequently, diluate and concentrate 

channels are inverted and the reverse electric field promotes the periodic removal of electrically-

charged foulants (e.g. colloids or organic matter) deposited on membranes surface. In this way, 

detached particles are entrained by the flowing solutions and discharged with the exiting streams 

(“off-specification” outlet), which are therefore disposed back to the sea (or to another receiving 

body) for a time interval allowing the complete cleaning of the feed compartments, typically ranging 

from a few seconds up to 1-2 minutes [163]. EDR adds complexity to the process as it requires a 

triggering control unit, electric control systems to change polarity and automatic valves for 

compartments switching . In addition, some of the feed is wasted during the “off-spec transition”, 

which leads to a reduction in the conversion rate of the process.  

Nevertheless, EDR offers significant advantages in terms of minimisation of cleaning procedures and 

pre-treatments and avoids the presence of acids tanks, complexing agents tanks, dosing pumps and 

pH controllers inside the desalination plant [163]. Moreover, the polarity reversal technology is able 

to operate under extreme conditions, such as salt supersaturation, with examples of plants operating 

under a super-saturation level of CaSO4 higher than 175% [164]. More importantly, EDR has allowed 

the operation of brackish water ED industrial plants for more than 30 years, with IEMs lifetime 

reaching up to 10-15 years. 

More recently, a concept similar to polarity reversal has been investigated, namely the pulsed 

electrical field (PEF) [153, 165, 166]. The PEF operating mode consists of discontinuously applying 

the electric field and generating a constant current, leaving some time intervals without any electric 

field applied. This method is claimed to reduce membrane fouling, thus increasing process 

performances, by disturbing the deposition of charged species. In addition, a reduction of the 

polarisation layer has also been experienced [165, 166]. PEF has been recently compared with EDR, 

showing similar performances or even lower energy consumption under certain conditions [167]. 

 

4. Hydrodynamics and mass transport in electrodialysis: from fundamentals to recent 

developments 

The role of hydrodynamics and associated phenomena of mass transport is crucial in determining the 

performance of ED stacks and the capital and operating costs of the process. It is well known that 

mass transfer limitations and non-Ohmic voltage drops arise because of the so called “concentration 

polarization phenomena” and can be mitigated by convective motions enhancing mixing. The 

energetic cost of the process may also be affected by the power consumption for pumping the 

solutions through the channels. Moreover, the channel features, which are essential for 
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hydrodynamics and mass transport, also affect other aspects that may be critical, such as the Ohmic 

voltage drop. Finally, pressure drop in the manifolds, voltage losses caused by a non-uniform flow 

distribution among and in the channels, internal leakages due to pressure gradients across the 

membrane are additional phenomena depending on the stack hydrodynamics. 

Clearly, the optimization of ED (or EDR, or other electromembrane processes) units is based on a 

very delicate equilibrium among the stack features (including the membranes properties) and the 

operating conditions. The following sections will examine in detail the fundamentals of 

hydrodynamics and mass transport in ED and the way these affect the operation of ED and related 

processes, together with more recent strategies for the improvement of hydrodynamics performances 

and novel experimental techniques for their characterisation. 

 

4.1 Concentration polarization phenomena 

In membrane separation processes, concentration polarization is a well-known phenomenon which 

manifests itself as a concentration gradient within the solution and perpendicular to the membrane 

surface. In the case of IEMs-based processes, the electrical current is carried roughly in the same 

amount by cations and anions migrating through the solution in opposite directions. On the contrary, 

inside the membrane current is carried mainly by counter-ions, while co-ions are (ideally) excluded. 

As a consequence, at the solution-membrane interface the migrative flux of co-ions (typically directed 

from the interface to the bulk of the solution) has to be counterbalanced by a diffusive flux in the 

opposite direction, intrinsically accompanied by a concentration gradient able to generate such 

diffusive flux according to Fick’s law [10, 168–170]. 

Concentration polarization and transport phenomena near interfaces have commonly been analysed 

by the Nernst film model [171, 172]. The basic assumption of this theory is the existence of a “Nernst 

diffusion layer” between the membrane-solution interface and the fluid bulk with uniform 

composition. This is also known as “diffusion boundary layer” (DBL) and can be considered as a thin 

stagnant layer where no convection occurs and mass transfer is controlled by diffusion-migration, 

resulting in a linear concentration profile (Figure 6 (a)). The Nernstian idealization was improved by 

Levich [172], showing that the presence of convective transport within the DBL results in a smooth 

monotone concentration profile asymptotically approaching the bulk concentration. 

Mass transport in IEMs and electrolyte solutions has been widely studied by the theoretical 

description given by the Nernst–Planck formalism [62, 171], which can also lead to a more rigorous 
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definition of the concentration polarisation gradient. In fact, under certain hypotheses (for more 

details see Section 5.1.1), the flux 𝐽௜ of type-i ions can be expressed as 

 𝐽௜ = −𝐷௜∇ሬሬ⃗ 𝐶௜ − 𝑧௜𝐹𝐷௜𝐶௜∇ሬሬ⃗ 𝜑 + 𝐶௜𝑢ሬ⃗  (7) 

where Di is the ionic diffusion coefficient, Ci is the concentration, zi is the valence, F is Faraday’s 

constant, 𝜑 is the electric potential, and 𝑢ሬ⃗  is the velocity vector. Hence, the total flux is given by the 

sum of diffusive, migrative and convective flux. The ion diffusion-migration flux can also be 

expressed as a chemical diffusion-Ohmic conduction flux [62], so that, for a strong binary electrolyte, 

it can be written as: 

 
𝐽௜ = −𝐷∇ሬሬ⃗ 𝐶௜ +

𝑡௜𝚤

𝑧௜𝐹
 

(8) 

where D is the electrolyte diffusion coefficient, ti is the migration transport number and 𝚤 is the current 

density. At the membrane-solution interface, the mass balance under steady state conditions is 

obtained by equating the flux on the solution side (eq. (8)) with that on the membrane side. 

Considering only the component normal to the membrane surface (y coordinate) one has: 

 
−𝐷

𝜕𝐶௜

𝜕𝑦
+

𝑡௜𝑖

𝑧௜𝐹
=

𝑇௜
௜௘௠𝑖

𝑧௜𝐹
 

(9) 

where 𝑇௜
௜௘௠ is the integral transport number within the membrane [62, 173, 174] accounting for both 

ionic diffusion and migration (i is positive if directed towards the positive y axis). Therefore, the 

following boundary condition can be written: 

 𝜕𝐶௜

𝜕𝑦
= −

𝑖

𝑧௜𝐹𝐷
൫𝑇௜

௜௘௠ − 𝑡௜൯ 
(10) 

In the literature, this boundary condition is often given by a less rigorous expression where 𝑇௜
௜௘௠ is 

replaced by the migration transport number within the membrane 𝑡௜
௜௘௠ [168–170, 175–178], but the 

approximation is legitimated by the fact that diffusion inside the IEM is often negligible. 

Moreover, commercial membranes normally have high permselectivity, i.e. the counter-ion transport 

number is close to 1 in the membrane, while being close to 0.5 in solution (NaCl). As a result, a 

diffusive flux roughly equal to 50% of the current density (i) divided by ziF, i.e. equal to the 

conductive transport for each ion, is established at the IEM-solution interface. Thus, salt diffusion (of 

both co- and counter-ions due to electroneutrality) between the solution bulk and the interface takes 

place, in the same direction of migration for counter-ions and in the opposite direction for co-ions. 

Salt depletion occurs at the IEM-diluate channel interface, while salt enrichment occurs at the IEM-

concentrate channel interface, affecting the electric potential profile as shown in Figure 6 (b). 
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Typically, the electrolyte concentration profile in solution is slightly asymmetric, due to the difference 

in the transport number of cation and anion (e.g. tNa+ ≈ 0.4 and tCl- ≈ 0.6). 

 

Figure 6. (a) Concentration profile within current-induced diffusion layer in steady-state conditions: Nernst’s linear concentration 

profile (dashed line); Levich’s profile taking into account convection contribution (solid line), where the concentration differs from the 

bulk concentration only by 1% at the distance δLevich from the IEM [74]. (b) Qualitative profiles of electrolyte concentration and 

electrical potential within an ED cell pair. Inside the IEMs the concentration of counter-ions is depicted. Electrical double layer 

phenomena are represented as sudden jumps at each IEM-solution interface. 

Experimental observations of concentration polarization gradients have been carried out by several 

techniques. Choi et al. [179] measured the potential drop by a mobile micro-electrode at various 

distances from a CEM (two-compartment cell), obtaining the concentration profiles in the depleted 

side by letting the current vary. Tanaka [180, 181] reported data on the electrolyte concentration 

profile obtained by the so-called Schlieren-diagonal method, based on the measurement of the 

refractive index in a three-compartment optical glass cell. Another method of visualization of the 

concentration profile is laser interferometry, firstly introduced by Forgacs et al. [182] and then 

applied in several works [183–187], some of which were used to validate models simulating ED 

stacks equipped with ion conducting spacers or profiled membranes [185, 187], or analysing intensive 

current regimes (“overlimiting” region) [186]. Kwak et al. [188] fabricated a microfluidic ED device 

and applied a technique for the direct visualization of fluid flows and salt concentration profiles using 

charged fluorescent dyes over a wide range of voltage (0-100 V). Recently, the same research group 

[189] used the microscale ED system for studying the effects of floating spacers and validate their 

model for fluid dynamics and mass transport phenomena. 
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4.2 Mass transport equations and limiting/overlimiting current conditions 

4.2.1 Formulation of mass transport equations in ED and related processes 

Regardless of the true concentration profile, the interfacial condition expressed in eq. (10) can also 

be written in Nernstian form, taking into account the DBL thickness (δ) [169, 170, 173, 178, 190, 

191] or the Sherwood number (Sh) [50, 174, 178, 192]: 

 𝜕𝐶௜

𝜕𝑦
= ±

𝐶௜
௜௘௠ − 𝐶௜

௕௨௟௞

𝛿
= ±

𝑆ℎ ൫𝐶௜
௜௘௠ − 𝐶௜

௕௨௟௞൯

𝑑௘௤
= −

𝑖

𝑧௜𝐹𝐷
൫𝑇௜

௜௘௠ − 𝑡௜൯ 
(11) 

where 𝐶௜
௜௘௠ is the concentration at the IEM-solution interface (solution side), 𝐶௜

௕௨௟௞ is the bulk 

concentration, deq is the equivalent diameter. In eq. (11) the sign + has to be considered when moving 

from bulk to interface, while the sign – in the opposite case. For simplicity, the difference of the 

transport numbers is often assumed equal to 0.5 [6, 192, 193]. Eq. (11) identifies the most common 

expressions of mass transfer rate in these systems, also allowing an in depth comprehension of mass 

transport phenomena at the boundaries. In fact, under steady state conditions, both diffusion and 

convection in solution from bulk to interface or vice versa compensate for the difference between the 

migrative fluxes across solution and membrane. 

The Sherwood number is defined as 

 
𝑆ℎ =

𝑘 𝑑௘௤

𝐷
 

(12) 

where k is the mass transfer coefficient. From dimensional analysis, it can be found that the Sherwood 

number depends on the channel configuration (geometry of spacer or membrane profiles, but also 

active walls surface, depending on the presence of conductive spacers or profiles), the Reynolds 

number (Re) and the Schmidt number (Sc) [194–201]. For more details, see the mass transfer 

correlations discussed in Section 4.4.4. 

Besides concentration polarization visualization techniques, some experimental methods for the 

measurement/estimation of δ (and thus Sh) have been developed and tuned up, e.g. based on 

chronopotentiometry [74, 139, 202, 203] and EIS [204]. However, mass transfer characteristics are 

often evaluated by measurements of limiting current density, an important parameter controlling the 

operation of ED units. 

 

4.2.2 Limiting current density in ED units 

The increase of current density in a stack, always accompanied by an increase in diffusive transport 

of ions in solution, leads to a depletion of salt in the solution at the IEMs interface of the diluate 
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channel. Such phenomenon is allowed only until the concentration at the wall in the depleted layer 

becomes zero. In this condition, the so-called “limiting current density” is achieved, which, from eq. 

(11), can be expressed as: 

 
𝑖௟௜௠ = ±

𝐶௜
௕௨௟௞𝑧௜𝐹𝐷

𝛿൫𝑇௜
௜௘௠ − 𝑡௜൯

= ±
𝑆ℎ 𝐶௜

௕௨௟௞𝑧௜𝐹𝐷

𝐷௘௤൫𝑇௜
௜௘௠ − 𝑡௜൯

 
(13) 

According to the sign conventions cited above, ilim will be positive if directed towards the positive y 

axis. Thus the limiting current density depends on hydrodynamic conditions, channel thickness and 

salt transport numbers. Interestingly, once the values of ilim and 𝑇௜
௜௘௠ are known, the DBL thickness 

and Sh could be easily calculated from eq. (13), but it should be noted that phenomena occurring in 

limiting current conditions, such as electroconvection, may significantly affect the value of Sh 

determined with this equation [139]. Therefore, if the hydrodynamics features and mass transport 

coefficients have to be determined in the underlimiting range, where the above mentioned phenomena 

do not play a role, chronopotentiometric and EIS-based methods are more suitable. 

From eqs. (11) and (13), it follows that, for a current density i < ilim, the concentrations at the IEM-

solution interface can be expressed as [169, 177, 179, 190, 205] 

 
𝐶௜

௜௘௠ = 𝐶௜
௕௨௟௞ ൬1 ∓

𝑖

𝑖௟௜௠
൰ 

(14) 

Values of limiting current density can be obtained experimentally by current-voltage curves. As the 

voltage increases, the current increases more and more slowly due to the higher boundary layer effects 

that increase the resistance (see Section 4.3), until current increases only slightly with large voltage 

increments, indicating the achievement of limiting current condition. However, when the limiting 

current is approached, experimental observations deny the presence of the plateau theoretically 

postulated as a curve saturation (see Figure 7), so that the classical theory of concentration 

polarization is not anymore considered valid since the early 1970s [40, 169, 170]. Instead, only a 

narrow flat region or even an inflection point are found, along with a further increase of current 

(overlimiting current), due to the onset of further phenomena that were not observed at electrode-

solution interfaces. Water splitting was considered responsible of the further charge transport, thus 

causing such deviation. However, many other mechanisms have been more recently theorized, 

discussed and experimentally proven (see Section 4.3). 

Figure 7 shows a typical S-shaped current-voltage curve, exhibiting three regions [175, 188, 190, 191, 

206–210]. Region I has been often defined as Ohmic, though this may be misleading due to the 

coexistence of both Ohmic and non-Ohmic phenomena. In the first small tract, the curve can be well 

approximated by a straight line; however, as the current increases, polarization (non-Ohmic) effects 
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become more pronounced and cause a deviation from the linear trend. A much lower slope 

characterises region II, which can be regarded as a transition step following the achievement of the 

limiting current, conventionally identified by the intersection between the line tangent at the first tract 

of the current-voltage curve and the tangent of the plateau (or at the inflection point) in region II. 

Then, the slope increases again towards region III until reaching an asymptotic value leading to a 

stable linear increase of current vs voltage. 

 

Figure 7. Sketch of a typical current-voltage curve for an IEM immersed in an electrolyte solution, showing a limiting current density 
and the presence of three distinct regions. 

The behaviour of IEMs in current-voltage tests has been explained by the effects of the conductive 

heterogeneity of the membrane surface [138, 207, 208, 211–216], which can be viewed as a mosaic 

of alternating conductive and insulating regions of size ranging from micrometers to tens of 

micrometers. Therefore, for any given average current density, the local current density on the 

conductive areas is larger. This results in a decrease in the average value of ilim compared to a 

membrane having an electrically homogeneous surface, or to a metal plate electrode. Hence, region 

II of the current-voltage chart is due to a gradual achievement of the local ilim in the non-conductive 

regions, at the cost of a much larger voltage drop. Another effect of the conductive heterogeneity is 

the alteration (elongation or shortening, depending on the distance between the surface 

heterogeneities) of the plateau length, i.e. of the onset of the overlimiting transport phenomena, 

namely electroconvection, associated to the generation of a non-uniform electric field with tangential 

components. Also geometrical heterogeneities of the membrane surface affect current-voltage curve 

features such as the ilim value, the plateau length and the amount of overlimiting transport through 

electroconvection. Profiled membranes may enhance the mass transfer rate by the increase in the 

membrane active area, the promotion of fluid mixing and the increase of electroconvective mixing 

due to larger tangential components of driving force [217]. More recent studies [173, 217–219] have 
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proven that also other membrane properties, such as roughness, degree of hydrophobicity and surface 

charge density, affect the current-voltage curve characteristics. 

Figure 8 (a) shows experimental current-voltage curves of a six-compartment stack with and without 

the central membrane. By subtracting these results, the current-voltage curve of the central membrane 

can be obtained [178]. The limiting current density is often identified as the point where the slope 

change occurs in the corresponding Cowan plot [169, 178, 191, 209, 220–226] reporting the apparent 

resistance as a function of the reciprocal of current density (or, simply, of electrical current) as shown 

in  

Figure 8 (b). Measurements of ilim have been carried out in several works in order to assess the effect 

of spacers or profiled membranes on mass transfer. Values of ilim are reported as functions of the fluid 

velocity [39, 177, 209, 221, 222, 226, 227] and fitted by power laws. Other works report Sh values 

determined from ilim measurements according to eq. (13) [50, 178, 195, 200, 224, 228–232] and 

correlations as power laws (see Section 4.4.4). 

 

Figure 8. (a) Experimental current-voltage curve and (b) apparent resistance over the membrane as a function of the reciprocal of 
electrical current  (Cowan plot) for the estimation of ilim [178]. 

Sh values have also been obtained by measurements of ilim on electrodes of simple electrochemical 

cells without membranes [200, 229–232]. However, these devices simulate only an ideal mass 

transfer of an IEM-based system, as membrane properties govern the mass transfer mechanisms. In 

fact, as claimed by Rubinstein and Maletzki [207], membranes with the same permselectivity may 

exhibit a markedly different behaviour even in the underlimiting region, significantly affecting 

polarisation phenomena. 
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Finally, when overlimiting conditions occur, mass transfer characteristics can be assessed by the 

approach proposed by Nikonenko et al. [192] and Larchet et al. [50] based on the experimental 

procedure described in [233]. 

 

4.2.3 A critical outlook of ED operations under limiting and overlimiting current conditions 

In common ED operations, ilim has been assumed as a practical upper threshold for optimal operation 

[49, 195, 217, 234, 235]. In fact, despite the advantages of enhancing the current thus reducing 

membrane area requirements, a number of detrimental effects may be encountered in limiting current 

conditions, such as fouling, scaling and membrane deterioration due to extreme pH values [169, 170, 

191, 235, 236]. 

On the other hand, all complex phenomena occurring in the limiting and overlimiting regions have 

been misunderstood for long periods in the past and a debate has been on-going in the last 10-20 years 

on how these can actually affect the operation of an ED stack.  

Recent publications outline a clear and complete picture of the multifaceted nature and of the 

complexity characterizing such phenomena [138, 173, 210, 217]. The existence of the overlimiting 

region was originally attributed to water splitting, i.e. the generation of H+ and OH- ions that 

contribute as charge carriers [169, 170]. Water splitting has also a secondary effect consisting in the 

disturbance of the electric field that exalt the transport of salt ions (Kharkats effect of current 

exaltation [237]). Later, water splitting was found to be promoted by the catalytic activity of some 

functional groups on the membrane surface in contact with the solution, giving rise to reversible 

protonation and deprotonation reactions. For example, the splitting reaction occurs intensely in the 

case of AEMs containing secondary and tertiary amino groups on the surface [238, 239] or CEMs 

with surface phosphoric acid groups, while it is significantly suppressed in AEMs modified by surface 

treatment with a strong electrolyte that converts the tertiary and secondary amino groups into 

quaternary ones [173]. A strong reduction of water splitting was also obtained by AEMs containing 

crown ethers [240], thus suggesting the possibility to achieve significant effects in fouling prevention.  

Interestingly, the transport mechanism of charges (i.e., the electrical current) in overlimiting 

conditions was recently proven to be actually related to the transfer of salt counter-ions by coupled 

current-induced convection, with water splitting having only a minor effect in generating current. 

Two types of coupled convection were identified: gravitational convection and electroconvection. 

Gravitational convection [207, 215, 237, 241, 242] arises from a non-uniform distribution of solution 

density due to concentration or temperature gradients. Electroconvection [175, 176, 188, 206, 207, 
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211, 212, 241–246] is related to the formation of an extended region (much thicker than typical EDLs) 

adjacent to the membrane surface, where electroneutrality is no more maintained, and to an 

inhomogeneous electric field affected by membrane features (geometrical and conductive 

heterogeneities, roughness, hydrophobicity, surface charge [173, 217–219]). The interactions 

generated within this charged region lead to volume forces triggering convective motions in the form 

of dynamic vortices in the near-wall layer, thus allowing overlimiting currents. 

Therefore, when the risk of scaling is low due to the lack of poorly soluble salts, operating at high 

current densities, close to the limiting one, may be an option in order to improve the process efficiency 

[235]. Furthermore, overlimiting regimes have been tested at laboratory scale, showing enhanced 

mass transfer [50], thus paving the way to alternative operational regime possibilities for efficient ED 

systems. This is favoured by the possibility of improving the performance of IEMs simply by surface 

modifications [173], in order to reduce water splitting and promote mass transfer, which has attracted 

an increasing interest to the application of overlimiting regimes in recent years. 

 

4.3 Influence of polarization phenomena on the voltage drop 

The limiting current density is only one of the aspects related to concentration polarization 

phenomena. However, several other effects caused by concentration polarisation have to be 

characterised, as they can significantly affect the total stack voltage drop. The total potential drop 

between two bathing solutions (left, L, and right, R) facing an interposed IEM can be analysed 

following the segmentation modelling approach by TMS (see Section 3.1) [64, 202, 247] in a multi-

layer system taking into account the presence of the DBLs, as in Figure 9. 
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Figure 9. Segmentation of the system composed by a membrane and two bathing solutions, according to the TMS theory, showing 

concentration of counter-ions and electric potential changes in each layer. The example in the picture shows a CEM immersed between 

a dilute solution and a concentrate solution. 

Some aspects related to the total voltage drop were treated in the first experimental and theoretical 

studies by Cooke [168] and Sonin and Probstein [236]. The topic was then treated more extensively 

by some authors in the early 1970s [169, 170] and many further studies have since been performed 

[174, 199, 202, 205, 247–254]. However, by pursuing the aim of a general discussion based on these 

works, the total voltage drop including all the possible contributions can be expressed as 

 ∆𝑉 = 𝜂ை௛௠
௕௨௟௞ಽ + 𝜂ை௛௠

஽஻௅ಽ + 𝜂ௗ௜௙௙
஽஻௅ಽ + ∆𝜑௜௘௠ + 𝜂ை௛௠

௜௘௠ + 𝜂ௗ௜௙௙
஽஻௅ೃ + 𝜂ை௛௠

஽஻௅ೃ + 𝜂ை௛௠
௕௨௟௞ೃ (15) 

where the different terms represent: Ohmic voltage drop within the left solution bulk, Ohmic voltage 

drop within the left DBL, (non-Ohmic) diffusion potential within the left DBL, (non-Ohmic) 

membrane potential, Ohmic voltage drop within the membrane, (non-Ohmic) diffusion potential 

within the right DBL, Ohmic voltage drop within the right DBL, Ohmic voltage drop within the right 

solution bulk. 

In the case of a binary monovalent electrolyte, the membrane potential (eqs. (3)-(5)) acting as a back 

electromotive force [199, 255–258] can be expressed as: 

∆𝜑௜௘௠ = 𝛼௜௘௠

𝑅𝑇

𝐹
𝑙𝑛 ቆ

𝐶஼
௜௘௠𝛾஼

௜௘௠

𝐶஽
௜௘௠𝛾஽

௜௘௠
ቇ 

(16) 

where 𝐶ௌை௅
௜௘௠ and 𝛾ௌை௅

௜௘௠ represent the electrolyte concentration and the electrolyte activity coefficient 

at the IEM-solution interface (solution side) and the subscripts C and D refer to the concentrate and 

the dilute channel, respectively. It is useful to resort to polarization coefficients [6, 193], whose values 

range from 0 (maximum polarization) to 1 (no polarization), defined as: 
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 𝜃஽
௜௘௠ = 𝐶஽

௜௘௠ 𝐶஽
௕௨௟௞⁄  (17) 

 𝜃஼
௜௘௠ = 𝐶஼

௕௨௟௞ 𝐶஼
௜௘௠⁄  (18) 

where 𝐶ௌை௅
௕௨௟௞ is the electrolyte concentration at the solution (dilute or concentrate) bulk. In a cell pair, 

there are four polarization coefficients, one for each IEM-solution interface. Values of 𝜃ௌை௅
௜௘௠ can be 

derived from eq. (14), though a more rigorous approach relates them to eq. (11). The membrane 

potential can then be split into two terms, one accounting for the potential of a membrane ideally in 

contact with the bulk solutions (∆𝜑෤ ௜௘௠), and the other accounting for the concentration overpotential 

due to polarization in the DBLs (𝜂஼ை௉
௜௘௠ ) [168, 179, 190, 202]: 

 
∆𝜑௜௘௠ = ∆𝜑෤ ௜௘௠ + 𝜂஼ை௉

௜௘௠ = 𝛼௜௘௠

𝑅𝑇

𝐹
ቈ𝑙𝑛 ቆ

𝐶஼
௕௨௟௞𝛾஼

௕௨௟௞

𝐶஽
௕௨௟௞𝛾஽

௕௨௟௞ቇ − 𝑙𝑛൫𝜃஼
௜௘௠𝜃஽

௜௘௠𝜉஼
௜௘௠𝜉஽

௜௘௠൯቉ 
(19) 

where 𝜉஽
௜௘௠ =  𝛾஽

௜௘௠ 𝛾஽
௕௨௟௞⁄  and 𝜉஽

௜௘௠ = 𝛾஼
௕௨௟௞ 𝛾஼

௜௘௠⁄  (often assumed equal to 1). 

Interestingly, focusing on hydrodynamics-related features, the DBLs contribute to the total potential 

drop by means of both Ohmic and non-Ohmic phenomena, which can easily be calculated assuming 

a linear concentration profile. 𝜂ை௛௠
஽஻௅  can be computed by Ohm’s law integrating the resistivity over δ 

and multiplying by the current density (1-dimensional approach, where i = cost). 𝜂ௗ௜௙௙
஽஻௅ , also called 

concentration potential or junction potential, is strictly non-Ohmic and originates from the difference 

in the ionic diffusion coefficients and the need to maintain the local electroneutrality [62]. Note that 

𝜂ை௛௠
஽஻௅  has a dissipative nature, i.e. it is caused by the irreversible process involving Joule’s effect [62]; 

conversely, non-Ohmic phenomena are (at least ideally) reversible and, ultimately, convert the 

electrical energy into the chemical energy of a salinity gradient. However, under the hypothesis of a 

linear variation of concentration within the DBL and of an equivalent conductivity (𝜆) independent 

of concentration, 𝜂ௗ௜௙௙
஽஻௅  and 𝜂ை௛௠

஽஻௅  can be expressed as [169, 170, 199]: 

 
𝜂ௗ௜௙௙

஽஻௅ = ∓(𝑡ି − 𝑡ା)
𝑅𝑇

𝐹
𝑙𝑛൫𝜃ௌை௅

௜௘௠൯ 
(20) 

 
𝜂ை௛௠

஽஻௅ = −
𝐹𝐷

൫𝑡௜
௜௘௠ − 𝑡௜൯𝜆

𝑙𝑛൫𝜃ௌை௅
௜௘௠൯ 

(21) 

where 𝑡ି and 𝑡ା are the transport numbers of anions and cations, respectively. In eq. (20) the sign – 

is valid when the concentration gradient is negative, as in Figure 9 (thus 𝜂ௗ௜௙௙
஽஻௅  is positive, i.e. there is 

a potential drop), while the sign + is valid when the concentration gradient is positive (thus 𝜂ௗ௜௙௙
஽஻௅  is 

negative, i.e. there is a potential increase). 

In very recent years, researchers have shown a wide interest on transport phenomena and DBL effects 

in IEMs-based systems. The resistance associated with the boundary layer has been measured by 
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chronopotentiometry [3, 4, 139, 203, 259, 260] and EIS [140, 204, 205, 261–263]. Finally, Abu-Rjal 

et al. [264] have investigated the influence of the DBL on the membrane permselectivity, finding that 

concentration polarization may significantly affect counter-ions transport through the membrane, due 

to variation of the interface concentration and concentration profile across the membrane as the 

electric current changes. 

 

4.4 Channels, mixing promotion and pressure drop 

Most electromembrane processes are based on the use of plate-and-frame geometries, in which 

channels are constituted by two membranes (being the channel walls) and an internal spacer keeping 

the interspace between them and also acting as a mixing promoter. The selection of proper spacer 

geometry and material can thus play a fundamental role in process design and optimisation. For this 

reason, hydrodynamics and mass transport phenomena in channels of membrane modules have been 

extensively characterized, both by experiments and by simulations [196, 198, 229, 230, 265–267]. 

Much research effort has been addressed to these phenomena also in the very recent years [6, 268–

276], thus demonstrating how this is still an open field leaving room for new developments. In the 

specific case of ED, several works are available in the literature which will be critically reviewed in 

the following sections, highlighting how researchers have approached the problem with particular 

focus on recent developments. Also findings on spacer-filled channels related to other membrane 

processes (e.g. reverse osmosis, membrane distillation, reverse electrodialysis [Section 6.6]) can 

provide useful information for ED applications. 

Two main geometric patterns have been devised for ED channels [10]: the sheet flow and the tortuous 

path. In the former configuration (Figure 3), the feed channels have a rectangular (or similar) shape 

and the solution flows roughly straight [10, 39–41]. In the latter configuration (Figure 10), the feed 

channels have a narrow serpentine shape with several baffles and 180° bends [10, 45]. ED stacks in 

the sheet flow arrangement make use of net spacers (Figure 11), while the most commercialised 

tortuous flow path spacers are manufactured by gluing two sheets of polyethylene provided with 

straps forming an under/over flow path [45, 170] (Figure 10 (a) and (b)), but in principle they can be 

manufactured also with conventional net spacers or profiled membranes. Finally, flow paths with 

intermediate features between the sheet flow and the tortuous path have been developed, e.g. the U-

shaped channels [45] (Figure 10 (c)). 

Parallel-, counter-, and cross-flow arrangements are possible in ED stacks. In principle, counter-flow 

is preferable since it does not suffer from the strong axial increase of concentration difference typical 
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of parallel flow, but it causes larger pressure differences between the concentrate and dilute 

compartments, which may result in internal leakages and excessive membrane deformation. The 

cross-flow arrangement has been recently proposed, performing similarly to counter-flow [277] and 

allowing more efficient flow distribution strategies, which can reduce pressure losses. The parallel-

flow configuration, however, remains the most common in all industrial ED applications [10]. 

 

Figure 10. (a) Tortuous path spacer [10], (b) longitudinal section of a tract of tortuous path channel (longitudinal straps are not 
represented) [234], (c) U-shaped path [45]. 

 

4.4.1 Channels filled with non-conductive spacers 

From early studies on ED applications, it is well known that different spacers exhibit different 

performance in mass transfer and pressure drop, thus exerting a large influence on the process 

efficiency and raising the issue of channel optimization [39, 44, 48, 195, 221, 228, 278, 279]. 
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Common spacers are made by two arrays of polymeric wires either extruded (overlapped) or woven, 

with circular cross section, though other geometries have also been devised [39, 41, 48, 222]. Spacers 

are typically fabricated by non-conductive polymeric materials and can have a variety of geometries 

according to the filament shape/arrangement, the angle between crossing filaments, the number of 

layers, the filament spacing and the filament size (Figure 11). 

Net spacers used in sheet flow electrodialyzers can be classified into four main categories: 

overlapped, woven, twisted and multi-layer. The first two types are the most common [49]. In 

particular, woven nets have been used in sheet flow configurations since early studies on ED systems 

[39, 280] and have even been recently investigated by Kim et al. [252, 253] through laboratory-scale 

ED experiments. Some interesting results comparing the performance of electrodialyzers equipped 

with different woven meshes (90° angled filaments) are reported in [41]. Mass transfer was enhanced 

by a lower distance between filaments and with a flow attack angle of 45°; this features are then 

reflected on the cell pair resistance. Pressure drops were higher when the distance between filaments 

was lower and the flow was aligned to a filament. These findings are in good agreement with results 

of simulations performed in several other works [6, 193, 281]. 

Twisted and multi-layer spacers were tested by Balster et al. [222] (see e.g. Figure 11 (g) and (h)), 

showing the possibility to improve mass transfer by swirling motions, both at any given Re and at 

any given Pn (power number, a dimensionless number accounting for the pumping power), with 

respect to a non-woven spacer. The same research group investigated also the use of air sparging 

[223], finding that a mass transfer enhancement may be obtained with some spacer configurations, 

but at the cost of increasing the resistance. Tadimeti and Chattopadhyay [178] tested a larger variety 

of twisted tape spacers, showing the significant effect of some geometrical features on mass transfer 

and pressure drop. Better performance than in an empty (spacerless) channel were obtained in some 

of the tested configurations, thanks to the development of longitudinal and transverse vortices. 

Nevertheless, some other configurations led to worse performance than in an empty channel, in which 

mass transfer coefficients increased as the Reynolds number increased, probably due to the small 

channel length (8 cm) characterized by large entrance effects (see Section 4.4.4). Moreover, several 

non-conventional (commercial and non-commercial) spacer geometries for applications in various 

membrane processes have been investigated both by experiments and simulations [230, 269–272, 

274, 282, 283] (Figure 11 (i)-(n)). 
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Figure 11. Different kinds of conventional [284] and non-conventional net spacer: (a) extruded with overlapped crossing filaments at 

90°, (b) extruded with overlapped crossing filaments at 60/120°, (c) extruded with crossing filaments at 60/120° with irregular shape, 

(d) extruded with crossing filaments at 60/120°with very irregular shape, (e) with woven crossing filaments at 90°, (f) with woven 

crossing filaments at 90°, but coarser than (e), (g) twisted spacer [222], (h) multi-layer spacer [222], (i) spacer with modified filaments 

[230], (j) multi-layer spacer with twisted tapes [230], (k) triple-layer overlapped spacer [269], (l) overlapped spacer with filaments 

characterized by different regions [270], (m) floating one-layer net with spherical nodes spacers [271], (n) irregular overlapped spacer 

obtained by X-ray computed tomography of a commercial spacer [274]. 

Floating spacers [195] have been also devised. The main feature of the floating spacers is the ability 

to avoid contact areas between spacer and membrane surface, thus minimizing regions of stagnant 

flow. Floating spacers can be used in asymmetric stacks with different channel thickness of the diluate 

and of the concentrate channel caused by a stationary differential pressure over the membrane. 

Conversely, if dimensional stability is required, a suitable control of the pressure gradient along the 
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channels avoiding differential pressures is needed (this is more important in large stacks). Submerged 

cylinders perpendicular to the flow have been tested at lab scale and simulated in two dimensions 

[189, 195, 234]. Interestingly, if cations and anions have different diffusivities in solution, as in the 

case of NaCl (DCl- > DNa+), floating promoters of mixing optimize mass transfer when placed slightly 

closer to the AEM than to the CEM, due to the obtained asymmetric distribution of fluid velocity 

inside the channel [189]. Dimensional stability can be maintained also by the novel design proposed 

by Koutsou et al. [271] (Figure 11 (m)), where the partially floating spacer comprises spherical nodes 

in contact with the membranes and symmetrically connected with a mesh of smaller cylindrical 

filaments. 

 

4.4.2 Conductive spacers and profiled membranes 

The most significant disadvantage of net polymeric spacers is that they are commonly made by non-

conductive materials, thus increasing the compartment’s electrical resistance; instead, the use of 

conductive materials spacers may be a good option for lowering the energy consumption, thus 

improving the efficiency of ED units. In the mid-1970s, Kedem [46, 47] prepared spacers made by 

ion exchange material. The multiple benefits deriving from the use of conductive spacers were 

evident: mass transfer enhancement (reduction of polarization and increase of ilim) due to the increase 

of the active area, reduction of Ohmic (shadow effect) and non-Ohmic resistances, high current 

efficiency at high current density, stable pH (reduction of water splitting), higher effectiveness at low 

concentrations of diluate and achievement of very low concentrations. After more than 20 years, 

commercial spacers were modified into conductive spacers by chemical reaction [285] or coating 

[286], confirming the previous results. In addition, it was pointed out that (i) the consequences (water 

splitting, scaling and fouling) of uneven distributions of feed solutions among and within the channels 

were significantly mitigated by the lower resistance provided by conducting spacers [285]; (ii) a 

larger effectiveness was achieved in electrodialyzers provided with heterogeneous IEMs which are, 

by their nature, more polarizing, and with conductive spacers with higher ion exchange capacity 

[286]. The effectiveness of chemically modified spacers was also proven by a subsequent work [144]. 

Conductive spacers can be useful also for special applications, e.g. for the selective separation of 

nitrates from drinking water [287] by using a cation conductive woven spacer with granules of nitrate-

selective anion exchange resin and a modified AEM. Local effects of a conducting spacer were 

analysed by Shaposhnik et al. [185] by experiments (laser interferometry) and simulations. Fragments 

of ion exchange material were cut and pasted on the membranes (with glue only on the non-working 

surface of membrane). The membrane/channel configuration obtained in this way is very similar to 

what can be obtained by profiling the membranes. 
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Notwithstanding the advantages pointed out, conductive spacers have never been implemented in real 

industrial ED units, likely because of higher production costs, lower robustness and larger 

complexity. 

More recently, profiled membranes (Figure 12) have been proposed as a cheaper and more effective 

alternative to conductive spacers. In this case, the membrane surface (on either one or both sides) is 

provided with reliefs, pillars, or ridges that play the role of “spacers” [10, 50]. The use of profiled 

membranes leads to a simplification in stack assembly (the use of spacers is avoided), along with 

some advantages typical of conductive spacers, such as the reduction of Ohmic resistance and the 

possibility to increase the active area. The actual mass transfer rate will then depend also on the effects 

on the fluid mixing due to the specific geometry, which can be quite similar to that of overlapped-

filaments spacers or much simpler (as in the case of one-side ridges, waves or pillar profiles, see 

Figure 12 (e), (f) and (g)). Similarly, pressure drops are strongly affected by the profiles geometry. 

Moreover, cost savings on stack components [288] and lower fouling issues [289] may be achieved. 

Strathmann [10] reported data of ED stacks built with profiled membranes with trapezoidal cross 

section profiles as shown in Figure 12 (b), (c) and (d). The increase of membrane surface due to the 

profiles was between 40 and 45%. The abatement of resistance, especially at low salt concentrations, 

and a significant increase of the limiting current density, led to enhanced performance in salt removal 

as the voltage varied, with larger improvements when the inlet concentration was lower. Balster et al. 

[290] prepared and characterized a novel membrane design, referred as “membrane with integrated 

spacer”, where the profiles were obtained by capillary forces of a drying polymer solution in contact 

with a net spacer (which is then removed). This membrane showed better performance than the 

corresponding flat membrane and the authors suggested also the application either in spacerless 

systems or in multi-layer systems [222] including a middle spacer. Another particular geometry of 

profiled membrane was obtained by hot pressing a membrane sandwiched between two fabrics [291]. 
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Figure 12. Profiled membranes. (a) Photos of membranes with different surface profiles on one or both sides of the membrane; (b) and 

(c) schematic drawings of membranes with profiles on one or both sides; (d) sketch example of a membrane profile sizes. (a)-(d) are 

taken from [10]. (e) Ridges and (f) waves profiled membranes by [259]. (g) Pillars and (h) chevrons profiled membranes by [292]. 
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Other geometries can be obtained by corrugating IEMs. Mass transfer in an electrochemical cell with 

corrugated electrodes (mimicking membranes) was analysed by measurements of ilim [293, 294], 

obtaining correlations for the Sherwood number. The use of actual corrugated membranes in ED was 

tested for the extraction of nickel and cobalt from their sulphate solutions [295], showing a significant 

increment of active area (60%) and a significant improvement of the current efficiency with respect 

to the use of flat membranes. 

The possibility of improving mass transfer by profiled membranes is reported also by Nikonenko et 

al. [192], who carried out measurements in overlimiting conditions. Also Larchet et al. [50] tested 

profiled membranes in overlimiting regimes, obtaining higher Sherwood numbers with respect to flat 

membranes and non-conducting spacers, along with high desalination rates in a large range of 

concentrations. 

In the last years, many research efforts have been devoted to the development and characterization of 

profiled membranes for reverse electrodialysis (see Section 6.6). In comparison with net spacers 

between flat membranes, simple profiled membranes created by either ridges or pillar profiles reduce 

pressure drop and Ohmic resistance, but, at least at the very low Re numbers typical of RED, are less 

effective in mass transfer [4, 259–261, 296]. Improved profile geometries, more similar to spacer 

filaments, lead to better trade-off between low pressure drops and good mixing, thus improving the 

stack performance [6, 292, 297]. Multi-physical modelling tools have been developed in order to 

investigate the potentials of profiled membranes by simulating simplified two-dimensional 

geometries for ED [187] and reverse electrodialysis [298] applications. 

Nowadays, profiled membranes represent a very attracting frontier for the development of ED 

systems and deserve further studies especially for process optimization perspectives. 

 

4.4.3 Flow regimes in ED channels 

ED systems have been usually operated at a fluid velocity of ~2 to ~10 cm/s [10, 41, 46, 47, 49, 50], 

with higher values, even up to ~50 cm/s, in tortuous path configurations [10, 44, 45, 49]. Taking into 

account the typical channel thicknesses, the corresponding Reynolds number (calculated here by 

assuming as the equivalent diameter twice the channel thickness) ranges roughly from ~20 to ~400, 

with values up to ~2000 for tortuous paths (see also the Reynolds numbers reported in [39, 138, 185, 

195, 199, 279]). In fact, tortuous path configurations are characterized by higher concentration 

polarization and lower pressure drop per unit length with respect to sheet flow channels with net 
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spacers, so that higher fluid velocities are adopted in tortuous paths in order to maintain polarization 

phenomena under control [10, 45, 49]. 

The flow regime within spacer-filled channels is steady for Re values roughly up to 200-300, then 

changes gradually (possibly through periodic flow) towards turbulent conditions, starting at Re ≈ 

1000 [39, 195, 279, 281, 299, 300]. Therefore, we can assert that the flow regime in ED units is 

typically steady or with incipient unsteadiness in many cases, and it reaches turbulent conditions only 

in some rare cases [194]. 

 

4.4.4 Correlations for mass transfer coefficients 

The characterisation of mass transfer phenomena in spacer-filled channels has been often performed 

by means of correlations linking the Sherwood number to the main geometrical and operating 

parameters [48, 178, 195, 199, 224, 234, 278–280, 301]. The use of dimensionless numbers offers 

the advantages of an easy scalability of results and easy implementation/processing of results 

(input/output) in modelling tools [6, 174, 193]. However, also correlations for ilim have been often 

reported [39, 177, 178, 209, 221, 226–228]. In most cases data are fitted by power laws, such as 

 𝑆ℎ = 𝑎𝑅𝑒௕𝑆𝑐௖ (22) 

  𝑖௟௜௠ = 𝑑𝐶௜
௕௨௟௞௘

𝑢௕ (23) 

Note that the exponent of Re in eq. (22) corresponds to the exponent of u in eq. (23). In some cases, 

b was found to be close to 0.5 [48, 177, 199, 209, 224, 226, 228, 234, 279], while in other cases b 

ranged from ~0.13 to ~1 [178, 195, 221, 278, 280, 301]; however, much more complex trends in a 

larger range of Re values have also been reported [39, 195], and modified correlations have been 

proposed [227]. It is worth highlighting that power laws and relevant coefficients’ values may be 

suitable only in a narrow range of Reynolds numbers [6, 281], while ED stacks can operate in a 

relatively large Re range involving different flow regimes. A log-log chart of Sh vs. Re exhibits a 

horizontal asymptote at very low Re (creeping flow), where mass transfer in spacer-filled channels 

may be worse than in the empty channel, as shown in Figure 13 (a). Then, one or more inflections at 

higher Re follow, up to an oblique asymptote (power law) in the turbulent regime, as shown in Figure 

13 (b). 

The effect of the fluid properties, represented by the Schmidt number (Sc), was evaluated in [48, 279] 

and the exponent c in eq. (22) was found to be 1/3. This value has often been considered valid, but, 

in general, the effect of Sc can be different as Re and/or the spacer geometry vary [6, 197, 200, 271]. 
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Figure 13. Sherwood number in spacer-filled channels. (a) Lower Reynolds numbers: results from CFD simulations of fully developed 

flow within woven spacers with different pitch-to-height ratios (Δl/h) and flow attack angles (γ) (adapted from [281]). (b) Higher 

Reynolds numbers: experimental data (measurements of ilim) concerning floating eddy promoters with different pitch-to-height ratios 

(Δl/h) [195]. Note that the equivalent diameter to calculate Re and Sh is equal to the channel thickness h, according to the definitions 

in [195]. 

Note that, in the literature, plane (spacerless) channels have often been considered as an acceptable 

idealization/simplification of the channel geometry in models [195, 234, 236, 302–304] or as a 

reference case for comparison purposes both in models and in lab scale experiments [6, 50, 139, 178, 

223, 281]. However, the actual use of plane channels in stacks at industrial scale is not allowed due 

to dimensional stability issues. 

Attention should be given also to the entry effects on mass transfer phenomena. The flow field within 

the entire channel can be assumed fully developed, as the Reynolds number is usually sufficiently 

small. Nevertheless, due to the high Schmidt number (~600 for NaCl solutions at concentration below 

0.5 M), the concentration field develops in a longer entrance region [184, 189, 236, 302] in which the 

local Sherwood number decreases towards its fully developed value. The topic of entry effects in heat 

and mass transfer is known as the “Graetz-Lévêque problem” [305, 306]. In the case of relatively 

short plane channels (length L < 0.02uh2/D, being h the channel thickness), the correlation of the 

average Sherwood number in laminar conditions, as reported by several authors [139, 203, 216, 229, 

231], is  

 
𝑆ℎ = 1.47 ൬𝑅𝑒 𝑆𝑐 

ℎ

𝐿
൰

ଵ
ଷ
 

(24) 

Further theoretical predictions along with experimental data have been also reported [48, 195, 307, 

308]. Experimental data concerning spacer-filled channels show some entrance effects at very low 
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Re [231], but, contrary to what happens within plane channels, smaller entrance effects at higher Re 

[189, 229, 231, 309]. This behaviour can be explained by the convective motions perpendicular to 

the active walls (membranes) induced by the obstacles, which, in flow conditions intermediate 

between full turbulence and creeping, accelerate the development of the concentration field. 

 

4.4.5 Correlations for pressure drop and influence of pumping power on energy consumptions 

Data on pressure drops in ED systems can be found in several references [39, 177, 178, 195, 221, 

228, 234, 279]. The energy consumption for feed solutions pumping is strongly dependent on pressure 

drops, which can be simply characterized by the correlation between the friction factor (f) and the 

Reynolds number, often reported in the literature as a power law: 

 f=ARe-B (25) 

Actually, the exponent B tends to 1 at very low Re (Figure 14 (a)), but decreases as Re increases 

(Figure 14 (b)) due to higher inertial effects [281]. Therefore, we stress that correlations as those in 

eq. (25) are more suitable for fitting narrow Re ranges, similarly to the case of Sh. For larger ranges 

or ranges starting from low Re values, the trend of the friction coefficient normalized by that of the 

spacerless plane channel as a function of Re may be fitted by polynomial laws [6]. 

 

Figure 14. Darcy friction factor in spacer-filled channels. (a) Lower Reynolds numbers: results from CFD simulations of fully 

developed flow within woven spacers with different pitch-to-height ratios (Δl/h) and flow attack angles (γ) (adapted from [281]). Higher 

Reynolds numbers: experimental data concerning floating eddy promoters with different pitch-to-height ratios (Δl/h) [195]. Note that 

the equivalent diameter to calculate Re and f is equal to the channel thickness h, according to the definitions in [195]. 
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In order to give an idea of the role played by pressure drop in determining the energetic consumption 

of ED systems, we report some data in the following. The influence of pumping power varies widely 

on the basis of the stack design and of the operating conditions [39, 226, 288, 310]. It may be 

relatively low in ED devices with short path lengths [226] (and even negligible in microfluidic devices 

for lab tests [189]), so that it has even been neglected in some cost effectiveness assessments [174]; 

however, it may be significant or even dominant in longer modules. Chiapello and Bernard [41] 

recorded pumping energy consumptions of ~23% and ~16% of the total energy in two sheet flow 

modules 46 cm long, while von Gottberg [45] reported values of ~24% and ~39% for a stack with U-

shaped channels (with net spacers) and for a tortuous flow path stack, respectively, both at industrial 

scale. 

 

4.4.6 ED stacks operated under oscillating conditions 

A number of recent papers have highlighted how transport phenomena and, more in general, process 

efficiency can be enhanced by operating ED units in non-stationary conditions. Oscillations applied 

by dynamically changing either the flow rate [225, 232, 262, 311] or the electrical field [153, 154, 

165–167, 173, 191, 312, 313] can achieve an intensification of ED systems performance. Pulsed flows 

or pulsed electric fields at relatively high frequencies (thus, with a time constant much smaller than 

the large characteristic time scales for diffusion typical of high Schmidt numbers systems) caused the 

DBL to be disrupted and the concentration profile to flatten, with transient concentration fields 

different from a sequence of steady states. Consequently, concentration polarization and its effects 

can be significantly reduced (i.e. higher limiting currents and lower resistances are achieved). 

Benefits coming from oscillations depend on frequency, amplitude and shape of oscillation. The 

correlations for the time-averaged Sherwood number will include also the Strouhal number, a 

dimensionless number taking into account the oscillating features of the system [225]. 

In a recent paper, Rodrigues et al. [232] measured limiting current densities with a 8-electrode cell 

fed by a pulsatile flow generated with solenoid valves with frequencies between 1 and 50 Hz. In the 

case of an empty (spacerless) channel, the pulsatile flow enhanced mass transfer at frequencies of 50 

Hz, with effects that increased towards the channel outlet. When a spacer was inserted within the cell, 

mass transfer exhibited an increase up to 50% with respect to the stationary case, with larger effects 

at higher frequencies and higher Re values. Again, the effect was particularly intense near the channel 

outlet, close to the source of oscillation. 

A novel concept, named “breathing cell” and based on the application of oscillating conditions, was 

proposed and tested for reverse electrodialysis systems (see Section 6.6) by Moreno et al. [262]. In 
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the breathing cell, the channels thickness changes dynamically over time in a two-stage cycle by 

closure of the outlet hydraulic circuit of the concentrated stream, operated by an electronic valve, 

while maintaining the pump switched on. By cutting the central part of the original spacer and 

replacing it with a thinner one in the diluate channel, spacers are floating periodically in dilute and 

concentrate channels. When the valve is closed, the pressure inside the concentrate compartments 

increases, thus causing the concentrate compartment thickness to increase, while the dilute channel 

thickness decreases. As a result, the Ohmic resistance of the dilute compartment (which is 

predominant with respect to the resistance of the concentrate channel) is reduced. Then the valve is 

opened and the initial conditions are restored. This is repeated in cycles at low frequencies (5 and 15 

cycles per minute), such as to allow the complete deformation of membranes. Moreover, some effects 

on the concentration polarization are expected. The cyclic operation of the stack leads to higher net 

power densities in a wider range of flow rates with respect to the case of conventional stack with 

intermembrane distance in the dilute channel equal to the inner spacer thickness, although the 

maximum net power density was slightly lower. This resulted from a better compromise in a wider 

range of flow rates between the stack resistance (higher in the breathing cell) and the pressure drop 

(lower in the breathing cell). The breathing cell could thus be an interesting concept and, in principle, 

could be applied to ED units. Nevertheless, the long-term operation of the breathing system still has 

to be carefully analysed, in order to assess the long-time response of IEMs, which can exhibit 

viscoelastic behaviour. Moreover, the applicability in industrial size stacks may require some 

adaptations / special measures to guarantee the mechanical robustness of the overall system. 

Several experimental tests with pulsed electric fields showed various benefits [153, 154, 165–167, 

173, 191, 312, 313]. Besides the positive consequences resulting from a mass transfer enhancement, 

electrodialyzers operating with oscillating currents are less subject to fouling, scaling and water 

dissociation. Moreover, they allow higher current efficiencies and operation in overlimiting 

conditions. Finally, the simple equipment and the inexpensive technology do not pose issues in the 

scalability for applications also in industrial plants.  

 

4.5 Manifolds and flow distribution 

4.5.1 Inlet-outlet manifolds in plate and frame units 

Although channel features likely play the main role in controlling electromembrane processes 

performance, attention should be addressed also to the hydrodynamics-related aspects concerning the 

inlet-outlet distribution systems, commonly indicated as inlet/outlet manifolds (see Figure 3). 
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Experimental data and simulations of sheet flow (R)ED stacks revealed that the friction losses per 

unit length along the channels may be much larger (by one or two orders of magnitude) than in the 

case of the empty channel of large streamwise and spanwise extent; however, a significant (or even 

dominant) contribution to the overall pressure drop can be due to the manifolds [2–4, 284, 314–319]. 

For example, Veerman et al. [316] fed a 25×75 cm2 stack from either the long side or the short side, 

finding that overall pressure drops were not proportional to the path length. This indicates that 

pressure drops were largely due to friction losses concentrated at the inlet-outlet regions. 

Moreover, Vermaas et al. [4] tested a stack with a very simple channel geometry (using profiled 

membranes), estimating that the measured pressure drops were ~13 folds higher than pressure drops 

theoretically predicted within the channels. These findings indicate that a large portion of the total 

pressure drop occurs within the manifolds. In fact, the manifolds are created by virtual cylindrical 

ducts in spacers, gaskets and membranes with large variations of cross-section, and thus of fluid 

velocity, at the inlet/outlet zones of the channel (Figure 3, Figure 15 (a)). Nevertheless, an improved 

geometry of the distribution system can dramatically reduce this localized loss, as it happens in stacks 

with wide and sufficiently thick manifolds [260, 320] (Figure 15 (b)). This kind of design is 

specifically suitable for cross-flow stacks, with manifolds as wide as the compartments. 

 

Figure 15. (a) Compartment geometry with large cross-section variations at the entrance/exit regions (adapted from [313]). (b) Stack 

with manifolds as wide as the channels for cross-flow configuration (adapted from [260]). 

The manifolds geometry, along with the channel features and the operating conditions (flow rate and 

relative direction of the concentrate and diluate streams), also affect the distribution of flow rates (and 

thus of pressure) among the compartments and in each compartment, with consequences on non-

Ohmic resistances, solution leakages from the concentrate channel towards the dilute one and vice 
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versa, and fouling [260, 318, 320–323]. The increase of non-Ohmic resistance arising from a non-

uniform distribution of the flow rate can be explained by the exponential reduction of the non-Ohmic 

resistance with the flow rate. In fact, the increase of non-Ohmic resistance in the areas with a flow 

rate lower than the average is larger than the decrease generated in the other areas, thus leading to an 

overall increase in the total non-Ohmic losses. In this respect, wider manifolds lead to a more uniform 

delivery of feed solutions flow rate, with beneficial effects in terms of non-Ohmic resistances 

reduction [260]. Finally, large differential pressures between adjacent compartments cause solution 

leakages through the membrane [322], occurring especially in counter-current and cross-flow 

configurations [321]. 

 

4.5.2 Flow distribution within the channels 

Some recent works have dealt with the flow distribution throughout a channel [259, 319, 321, 323–

327]. Kostoglou and Karabelas [324] simulated the flow distribution by modelling the spacer as a 

continuous porous medium filling the channel, in a study of hydrodynamics of spiral-wound elements 

with permeable membranes. The simplifying assumption of an isotropic medium was actually made 

for the simulations and the flow field in the spacer-filled channel was characterized by computational 

fluid dynamics (CFD) methods applied for fully developed flow (“unit cell” approach), keeping the 

flow attack angle fixed. Kodým et al. [325] developed a semi-empirical two-dimensional model, 

based on momentum balance equations for two interacting sub-layers taking into account the 

anisotropy of spacers (constituted by overlapped filaments) in the anisotropic form of Darcy’s law. 

A subsequent work [319] extended the model by including in the momentum balance equation fluid 

inertia, which has a significant influence in the inlet and outlet regions where sudden contractions 

and expansions, respectively, occur. Significant non-uniformities in the flow distribution in the 

proximity of the manifolds and larger pressure drops were shown. More uniform flow distributions 

were predicted as the flow rate decreased and the filaments of the spacer were placed more 

transversally with respect to the main flow direction (by letting the diagonals of the diamond spacer 

to vary while maintaining the main flow direction bisecting the angle between the two wires). This 

corresponds to higher pressure drops within the channel, which make also the distribution among 

channels more uniform [318, 320, 321]. 

However, in other cases the flow distribution within the channel is improved by less frictional 

geometries. For example, Güler et al. [259] visualized the dispersion of a black ink in a transparent 

cell equipped with a profiled membrane (Figure 16). A pillar profiled-membrane exhibited an even 

distribution over the membrane surface and also low pressure drops, while profiled membranes with 
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continuous structures made by either ridges or waves led to preferential flow paths, and also to higher 

pressure drops. 

 

Figure 16. Visualisation of the flow distribution by ink-injection in a flow cell equipped with profiled membrane with (a) ridges, (b) 

waves, (c) pillars [259]. 

Turek and Mitko [326] proposed an experimental method for the investigation of residence time 

distribution in working electrodialyzers, when the applied current causes ion migration and 

electroosmotic water flux. It was shown that electroosmotic flux, which increases the fluid velocity 

in the concentrate compartment, changes the hydrodynamic conditions, concluding that (i) the risk of 

scaling is more pronounced when there are changes in residence time, and (ii) in counter-current 

mode the flow may be far from the often-assumed plug flow. Enciso et al. [327] simulated 

hydrodynamics and mass transfer in a filter press type electrodialysis reactor (with spacerless 

channels) by using the finite element method. Simulation results and experiments with a tracer 

(followed by a digital image analysis) highlighted the presence of stagnant zones, recirculation and 

preferential flow paths.  

In conclusion, both modelling and experimental tools can be effective for the investigation of 

hydrodynamics in ED units at large scale and reveal interesting perspectives for stack design and 

optimisation. 

 

5. Process models and simulation tools for electrodialysis and related processes 

As already pointed out in the previous sections, in order accurately to describe the ED process and 

develop effective process simulation tools it is necessary to implement mathematical models able to 

take into account a number of complex phenomena. These include solution-membrane equilibria, 

concentration polarisation and fluid flow behaviour along channels, mass transport phenomena and 
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mass balances in the compartments, electrical phenomena, etc. Several different modelling 

approaches have been presented so far in the literature, each one addressing in a different way and to 

a different extent all these aspects. In most cases, the aim was to develop effective design and 

optimisation tools for ED and RED1 processes.  

In the present section, the different modelling approaches will be critically presented, starting with a 

classification into simplified and advanced modelling tools.  

The first class of process models is characterised by a highly simplified approach based on neglecting 

most non-ideal phenomena (e.g. DBL, non-Ohmic effects, salt diffusion, water fluxes, etc.) and on 

the use of lumped parameters equations (i.e. the use of average compartment concentrations to 

estimate all process variables). Simplified models are commonly adopted for a first rough design of 

ED equipment, allowing the estimation of figures such as the membrane area required for a given 

separation problem, and for simplified economic analysis of the process. In this case, empirical 

coefficients are applied in order to somehow account for all non-idealities, often summarized by a 

simple current utilisation factor (or current efficiency). 

The second, and wider, class of process models can be divided into 2 sub-categories: 1) rigorous 

Nernst–Plank (N-P) or Stefan–Maxwell (S-M) based models and 2) semi-empirical models. In both 

cases, non-ideal phenomena are accounted for and models typically include mass balance differential 

equations in order to describe the variation or process parameters along the flow direction. The main 

difference between the two sub-categories is related to the mathematical description of trans-

membrane phenomena.  

N-P based models (S-M models are even more complex and accurate, with this respect) contain 

rigorous equations able to almost predictively describe all transport phenomena inside the membrane 

at the microscopic level (though even in this case some membrane features, such as ions diffusivity, 

ions mobility, fixed charge density etc. have to be based on empirical information). The simulation 

is often carried out using Finite Element Methods (or similar approaches) and the process model is 

practically merged with thermodynamics and mass transfer models, including the description of the 

fluid dynamics. A limitation of this approach is the very large computational power required to solve 

the model, which limits the application to very simple channel geometries or to a very small 

computational domain, thus making the tool unsuitable for whole-stack simulation purposes.  

                                                 
1 Models developed for RED are based on the same physical principles governing the ED process and are, therefore, 
useful to complete the scenario of modelling tools for electromembrane processes. 



 51 

Semi-empirical models, on the contrary, are based on a multi-scale approach, in which lower scale 

phenomena (such as mass transfer and fluid-flow behaviour, leading also to the characterisation of 

DBL) are described by means of empirical information or small-scale theoretical analysis, e.g. by 

means of Computational Fluid Dynamics tools. Thus, also the effect of spacers geometry or 

membrane profiles can be accounted for. Meso- and higher-scale phenomena are described by means 

of differential equations for mass balances and algebraic phenomenological equations for fluxes 

through the membrane, allowing for the achievement of plant-scale description. 

Figure 17 gives a graphical representation of the process models classification, while the following 

sections will illustrate in details the different modelling approaches, reviewing the most important 

literature contributions to this topic. 

 

 

Figure 17. Block diagram showing the classification of modelling tools presented in this work, along with the main features of each 

class of models. 

5.1 Nernst–Planck based models 
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5.1.1 Mass transfer simulation by the Nernst–Planck equation 

Ions in electrolytic solution are charged species that interact with one another as well as with the 

solvent. These interactions are quite complex and difficult to model, but an effective yet simple 

approach leads to the Nernst–Planck equation, which is commonly adopted to describe the ionic flux 

in electromembrane processes. This approach is based on the so-called principle of independence of 

ionic fluxes: the flux density of a species i is determined by its electrochemical potential gradient 

only, and not by the electrochemical potential gradients of other species [62]. This means that cross-

phenomenological coefficients are neglected in the transport equations for ionic species, i.e. short-

range interactions among ions are neglected, while only ion-solvent interaction is considered. The 

Nernst–Planck approach is strictly applicable only to dilute solutions, where the probability that two 

ions get close is relatively small. The ions flux is expressed as previously reported in eq. (7) (see 

Section 4.1). 

The complete system of equations includes the mass balance of ionic species, the conservation of 

mass (continuity equation) and momentum (Navier–Stokes equations), a condition for the net charge 

density (electroneutrality or Poisson’s law) and a constitutive equation linking current density and 

ions flux. Usually, local electroneutrality condition is simply assumed, which states that the local 

electrical charge density is null everywhere: 

 ෍ 𝑧௜𝐶௜

௜

= 0 (26) 

In this respect, a more rigorous relationship is Poisson’s equation, which, for a medium of uniform 

dielectric constant ε, is: 
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(27) 

When Poisson’s equation is used (instead of local electroneutrality) to close the system, the so-called 

Nernst–Planck–Poisson (N-P-P) model is obtained. The proportionality constant F/ε in eq. (27) is 

quite large (for water ε ≈ 7.08 × 10-10 F/m), so that a negligible deviation from electroneutrality would 

lead to a considerable deviation from zero of the Laplacian of the electric potential. In other words, 

an appreciable separation of charge would be associated with very large electric forces [305]. 

However, deviations from local electroneutrality do occur in the electrical double layer at IEM-

solution or electrode-solution interfaces and are confined to a very narrow region (thickness of 1-10 

nm [305]). Only at overlimiting currents the space charge (or extended space charge, ESC) region 

expands beyond the electric double layer. In these conditions, Poisson’s equation is needed for the 

description of transport phenomena. 
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Due to the small numerical value of the permittivity of water, the N-P-P model is mathematically 

classified as a singularly perturbed problem [245, 328]. Several techniques have been developed for 

one-dimensional simulations [203, 245, 263, 328–332] and also for two-dimensional simulations 

solving the fully coupled N-P-P and Navier-Stokes equations, providing an analysis of the 

electrokinetic instability that characterizes overlimiting transport phenomena [189, 210, 245, 246, 

333–339]. 

As the energy required to charge a macroscopic system is very high and the double layer is confined 

in a very narrow region, when transport phenomena are investigated at higher scale and below ilim, 

electrolytic solutions are assumed to be electrically neutral and Poisson’s equation is replaced by the 

electroneutrality condition. Several works based on the Nernst–Planck approach and local 

electroneutrality condition have been presented for IEM-based processes (ED/RED) [185, 187, 202, 

224, 236, 251, 298, 303, 304, 327, 340–346]. Note that by combining the N-P equations and the mass 

balances of the two ions of a binary electrolyte with the local electroneutrality condition, the 

convective-diffusive transport equation is obtained (see Section 5.2.3). Actually, several models 

based on the N-P approach solve this equation within the fluid domain for calculating the 

concentration field. 

In the N-P based models, some simplifying assumptions are usually done: only 1-D (cross-membrane) 

or 2-D (axial + cross-membrane) simulations have been carried out, convection has been considered 

only in some cases [185, 187, 236, 298, 303, 327, 340, 341, 343, 345, 346], while all the components 

of the cell pair have been simulated only in a few works [187, 298, 327, 341, 343], and the presence 

of either spacers or membrane profiles has rarely been included [185, 187, 298]. 

For the sake of completeness, we mention that the applicability of the Nernst–Planck approach has 

some limitations [347]. In concentrated solutions, each ion is surrounded not only by solvent 

molecules but also by other ions. In such a situation, short-range interactions become more important, 

thus additional frictional (interaction) forces are present. In other words, the accurate description of 

transport processes in concentrated solutions requires more transport coefficients and a more rigorous 

approach, which can be offered by the Stefan–Maxwell equation. Few examples of application of this 

approach on ion exchange systems can be found in the literature [301, 348, 349]. However, the N-P 

model is by far the most adopted due to its simplicity and robustness under a wide range of typical 

operating conditions of ED and related systems. 

5.1.2 Process models based on the Nernst–Planck equation  

In order to step from the sole Nernst–Planck mathematical description of transport phenomena to the 

formulation of a process simulation tool, some of the above mentioned works compute also global 
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quantities as the voltage-current relationship and the electric power of the stack. The most simplified 

models are 1-D (cross-membrane) [304, 342, 344], simulate spacerless channels and predict the stack 

performance by lumped parameters. In other cases, variations along the stack length are taken into 

account in 2-D (axial + cross-membrane) by simulating the entire channel from inlet to outlet (stack 

performance predicted by distributed parameters along the axial direction). In some cases fluid 

dynamics is explicitly simulated by the Navier-Stokes and continuity equations [187, 340, 341], while 

other models assume either a developed flow field with parabolic velocity profile (Hagen-Poiseuille 

equation) [303], or even a flat profile [345]. Differently, in Gurreri et al. [298] a periodic portion of 

a single cell pair was simulated, thus allowing a very accurate spatial resolution, suitable for channels 

with either non-conducting spacers or membrane profiles, while keeping the total number of elements 

compatible with acceptable RAM requirements and computing time. Tado et al. [343] simulated the 

spacer as a porous domain (Darcy’s law) and integrated the governing equations over the channels 

width, thus obtaining a 1-D axial model. Enciso et al. [327] performed 3-D simulations of a stack 

with spacerless channels by a simplified approach. 

Some models have simulated the membranes as a domain with Ohmic behaviour, i.e. by neglecting 

the effect of concentration variations (secondary current distribution) [187, 327, 341], and in some 

models membranes were not even included in the computational domain [340, 343], but were 

modelled by imposing appropriate boundary conditions. Conversely, various simulation tools have 

explicitly simulated the membranes by the Nernst–Planck equation, taking into account the 

concentration variation [298, 303, 304, 342, 344, 345]. Water transport has been simulated only in a 

few cases [343, 345]. Clearly, the complete simulation including the membranes in the computational 

domain implies that all the coefficients characterizing the transport through the membranes are 

known. Finally, several models [187, 298, 327, 340, 341] were implemented in multi-physics 

modelling platforms [350] based on the Finite Element Method (FEM). 

As a matter of fact, this general overview shows that, to the best of our knowledge, all models that 

simulate mass transport by the Nernst–Planck equation have been mostly focused on the membrane 

modelling, while only little attention has been paid to the modelling of the overall process behaviour 

for simulation and design purposes. As a consequence, hydrodynamics and associated phenomena of 

concentration polarization have been taken into account only by a simplified approach. These models 

have been implemented by either solvers of differential equations or FEM-based software, which are 

devised for the simulation of simple geometries and would suffer from a prohibitively large memory 

requirement for the simulation of complex, accurately discretized, 3-D geometries even in the case 

of a small periodic portion of a cell pair. For example, Gu et al. [273] performed FEM simulations of 

a 3-D periodic domain of a spacer-filled channel discretized with 1.4-2.9 million elements, simulating 
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only convection-diffusion phenomena inside the channels. In this case, simulations took 3-8 h by 

using a workstation with 96 GB RAM. Therefore, building up a comprehensive simulation tool for 

an electromembrane process would be a very hard task and the direct simulation of the complete 

system by one single tool adopting the N-P approach appears to be almost impossible with currently 

available computing facilities. 

As an alternative to the rigorous N-P-based models, several “semi-empirical” models have been 

developed, based on a mix of mass and energy balance equations, equations linking electrical and 

physical variables, and some empirical equations, which are able to predict the voltage drop over the 

cell pair and, in a more or less rigorous way, a number of physical phenomena characterising the 

system. This will be discussed in the next section. 

 

5.2 Semi-empirical models 

In the present section we have grouped all the models that renounce to resolve the Nernst–Planck 

equation, but simulate IEMs by using only macroscopic, experimentally accessible, properties (such 

as transport numbers, Ohmic resistance, salt permeability, osmotic permeability), and allow the 

channel geometry to be taken into account in a more realistic way. In most cases, semi-empirical 

models are based on a system of algebraic and differential equations divided into: 

1) thermodynamic and electrical equations, leading to the calculation of cell pair potential and 

resistance, electric current, etc.; 

2) mass balance equations accounting for the variation of flow rates and concentrations along 

the main flow directions and strictly linked with mass transfer equations; 

3) transport equations providing mass flux of ions and water through the membrane, on the basis 

of empirical or separately calculated values for quantities like the Sherwood numbers; 

4) other equations allowing the calculation of macroscopic performance parameters such as 

power requirements, pumping losses, efficiencies, etc., on the basis of empirical or separately 

calculated values for quantities like the friction factors. 

Figure 18 schematically represents a unit cell pair with indication of mass fluxes and of inlet-outlet 

variables typically adopted in semi-empirical models. 
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Figure 18. Schematic representation of the transport phenomena involved along the channels and through the membranes of an ED cell 

pair. 

Most semi-empirical models are based on the segmentation modelling approach (see Section 4.3), 

which, in turn, can be supported either by experiments or by simulations providing Sherwood 

numbers (Section 5.2.1). Phenomenological expressions of the mass fluxes can thus be written and 

can be linked to the mass balance equations for the simulation of the whole cell pair length (Section 

5.2.2). In particular, when fluid dynamics and mass transfer are simulated at small scale (channel 

repetitive unit, or unit cell) and the results are transferred to the higher scale at which mass balances 

and fluxes across the membranes apply (channel-scale, or meso-scale), a multi-scale model is 

obtained. This represents an integrated simulation tool, built on a hierarchical structure of scales, 

which can effectively address the full simulation problem [201]. 

 

5.2.1 Voltage drop over the cell pair by the segmentation modelling approach 

As illustrated in Section 4.3, the total voltage drop over a multi-layer system of solutions and 

membranes can be assessed as the sum of the various contributions provided by elements in series. 

For a cell pair, eq. (15) can be rewritten in a more compact form as  

 ∆𝑉 =  𝜂௡௢௡ିை௛௠ + 𝑟ை௛௠𝐼  (28)  

where 𝜂௡௢௡ିை௛௠ is the overall non-Ohmic voltage drop occurring in DBLs and IEMs (eqs. (19)-(20)), 

𝐼 is the electrical current and 𝑅ை௛௠ is the overall Ohmic resistance. 

The non-Ohmic term becomes more important when the activity gradient increases, thus generally 

representing the main contribution on potential drop at the stack outlet when drinking water is 

obtained. Moreover, the effect of mass transport from bulk to interface, also contributing to the non-

Ohmic losses, can be described at different scales of complexity. The simplest approaches adopt the 

definition of limiting current density, often experimentally determined and empirically correlated to 

the process conditions. On the other side, several studies have adopted CFD-based or experimental 
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approaches to determine the values of Sherwood number and link it to the main process variables, 

thus providing a more complex tool for characterising these phenomena (Section 5.2.3). 

In several models, the Ohmic resistance of compartments has been calculated based on the solutions’ 

bulk concentration [6, 141, 174, 254]. Therefore, the Ohmic cell pair resistance can be expressed as 

𝑟ை௛௠ =  𝑟஼ாெ +  𝑟஺ாெ + 𝑟஼ +  𝑟஽ (29) 

where 𝑟஼ாெ and 𝑟஺ாெ are the resistances of the IEMs, while 𝑟஼ and 𝑟஽ are the resistances of concentrate 

and dilute compartments, respectively, which can easily be evaluated as [226] 

𝑟஼ = 𝐹ௌ  
ℎ஼

𝜆஼  𝐶஼ 
 

(30) 

𝑟஽ = 𝐹ௌ

ℎ஽

𝜆஽ 𝐶஽ 
 

(31) 

where 𝐹ௌ is a factor accounting for the shadow effect due to spacer filaments or membrane profiles 

(see below),  h is the compartment thickness, 𝜆 is the equivalent conductivity, C is the bulk 

concentration of electrolyte. 

Membrane resistance represents the most difficult term to estimate. Fidaleo et al. [199] derived the 

membrane resistance and the effective membrane area from measurements on a stack built with only 

CEMs or AEMs. Often, a constant value is used for the membrane resistance [174, 254, 297]. 

However, it has been widely shown that the resistance is strongly affected by the solution 

concentration, steeply increasing as the solution concentration decreases [75, 142]. Therefore, some 

models take into account the effect of solutions concentration [6, 141, 247]. Since it is difficult to 

estimate the actual behaviour of an IEM inside an operating stack, a theoretical approach could 

represent an effective solution. In this context, Berezina et al. [60] proposed a theoretical method for 

the estimation of conductivity based on the structure of the IEM itself. In particular, membrane 

conductivity was correlated to the conductivity of individual phases, the volume fraction of each 

phase and a correction factor accounting for the arrangement of phases inside the material. However, 

there is still no common approach in experimental methods for membrane resistance measurement 

and models interpreting the membrane behaviour [76]. 

The presence of non-conducting net spacers causes an increase of channel Ohmic resistance, referred 

to as “shadow effect”. This aspect has been taken into account in several models by a correction factor 

defined in different ways, e.g. as the reciprocal of the spacer open area [141], or as the reciprocal of 

the square of the channel porosity [254]. Pawlowski et al. [297] used the reciprocal of the channel 

porosity but took into account also the increment of the membrane resistance due to the coverage 

effect of spacers. Clearly, the real effect of spacers depends on their actual geometry. Therefore, more 
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accurate estimations can be made by experiments [199], or by models, e.g. numerical simulations 

solving the Laplace equation for the electric potential field [6] decoupled from the concentration field. 

In addition, also profiled membranes can be simulated, provided the IEM can be treated as a 

homogeneous resistive material with a uniform electric conductivity. However, in order to reduce the 

computational effort, such simulations can be restricted to a small number of cases in order to 

verify/calibrate approximate expressions, more suitable for fast-running models. For example, in the 

case of a woven spacer with a pitch-to-height ratio of 2 the channel resistance was shown to be 

inversely proportional to the porosity with a good approximation [6]. 

 

5.2.2 Mass balances and transport across membranes 

Eq. (28) and all the related equations for the calculation of electric variables can be expressed as 

functions of the x coordinate along the flow direction. Mass balances and transport equations across 

the membranes allow the variation of concentrations and flow rates along the flow direction to be 

computed, thus providing all the information needed fully to characterise the system along its entire 

length [6, 141, 199, 254, 297]. Following an approach similar to the Nernst–Planck one, ions transport 

within the membrane can be expressed as the sum of an Ohmic conduction flux and a diffusion flux 

(see Section 4.1). Therefore, the expressions for ions fluxes across the two IEMs of an ED channel 

can be generalized for monovalent salts as [6, 141, 199, 254]: 

𝐽௖௢௡ௗ(𝑥) =  [𝑡ା
௖௘௠ − (1 −  𝑡ି

௔௘௠)] 
𝑖(𝑥)

𝐹
 

(32) 

𝐽ௗ௜௙௙(𝑥) =  
𝐷௖௘௠

ℎ௖௘௠

[𝐶஼
௖௘௠(𝑥) − 𝐶஽

௖௘௠(𝑥)] +
𝐷௔௘௠

ℎ௔௘௠

[𝐶஼
௔௘௠(𝑥) − 𝐶஽

௔௘௠(𝑥)] 
(33) 

𝐽௧௢௧(𝑥) = 𝐽௖௢௡ௗ(𝑥) + 𝐽ௗ௜௙௙(𝑥) (34) 

where 𝑡ା
௖௘௠ and 𝑡ି

௔௘௠ are the transport numbers of the counter-ions inside the IEMs, 𝐷௔௘௠ and 𝐷௖௘௠ 

are the salt (diffusion) permeability coefficients through the IEMs, ℎ௔௘௠ and ℎ௖௘௠ are the thicknesses 

of IEMs, 𝐶஼
௖௘௠, 𝐶஽

௖௘௠, 𝐶஼
௔௘௠ and 𝐶஽

௔௘௠ are the electrolyte concentrations at the various IEM-solution 

interfaces (solution side) [6, 254] and i is the electric current density. Some models simplify eq. (33) 

by using only one proportionality factor for both IEMs [141, 199, 254] and/or the bulk concentrations 

instead of those at the interface [141, 199]. The Ohmic conduction is taken as positive, while the 

diffusion term that contributes to the total flux must be taken with the suitable sign in eq. (34), i.e. in 

ED channels the diffusion has to be considered negative, since conduction and diffusion are opposite. 

The Ohmic conduction is the most important as it is directly linked to the ionic current, while the 

diffusive flux is the result of the non-ideal membrane permselectivity. Therefore, the influence of 

diffusion through the IEMs on the overall process strongly depends on the specific membrane [315]. 
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Due to the fact that membranes are not perfectly permselective there is also a water flux through 

them. Two phenomena contribute to this, namely osmosis and electroosmosis, and can be quantified 

as [6, 141, 199, 254]: 

𝐽௢௦௠ (𝑥) = 𝐿௣,௖௘௠[𝜋஼
௖௘௠(𝑥) − 𝜋஽

௖௘௠(𝑥)] + 𝐿௣,௔௘௠[𝜋஼
௔௘௠(𝑥) − 𝜋஽

௔௘௠(𝑥)] (35) 

𝐽௘௢௦௠(𝑥) =  𝑛௛ 𝐽௧௢௧(𝑥) (36) 

𝐽௪(𝑥) =  𝐽௢௦௠ (𝑥) + 𝐽௘௢௦௠(𝑥) (37) 

where 𝐿௣,௔௘௠ and 𝐿௣,௖௘௠ are the water (osmotic) permeability coefficients of IEMs, 𝜋ௌை௅
௜௘௠ denotes the 

osmotic pressure of the solutions at the membrane-solution interface, 𝑛௛ is the number of water 

molecules in the solvation shell of salts [6, 141] and 𝐽௪ is the total water molar flux. Some models 

totally neglect osmotic phenomena [297], others simplify eq. (35) by using only one proportionality 

factor (Lp) for both IEMs [141, 199, 254] and/or the bulk osmotic pressures instead of the ones at the 

membrane-solution interface [141, 199]. In ED units, osmosis and electroosmosis are both from the 

diluate channel to the concentrate one. Moreover, the flux of water across membranes can be of 

primary importance for the process performance, especially in stacks with a large membrane area and 

long residence time. 

One-dimensional mass balance equations (global and for the solute) along the flow direction x can be 

expressed by the following differential equations: 

𝑑 𝑄஽(𝑥) 𝐶஽(𝑥) 

𝑑𝑥
= −

𝑑 𝑄஼(𝑥) 𝐶஼(𝑥)

𝑑𝑥
=  −𝑏 𝐽௧௢௧(𝑥) 

(38) 

𝑑 𝑄஽(𝑥) 

𝑑𝑥
= −

𝑑 𝑄஼(𝑥)

𝑑𝑥
= − 𝑏 𝐽௪

ᇱ (𝑥) 
(39) 

where 𝑄 represents the volumetric flow rate, 𝑏 the membrane width and 𝐽௪
ᇱ  the volumetric flux of the 

solvent through IEMs. In order to take the effect of solution density variation into account in eq. (39), 

more rigorous mass balances should be written [6], though such effect is typically negligible. 

Differential mass balance equations are typically solved by numerical methods in several different 

platforms, thus allowing an easy and reliable characterisation of the unit behaviour along the flow 

direction in co-current and counter-current stacks. 

A particular type of semi-empirical models is represented by the time dependent models. These are 

used to simulate batch or semi-batch operation [199, 351, 352], usually taking place in laboratory test 

rigs or in food industry applications. In most cases, batch ED is simulated using a quasi-steady state 

approach, where a stationary lumped model is coupled with time dependent mass balances applied to 

recirculation tanks. Although the lumped-parameters approach is less accurate than distributed-
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parameters models, this is an acceptable assumption as batch processes are usually characterised by 

small stacks with time constants much smaller than those of the tanks adopted for recirculation. 

 

5.2.3 Complex approaches for non-Ohmic phenomena and mass transport models 

As mentioned in Section 4.3, all the contributions of the DBL to the total voltage drop (Ohmic voltage 

drop, diffusion potential and concentration overpotential) can be calculated as logarithmic functions 

of polarization coefficients. In general, in a cell pair there are four different values of polarization 

coefficient, one for each interface. In turn, polarization coefficients depend on current density, mass 

transport related to hydrodynamics, which is accounted by the Sherwood number, and transport 

numbers in membrane and solution (eq. (11)). Often mass transport phenomena within the channel 

have been characterized by experimental measurements (chronopotentiometry, EIS, limiting current 

density, see Section 4). Nevertheless, mass transfer characteristics have been computed by numerical 

simulation of the convective-diffusive transport equation of the electrolyte, predicting the Sherwood 

number. As mentioned in Section 5.1.1, under the local electroneutrality condition, from the Nernst–

Planck equations of the two ions of a binary electrolyte the well-known convective-diffusive transport 

equation can be obtained [202, 236, 280, 302, 305]: 

 𝜕𝐶

𝜕𝜏
+ 𝑢ሬ⃗ ∙ ∇ሬሬ⃗ 𝐶 = 𝐷∇ଶ𝐶 

(40) 

where C denotes the electrolyte concentration. In many works devoted to ED (or RED) systems, ideal 

mass transport within the channels has been simulated by this equation [6, 185, 193, 281, 288, 291, 

296, 297, 303, 304, 342, 353], which, in principle, is valid to the same extent as the Nernst–Planck 

equation coupled with the electroneutrality condition. However, in the models that limit the domain 

to one channel, this approach imposes the need to choose the boundary condition at the IEM-solution 

interface (uniform concentration, uniform flux, or mixed condition). Nevertheless, in typical 

scenarios the boundary conditions affect mass transfer coefficient only slightly [297], although a 

larger effect may occur when profiled membranes are adopted. 

An important advantage of the convection-diffusion equation is that CFD codes are suitable for the 

simulation of relatively complex 3-D geometries of spacer-filled and profiled-membrane channels, 

providing accurate spatial resolution. Under the hypothesis of fully developed conditions, the unit 

cell (Figure 19) has been simulated in several studies [6, 185, 193, 281, 284, 296, 297] using periodic 

boundary conditions and solving the convection-diffusion equation along with the Navier-Stokes and 

continuity equations. 
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Figure 19. Unit cell for CFD simulations solving the convection-diffusion equation: (a) overlapped and (b) woven spacer [281], (c) 

square and (d) circular pillar profiled membrane [296], (e) chevron profiled membrane [297], (f) overlapped crossed filaments profiled 

membrane [6]. 

Moreover, CFD simulations of narrow channels have general validity for various membrane 

processes, as reverse osmosis, nanofiltration and others [198, 200, 230, 266, 271–274]; through the 

heat/mass analogy, the same applies even for simulations of temperature driven processes [269, 275]. 

Therefore, mass transfer correlations for a large number of channel geometries are available in the 

literature and are suitable for assessing the effects of concentration polarization in ED modules. For 

example, CFD results have been used for the calculation of the DBL effects in [6, 141, 297]; in 

addition, CFD results concerning pressure drops can be used in order to calculate the pumping power 

consumption, as will be discussed in the next section. Other models have used experimental data on 

mass transfer [174, 199, 254]. 

Among the non-Ohmic effects of the DBL, often only the concentration overpotential is taken into 

account [6, 141, 254, 297], but in other cases also the diffusion potential is considered [174, 199]. 

In regard to the mathematical expression for ionic fluxes through the IEMs, a more rigorous (but also 

more complex) description can be provided by the phenomenological approach of Irreversible 

Thermodynamics (IT) and its derivations such as the Kedem-Katchalsky equations [354–356]. This 
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class of models is based on the assumption that the flux of an individual component can be described 

by the sum of each driving force multiplied by its phenomenological coefficient, thus taking the 

mutual influence of each flux on the other ones into account. Some ED process models used IT [357, 

358]. However, the resulting equations are usually complex to solve and require the determination of 

several coefficients. 

 

5.2.4 Overall process performance parameters 

Once the system is characterised in terms of streams properties and electrical variables, the last step 

for process models is to calculate the macroscopic performance parameters, such as electrical power 

and specific power consumption, apparent membrane flux, current utilization factor and pumping 

power requirements. 

Electrical power consumption in ED can be easily calculated as the product of the voltage drop over 

the cell pair (V) and the electric current flowing through the external circuit (I): 

𝑃௘௟ = ∆𝑉 ∙ 𝐼 (41) 

Pel has to be multiplied by the number of cell pairs in order to obtain the total stack power requirement. 

Dividing by the diluate flow rate generated in each cell pair leads to the most commonly used 

expression of the specific energy consumption: 

𝑆𝐸𝐶௘௟ =
𝑃௘௟

𝑄஽
௢௨௧ 

(42) 

Less common, yet useful for a comprehensive understanding of the process behaviour, the salt-

specific energy consumption (𝑠𝑆𝐸𝐶௘௟) indicates the amount of energy required for the passage of one 

mol (or one kg) of salt from the dilute to the concentrate compartment: 

𝑠𝑆𝐸𝐶௘௟ =
𝑃௘௟

𝐶஽
௜௡𝑄஽

௜௡ − 𝐶஽
௢௨௧𝑄஽

௢௨௧
=

𝑃௘௟

𝐶஼
௢௨௧𝑄஼

௢௨௧−𝐶஼
௜௡𝑄஼

௜௡
 

(43) 

Another important parameter for comparison with other membrane separation processes is the 

apparent diluate flux (𝐽஽
௔௣௣

 ), also named “water productivity” [359], expressing the amount of diluate 

generated by the ED unit per square meter of cell pair area: 

𝐽஽
௤௣௣

=
𝑄஽

௢௨௧

𝐴௖௣
 

(44) 

where 𝐴௖௣ is the cell pair membrane area. 
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A simple, yet effective, approach to estimate the effect of parasitic phenomena inside the stack is the 

definition of the current utilisation factor (or current efficiency) 𝜁, defined as the ratio between the 

ideal current calculated from the salt depletion in the diluate channel and the actual current passing 

though the stack: 

𝜁 =
(𝐶஽

௜௡𝑄஽
௜௡ − 𝐶஽

௢௨௧𝑄஽
௢௨௧) ∙ 𝐹

𝐼
 

(45) 

Typical values of 𝜁 range from 0.5 to 0.95, with the lower end indicating a significant adverse effect 

of parasitic phenomena such as salt counter-diffusion, low IEMs perm-selectivity, presence of 

parasitic currents in the manifolds, etc., particularly detrimental when high concentrations are 

reached. The current utilisation factor is often adopted in simplified models and design tools (see 

Section 5.3) for a quick calculation of operating current in industrial ED stacks, and 𝜁 values are 

generally based on empirical equations or practical experience of process designers and operators. 

ED models often neglect the pumping power [174, 199], although in some operating conditions this 

may be significant (see Section 4.4.5). RED models, instead, normally take into account the pumping 

power [6, 141, 254, 297] because of the relative low gross power densities producible. In both cases, 

the pumping power per cell pair can be calculated as 

𝑃௣௨௠௣ =
𝑄஼∆𝑝஼ + 𝑄஽∆𝑝஽

𝜒
 

(46) 

where Q is the flow rate, ∆𝑝 is the total (in-out) pressure drop pressure drop, 𝜒 is the pump efficiency, 

and the subscripts C and D refer to the concentrate and diluate channels, respectively. ∆𝑝 includes 

the pressure drop along the channel and the concentrated pressure drop within the manifolds. It can 

be predicted by in-out pressure drops measurements used as fitting data [254], or by CFD tools 

providing distributed pressure drops [6, 141, 297], along with experimental data or simulation results 

on the friction losses through the manifolds [6, 297]. 

 

5.3 Simplified models for the simulation and design of ED systems 

The last class of models reported in the literature is characterized by a simplified structure [226, 351, 

360]. This approach has been mainly followed in order to implement models aiming at the preliminary 

design of ED units. 

In 2002 Lee et al. [226] presented a design tool based on a number of simplifying assumptions and 

simple equations allowing to estimate the main features of an ED stack such as electric current and 

required membrane area for a fixed applied voltage. In particular, the main assumptions are: 
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 Both cells have identical geometries and flow condition; 

 The stack operates in a co-current flow; 

 The unit works below the limiting current density; 

 The membranes potential (back electro-motive force) is neglected; 

 Concentration polarisation is neglected; 

 Diffusion of ions and water transport are neglected; 

 The current utilisation factor is fixed. 

On this basis, the “degree of desalination” (i.e. the difference between the inlet and the outlet 

concentration of the diluate stream) can be expressed as: 

𝑑𝐶∆ =  
𝑖𝜁𝑁

𝑧𝐹𝑄
𝑑𝐴  

(47) 

where 𝐶∆ is the degree of desalination, 𝑖 is the current density, 𝜁 is the current utilisation factor 

(already defined in Section 5.2.4), 𝑁 is the number of cell pairs, 𝑧 is the valence, 𝑄 the volume flow 

rate and A is the effective membrane area. 

The current density is given by: 

𝑖 =  
𝜅௔௩ ∆𝑉

2ℎ𝑁
  

(48) 

where ∆𝑉 is the applied voltage, ℎ is the channel thickness and 𝜅௔௩ is the average electrical 

conductivity, which can be expressed in terms of solution conductivities and membrane resistances: 

𝜅௔௩ =  
2ℎ

ℎ
𝜅஼

+
ℎ

𝜅஽
+ 𝑟஺ாெ + 𝑟஼ாெ

 
(49) 

where 𝜅஼ is the concentrate conductivity, 𝜅஽ is the diluate conductivity, 𝑟஺ாெ and 𝑟஼ாெ are the 

membrane’s resistances. 

By substituting eqs. (48) and (49) in eq. (47), rearranging and integrating this equation (with the 

boundary conditions 𝐶∆ = 0 at 𝐴 = 0 and 𝐶∆ =  𝐶஽
௙

− 𝐶஽ at the generic A) in order to express the 

effective area as a function of the other parameters, one has: 

𝐴 =  ൥
ℎ

𝜆
𝑙𝑛

𝐶஼ 𝐶஽
௙

𝐶஽ 𝐶஼
௙

+ (𝑟஺ாெ + 𝑟஼ாெ)൫𝐶஽
௙

− 𝐶஽൯൩
𝑧𝐹𝑄

𝜁∆𝑉
 

(50) 

where 𝜆 is the equivalent conductivity, 𝐶஼ and 𝐶஽ are the outlet concentrations and  𝐶஼
௙

 and  𝐶஽
௙ are 

the feed concentrations. 
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In the practical design of an ED unit, the process path length can be derived from this equation when 

working below the limiting current density and including a correction factor to take into account the 

shadow effects: 

𝐿௣௥௔௖ =  ൥
ℎ

𝜆
𝑙𝑛

𝐶஼ 𝐶஽
௙

𝐶஽ 𝐶஼
௙

+ (𝑟஺ாெ + 𝑟஼ாெ)൫𝐶஽
௙

− 𝐶஽൯൩
𝑧𝐹𝑄௣௥௔௖

𝜁∆𝑉𝐹ௌ𝑏
 

(51) 

where 𝐹ௌ is the shadow factor, 𝑏 is the cell width and 𝑄௣௥௔௖ = 𝑄𝜎, with 𝜎 being a factor expressing 

the fluid volume % of a cell (i.e. the porosity of the spacer). In a subsequent work, Brauns [361] 

modified this equation by replacing the shadow factor with a general experimentally determined 

model parameter which can account for additional phenomena.  

Another example of simplified model was presented in 2007 by Sadrzadeh et al. [360]. In this 

empirical regression-based model, a current efficiency is used to include all phenomena leading to an 

incomplete current utilisation, without explicitly considering the various contributions different from 

the migrative flux for the mass transfer through membranes. In this way, the mass balance can be 

written as 

𝑢ℎ஽𝑑𝐶 =  
𝜁

𝐹

𝐼

𝐴
𝑑𝑥 

(52) 

where 𝑢 is the fluid velocity, ℎ஽ is the thickness of the diluate compartment, 𝜁 is the current 

efficiency, 𝐹 is the Faraday constant, 𝐼 is the electrical current, while I/A represent the current density 

and 𝐴 is the effective area of an IEM. dC and dx represent the differential variation of concentration 

for a differential increase in the stack length, respectively. 

In addition, membrane resistances as well as Nernst potentials are not explicitly calculated but all 

included in fitting parameters. The result is a lumped model characterised by a single design equation 

that gives the outlet diluate concentration as a function of the various parameters: 

𝛽 𝑄ଶ ଷ⁄  ℎ஽
ଶ 𝐹

∆𝑉 𝐴ଶ ଷ⁄
 𝑓(𝐶଴, 𝐶) =  න 𝑑𝑥

௟

଴

  
(53) 

𝑓(𝐶଴, 𝐶) =  න
1

𝐶(12.64 − 8.92𝐶଴.ହ + 8.21 𝐶)

஼

஼బ

𝑑𝐶 
(54) 

where 𝑄 is the flow rate and 𝛽 is a parameter that is fitted by experimental data, resulting in a function 

of flow rate and applied voltage. 

As it was shown, simplified models result in a limited number of equations that can easily be used to 

estimate the main design parameters. However, a simplified design tool does not provide details on 

the variables distribution along the channel, such as current profiles, and approximates all non-ideal 
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phenomena governing the operation of real ED units. This represents a limitation when a model is 

needed to analyse the behaviour of the ED process in detail, especially for optimisation purposes. 

Another important limitation is represented by the fact that these basic model formulations strongly 

rely on experimentally fitted constants, implying that the model has to be finely calibrated according 

to the specific unit to be simulated. 

 

6. Special applications of electrodialysis  

Several ED-related processes, based on the use of IEMs, have been proposed and are still arousing 

interest among researchers around the world. These special technologies, expanding the application 

field of ED and promoting the development of system components and the optimization of devices, 

are discussed in this section. 

 

6.1 Electrodialysis with bipolar membranes 

Electrodialysis with BiPolar Membranes (EBPM) is a process based on the use of special IEMs, 

namely bipolar membranes (BPM, see Section 3.2) constituted by a double layer of adhering anion 

and cation exchange membranes, mostly used for the production of acids and bases from salt 

solutions. An EBPM stack is composed by alternating an AEM, a BPM and a CEM. These three 

membranes together with three channels represent the repeating unit of the EBPM stack (Figure 20). 

A salt solution flows in between the AEM and the CEM, while an acid and a basic solution flow in 

the other two channels respectively [10]. When an electrical potential is applied to the electrodes, 

water trapped inside bipolar membranes is induced to split catalytically into H+ and OH- ions, which 

will pass through the cationic and anionic layer of the BPM, reaching the acidic and alkaline 

compartment, respectively. At the same time, anions and cations from the salt solution migrate 

through IEMs, electrically balancing the passage of H+ and OH-, thus restoring electroneutrality and 

generating the acid and base solutions. Although the three cells compartment is the most diffused 

configuration, sometimes a two compartment scheme is used, in which only one type of product 

(either acid or base solution) is obtained, while the salt solution absorbs also the excess H+ or OH- 

generated. This can happen especially when it is not possible or convenient to obtain a high purity 

for both acid and base [362]. 

EBPM is an industrial competitor of electrolysis for the production of acid and base compounds. 

Several works in the literature show how EBPM can reach very low energy consumptions, especially 

assuming ideally conductive and permselective membranes. Nevertheless, in practical applications 
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energy consumption is considerably increased by the actual stack Ohmic resistance, diffusional losses 

and non-ideal permselectivity of homopolar and bipolar membranes [362]. 

A particularly interesting application of EBPM is the treatment and valorisation of waste brines from 

desalination plants [363–370]. The process is used to convert very concentrated NaCl (plus a number 

of additional minor elements) solutions into HCl and NaOH products. Through this novel application 

of EBPM, brine can be diluted to attenuate disposal issues and, at the same time, valuable products 

are obtained. Despite the clear environmental advantage, this application has to face a number of 

technical and economic barriers mainly related to membrane cost and performance (i.e. limited 

permselectivity and electroosmosis) and to the purity of the product streams due to the presence of 

minor elements in the feed brine. More details on potentials and limitations of this application can be 

found in [371]. 

 

Figure 20. Electrodialysis with bipolar membranes in a conventional three cell compartment configuration [362]. 

 

6.2 Continuous electrodeionisation 

Continuous ElectroDeIonisation (CEDI) can be considered a hybrid process merging ion exchange 

deionisation and ED [372]. A typical CEDI unit has a similar configuration to ED, with alternating 

IEMs, concentrate and diluate compartments where feed solutions flow. Differently from ED, in 

CEDI at least one channel is filled with ion exchange resins.  

CEDI has two possible layouts. In the first the diluate channel is filled with mixed anion and cation 

exchange resins (Figure 21 (a)), while in the second anionic and cationic resins are placed in two 

different channels separated by a bipolar membrane (Figure 21 (b)) [10]. The presence of ion 

exchange resin particles inside the diluate compartment allows for a fast migration of ions through 

the channel from one membrane to the other, avoiding the limitation of low conductivity of dilute 
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solutions [373]. This makes CEDI also useful for the production of extremely dilute water solutions 

in small and medium scale applications. For example, CEDI is often adopted for the production of 

ultra-pure water in food, pharmaceutical and electronics industry [10, 372, 373]. Another proposed 

application of CEDI is the removal of heavy metals in wastewater treatment trains [373]. 

The main advantage of the mixed resins bed is that anions and cations are simultaneously removed, 

thus avoiding the need for a double passage of the solution (as in case b) and minimising its residence 

time inside the CEDI unit. However, two separated beds are much more efficient when the solution 

contains weakly dissociated electrolytes [10]; in this case, the feed solution undergoes the cation 

exchange step first, where cations are exchanged with the protons generated and released by the 

bipolar membrane. The resulting acidic solution then flows through the anion exchange channel 

where anions are exchanged with hydroxide ions from the bipolar membrane, restoring solution 

neutrality. Nowadays, both layouts (a) and (b) are widely used in the industry. 

Interestingly, also novel configurations of CEDI have recently been proposed, based on the use of 

electrostatic shielding zones instead of membranes [374, 375], though these have not yet reached an 

industrial applicability scale. 

 

Figure 21. Schematics of the two different layouts of continuous electrodeionisation stacks (from [10]). (a) Conventional stack with 

diluate channel filled with mixed cation and anion exchange resins, (b) stack with anion and cation exchange resins in two different 

channels with a bipolar membrane in between. 

 

6.3 Capacitive deionisation 
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Capacitive DeIonistation (CDI) is a desalination and ion transfer process based on the use of 

capacitive materials to remove/release ions from/into solutions in a cyclic way [10]. In CDI, a salt 

solution flows through a channel between the two capacitive electrodes, which are usually covered 

with an IEM (or, more generally, an ion selective layer) in order to enhance the current efficiency, 

thus increasing process performance [376]. Applying an electrical potential difference between the 

electrodes, ions move according to the generated electric field and are eventually absorbed on the 

capacitive electrodes surface (often consisting in a modified carbon-based matrix), removing salts 

from the feed water and producing desalinated water. When electrodes reach the saturation condition, 

polarity is reversed and ions are discharged from the electrodes into a purge stream flowing through 

the channel, thus regenerating the electrodes and producing a concentrated brine to be disposed. CDI 

is not yet a fully mature technology, but some commercial manufacturers already exist and some 

examples of real applications have been reported [377]. Nowadays, CDI suffers from market 

penetration issues mainly due to upscaling difficulties related to the large quantity and cost of the 

electrodic material needed for large capacity plants [378]. 

 

 

6.4 Electrodialysis metathesis and selectrodialysis 

Since the early ‘80s the possibility of using an ED stack to carry out a metathesis reaction has been 

assessed [30–33]. The metathesis reaction allows two salts to be produced by interchanging the anions 

and cations of two different initial salts: 

 𝑀𝑋 + 𝑀ᇱ𝑋ᇱ →  𝑀𝑋ᇱ + 𝑀′𝑋 (55) 

Differently from conventional ED, the repetitive unit of electrodialysis metathesis (EDM) is 

composed by 2 dilute compartments, 2 concentrate compartments, 2 CEMs and 2 AEMs (Figure 22) 

[33]. Feed channels are alternatively fed with two streams, one containing the first reactant (𝑀𝑋) and 

the other containing the second (𝑀ᇱ𝑋ᇱ), while a “sink” solution flows through the other two channels. 

The presence of the applied electrical field and of the selective IEMs leads to the passage of ions from 

feed to compartments containing sink solution and, as a result of this ion shift, product streams are 

generated in the sink channels. As an example, assuming that the feed solutions contain magnesium 

chloride and sodium sulphate, the product outlets will contain magnesium sulphate and sodium 

chloride, which may reach an over-saturation condition and precipitate out of the channel to form 

solid product salt [33]. In the past years, the possibility of using EDM for the production of different 

salts such as potassium carbonate, magnesium sulphate and potassium sulphate from more soluble 
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and less valuable salts has been studied [30, 379]. Recently, EDM was also used for the production 

of ionic liquids precursors [380]. Another important application of the EDM process is the treatment 

of RO concentrated brines in zero liquid discharge desalination [31]. In this case, the repeating cell 

is characterised by a conventional AEM, a conventional CEM, a monovalent selective AEM and a 

monovalent selective CEM. By feeding the unit with desalination brine and artificial NaCl solution 

two concentrate product streams are obtained: the first containing sodium with anions and the other 

containing chloride with cations [31, 33]. In both cases, concentration in the outlet brines can be 

significantly increased thanks to the high solubility of the salts generated by the metathesis process, 

thus overtaking the main limitation of RO being the risk of scaling (mainly due to calcium and 

magnesium carbonates and sulphates) when a recovery ratio of 40-50% is exceeded. 

 

Figure 22. Schematic representation of the electrodialysis metathesis process. 

Similarly to EDM in zero liquid discharge applications, selectrodialysis (SED) is a particular 

technology that makes use of monovalent selective IEMs. A typical SED repeating unit is constituted 

by 3 compartments with a central monovalent selective IEM (MVA or MVC) between a conventional 

CEM and an AEM [27]. This configuration allows monovalent and divalent ions to be selectively 

separated from feed solutions. The scheme reported in Figure 23 refers to the case of separating 

monovalent and bivalent anions from a feed solution by adopting a monovalent selective anion 

membrane (MVA) in the centre of the SED repeating unit. 

SED is a relatively novel process for which ion fractionation capabilities have generally been claimed 

[27], but have been practically demonstrated only in a few applications. Examples are the recovery 

of phosphate from waste streams [28, 381] or the separation of chloride and sulphate compounds 

from a NaCl and Na2SO4 mixture to simulate the application of SED in brine treatment processes 

[26].  
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Figure 23. Scheme of a selectrodialysis stack for the separation of salts containing mono- and bi-valent anions (e.g. Cl- and SO4
2-) 

showing the functioning principle (adapted from [26]). 

 

6.5 Shock electrodialysis 

Limiting and overlimiting currents (see Section 4.3) are possible operating conditions in ED, though 

they are generally avoided in standard operation [49]. However, the shock electrodialysis concept, 

recently proposed for water desalination purposes, operates under overlimiting current conditions 

[382–384]. A shock ED repeating unit is composed by a weakly charged porous medium placed in a 

channel between two equally-charged ion exchange membranes, such as two CEMs or AEMs (Figure 

24). As in conventional ED, electrodes are placed at both ends of a pile comprising a number of 

repeating units, next to the IEMs. While salted water flows through the channel, a potential is applied 

at the electrodes. This causes a flux of anions and cations in the two opposite directions. If CEMs are 

chosen as selective layers (as shown in the example of Figure 24), sodium ions are removed from the 

channel, creating a depletion zone at one side of the compartment and a salt enriched zone at the 

opposite side. Conversely, anions move from the depletion to the enriched zone, being blocked in the 

upper part of the compartment by the CEM. As in ED, when the ion concentration at the membrane 

interface reaches zero, the limiting current is reached. However, applying an overlimiting current in 

the presence of the weakly charged porous medium results in a transport of ions much faster than 

diffusion. The overlimiting current makes the edge of the depletion zone propagate through the pores 

as a shock wave creating a sharp boundary between the depleted and undepleted zones. Solutions 

flowing through the two zones are finally separated by a splitter placed in the last part of the channel 

so that a desalinated water and a brine streams are obtained [384]. Phenomena occurring in shock-

ED at overlimiting current condition are still under debate [385–387]. So far, two main phenomena 

are believed to occur: surface migration and surface convection [385]. The first is typical of sub-

micropores; the second is due to electroosmotic flow and is dominant in larger pores. 



 72 

Shock ED is a very recent technology, still in an early development stage. Although there are no 

industrial applications, Schlumpberger et al. in 2015 showed a small scalable prototype able to 

remove over 99% of salt from a feed water with a salt concentration up to 100 mM [382]. Also, Deng 

et al. developed a small unit demonstrating the possibility to use shock ED in filtration, separation 

and disinfection [384]. 

 

 

Figure 24. Schematic representation of the shock electrodialysis process with indication of the system repeating unit. 

 

6.6 Reverse electrodialysis for energy generation from salinity gradients 

Reverse ElectroDialysis (RED) can be considered as the opposite process of electrodialysis. The latter 

makes use of electric energy to remove salts from a solution: energy is used to generate a salinity 

difference between a dilute stream (i.e. the produced fresh water) and a concentrate stream (i.e. the 

generated brine). Conversely, RED is able to convert the salinity difference, i.e. the chemical potential 

difference existing between two solutions at different concentrations, into electric energy. RED is one 

of the most important among the so called Salinity Gradient Power (SGP) technologies, recently 

arousing the interest of scientists and technologists in the field of water and energy generation from 

non-conventional sources. 

As depicted in Figure 25, the repeating unit of a RED stack (called “cell pair”) consists of a CEM, a 

dilute compartment, an AEM, and a concentrate compartment. As in ED, anion and cation exchange 

membranes are also alternatively arranged, and the dilute and concentrate feed solutions flow within 

channels arranged in an alternate way. Under open circuit conditions (i.e. when the end electrodes are 

not connected to an external circuit) and assuming ideal membranes, nothing passes through the 

membranes and the chemical potential difference existing between two adjacent channels is 
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counterbalanced by the electric potential difference generated in each membrane by the Donnan 

equilibrium (see Section 3.1). This potential difference is typically addressed as the open circuit 

voltage and represents the electromotive force of the RED generator. When the circuit is closed, ions 

start to move from the concentrate channels to the dilute ones oriented by the presence of selective 

IEMs. Thus, positive ions will move towards the cathode passing through CEMs and negative ions 

will move in the opposite direction, thus generating a net ionic current through the cell pairs. In 

analogy with ED, the net flux of charges is eventually converted into a flux of electrons in the final 

compartments of the stack, where electrodes are placed and redox reactions occur. The current of 

electrons generated at the electrodes can be used to supply an external load [277, 340, 388, 389]. As 

in standard electric energy generators, also in a RED stack the increase in electric current (related to 

a reduction in the external load resistance) leads to internal voltage drops, which reduce the available 

voltage at the stack electrodes, leading to the extreme condition in which a short-cut circuit between 

electrodes generates the maximum current depleting completely the electromotive force generated in 

the pile. 

It can be demonstrated that the maximum power density can be obtained when the resistance of the 

external load matches the internal resistance of the stack. Under this condition, only 50% of the 

available Gibbs free energy of mixing can be theoretically harvested. 

 

Figure 25. Scheme of Reverse Electrodialysis process. 

It is worth mentioning that, under practical conditions, only a portion of this energy can actually be 

converted into electric energy. Thus, since the amount of electricity producible is not high, all 

detrimental effects as Ohmic and non-Ohmic resistances and pumping losses due to pressure drops 

represent matters of crucial importance. In particular, a maximum in the net power density (i.e. gross 

power density minus pumping power density) is typically found for streams velocity around or below 
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1 cm/s [284]. At these flow rates, the power output reduction due to pumping power normally amounts 

to about 10-20% for spacer-filled channels RED units [281] and to about 3-25% in RED systems 

where profiled membranes are used [4, 259, 260]. The channel thickness is usually in the order of a 

few hundred microns to keep the channels’ electrical resistance low. These aspects mark a difference 

from ED where thicker channels and larger stream velocities are adopted. 

The performance of RED units has rapidly increased during the last years, moving from generated 

power densities of 0.05 W/m2 reported in the early ‘50s by Pattle [390], who first conceptualised the 

RED process, to values of 1-2 W/m2 recently obtained by Veerman et al. [391] and Veermaas et al. 

[3] mixing solutions simulating river and sea water (see Table 1). The highest values of power density, 

however, were recently achieved by mixing solutions simulating fresh or brackish water and 

concentrated brines at temperatures of 40 or 60°C, reaching values up to ~6.70 W/m2 [5, 392, 393]. 

A more detailed chronology of the RED technology development is reported in Table 1. 

 

Table 1: Chronological trend of increasing power densities achieved in laboratory scale RED systems. Experimental conditions are 

also reported (adapted from [393]).  

Year Authors Power density 

(W/m2) 

 

Spacer 

Thickness 

(m) 

Solution 

concentrations 

(M) 

Temperature 

(°C)  

1955 Pattle [390] 0.05  1000 Non specified 39 

1976 Weinstein and Leitz [394] 0.17  1000 0.02–0.57 Ambient 

1983 Audinos [395] 0.40  1000 4.3 Ambient 

1986 Jagur-Grodzinski and 

Kramer [396] 

0.41  
250 

tap water and 

seawater 

Ambient 

2007 Turek and Bandura [397] 0.46  190 0.01–0.5 Ambient 

2008 Turek et al. [398] 0.87  190 0.01–1.9 Ambient 

2008 Veerman et al. [391] 0.93 200 0.017–0.5 Ambient 

2011 Vermaas et al. [3] 2.20 60 0.017–0.5 Ambient 

2014 Daniilidis et al. [5] 5.30 100 0.01–5 40 

2015 Tedesco et al. [393] 6.04 270 0.1–5 40 

2014 Daniilidis et al. [5] 6.70 100 0.01–5 60 

 

During the last years, research achievements have pushed up the RED Technological Readiness Level 

(TRL), allowing the shift from lab-scale units to the first prototypes and pilot plants. Two different 

pilot plants have been built so far as outcomes of two different projects: Blue Energy and REAPower. 

Both plants are located in Europe.  



 75 

The Blue Energy pilot plant is located in Breezanddijk at the Afsluitdijk closure dam (the 

Netherlands) where seawater and river water are available with an intake capacity of 200 m3/h. 

Assuming a technical potential of 1 MJ per m3 of sea and river water [399], this flow rate has a 

potential for energy generation of 50 kW [400]. 

The REAPower pilot plant was installed in Marsala (Sicily, Italy) in 2014 within a saltworks area 

where solutions at different salinities were available such as: a concentrated brine from evaporating 

basins, seawater and brackish water from a shoreline well [392, 401]. The concentration of the brine 

changes during the year ranging between 3 and 5 M (in terms of NaClequivalent concentration), while 

the concentration of brackish water is quite constant and equal to 0.03 M (in terms of NaClequivalent 

concentration). The pilot plant, consisting of 3 different RED stacks, had a nominal capacity of about 

1 kW, reaching under real operation a power output of almost 700 W with artificial solutions and 

about 330 W with real brackish water and brine [8]. Interestingly, the plant was tested for several 

months without encountering any performance reduction [401]. 

Very recently, the RED technology has been also proposed in a closed loop arrangement as a 

promising way to convert low-temperature waste heat (below 100 °C) into electric energy [402–405]. 

Two artificial solutions at different salinities are used in a RED unit to produce electricity, exiting as 

partially mixed streams. These are fed to a regeneration unit powered with low-grade heat where the 

initial salinity gradient is restored, thereby closing the cycle. Perspective analyses have recently 

shown that conversion efficiencies up to 10-15% can potentially be achieved in these systems [406]. 

Closed-loop RED/ED systems have also been proposed for SGP-based energy storage applications, 

in which energy is stored in the form of salinity gradients. These are converted into electricity in peak 

demand hours, while, when surplus energy is available, this is used to regenerate the depleted salinity 

gradient [407, 408]. 

 

6.7 RED-ED couplings for low-energy desalination 

A very recent development in the field of ED for desalination is represented by the coupling with 

salinity gradient power or osmotic dilution devices for low-energy desalination [409]. 

Among the different alternatives that have been theorised, the coupling of RED with ED (or, more in 

general, with a desalination unit such as RO or even CDI [410]) may result in a technological 

breakthrough, especially for seawater desalination [9, 411–415]. Figure 26 shows the two main 

coupling possibilities. 
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In the first configuration (coupling of unit I and II in the scheme) the RED unit is used as pre-treatment 

step. When a low-salinity solution, not suitable for drinking water production, is available (e.g. 

impaired water from a waste water treatment plant) this can be used as the dilute feed of a RED unit, 

while seawater can be used as the concentrate. In this way, energy is generated from the salinity 

gradient and seawater exiting the RED device is diluted thanks to the passage of salt into the impaired 

water, without directly mixing with it. Pre-diluted seawater can thus be fed to a desalination unit in 

which the energy required to reach the target concentration will be significantly reduced. 

Additionally, the RED energy generation can be used further to reduce the overall process 

consumption.  

In the second configuration (coupling of unit II and III), the RED unit can be used as a post-treatment 

in order to mix the brine with impaired water, mitigating disposal issues and recovering energy from 

the two waste streams. The two configurations can also be used together resulting in the complete 

scheme of Figure 26. 

 

Figure 26. Possibilities of RED/ED integration. Unit I represents RED (or short-circuited RED or assisted RED) used as dilution pre-
treatment before feeding the seawater inlet to ED (Unit II). Unit III represents RED used as post-treatment for the recovery of energy 
from waste brine and relevant dilution with impaired water stream. Coupling Unit I, II and III represents the most complete integration 
possibility. 

Besides the classical SGP operation mode, the RED unit can be operated in two other different modes, 

thus serving as an enhanced osmotic dilution device [409]: 

 Short-circuited Reverse Electrodialysis (scRED) 

 Assisted Reverse Electrodialysis (ARED) 
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In scRED mode the RED unit external load is short-circuited, thus renouncing to energy production 

in order to maximise the salt transfer rate from the concentrate to the dilute compartment, thus 

enhancing the dilution effect.  

In ARED mode the ionic current inside the scRED unit is further increased by applying an additional 

external electrical potential to the RED unit, consuming energy in order to “assist” the dilution 

process, exceeding the maximum achievable current in scRED. 

In both cases, the arising benefits are more suitable for the first coupling configuration, where dilution 

plays a fundamental role in reducing the overall energy consumption, rather than in the second, where 

dilution is considered beneficial only for environmental reasons. 

Due to the complex nature of such processes, it is not possible to determine a priori which of the 

configurations or RED operation mode is the most convenient to achieve the overall minimum energy 

consumption. In addition to that, pushing the dilution process to high levels will significantly increase 

the capital costs, mainly depending on the amount of membrane area required. For this reason, 

optimisation studies are crucial for the development of such hybrid schemes.  

In the current literature, the RED-RO coupling has been investigated by several authors, although still 

at a conceptual level [411–414]. In particular, Li et al. [411] explored the RED-RO process through 

a simple mathematical model, showing that the process can potentially achieve a ~50% lower energy 

consumption compared to state-of-the-art seawater RO. Vanoppen et al. [409] performed a 

comparative analysis of all RED operational modes coupled to RO, exploring the operational ranges 

and identifying the benefits in energy consumption reduction. Specific energy consumption below 1 

kWh/m3 were theoretically demonstrated to be feasible, although an important increase of overall 

membrane area required (including RED membranes) was found in these scenarios. 

The RED-ED process has been much less studied, with only one recent publication by Wang et al. 

[415] who focused on the very specific case of desalination of high salinity waste brine containing 

phenols. They demonstrated an overall reduction of energy consumption of about 30% compared to 

the stand-alone ED case, though such figures can not be compared with RO, due to the much higher 

energy consumption of the base case (above 20 kWh/m3). 

It should be noted that, as an alternative to the reverse electrodialysis dilution process, other 

osmotically-driven processes such as Pressure Retarded Osmosis [414, 416] have been proposed in 

the literature. Similarly to the RED case, forward osmosis [417–420] and pressure-assisted osmosis 

[417] have also been proposed for further enhancing the dilution process in order to reduce the overall 

desalination energy consumption. 
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7. Conclusions 

Electrodialysis represents nowadays an important process option for saline water desalination. The 

ED history indicates a constant presence in the market, especially in the field of brackish water 

desalination. A significant interest towards ED and related processes has recently risen due to new 

IEMs, new industrial actors and several novel proposed applications. In the present review, all these 

aspects have been addressed aiming at identifying the most important factors influencing the 

development potentials of this promising class of technologies. 

An overview on the state of the art of Ion Exchange Membranes highlighted the key factors currently 

representing the most important routes for technology developments: 1) the preparation of low 

resistance and high permselectivity IEMs, when operating with highly saline solutions (which would 

allow the effective application also to the case of seawater desalination); 2) advances in surface 

modification techniques, aiming at improving IEMs properties (e.g. permselectivity, but also fouling 

resistance and overlimiting mass transfer); 3) the development of profiled membranes, allowing the 

implementation of spacerless ED stacks; 4) the manufacturing cost abatement, which is a key factor 

for market growth. 

Following a comprehensive description of the very complex phenomena governing the process, a 

detailed review of the most interesting findings on fundamental aspects such as mass transfer, ionic 

current and fluid flow behaviour in ED and related processes has also been presented. In particular, 

fluid dynamics and polarisation phenomena have been found to be crucial for process performance. 

Overlimiting regimes for enhanced mass transfer and reduced membrane area have aroused the 

interest of researchers and opened room for further investigation and developments. The issues related 

to stack and channels optimisation (in terms of pressure drop and polarisation phenomena reduction) 

have led to the new frontier of profiled-IEMs (especially for RED applications), though the study and 

optimisation of traditional spacers along with the development of alternative geometries (multi-layer, 

twisted, etc.) is still the objective of several investigations. Another interesting topic concerns the 

study of oscillating regimes (oscillating current or flow rate), which have been found to improve 

process performance under certain conditions. Finally, the large-scale study of inlet-outlet 

distribution manifolds has identified how critical these can be for the optimal flow distribution in feed 

channels. Misdistribution problems, in fact, can cause significant losses in terms of resistance increase 

and non-Ohmic voltage drops, in addition to fluid dynamics issues such as solution leakages. Thus, 

modelling and experimental investigations have pointed out possible solutions for improving 

manifolds layout, opening the route to novel and optimised stack designs. 
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The subsequent part of this review has focused on the analysis of process-modelling tools developed 

so far. These can be divided into a class of simplified models, proposed for preliminary design 

purposes, and a wider class of advanced modelling tools, more recently proposed for simulation, 

design and optimisation of ED or other electromembrane processes. These latter are often based on a 

multi-scale approach, merging the information originated from the CFD or experimental 

characterisation of mass and momentum transport phenomena with higher-scale mass balances and 

phenomenological equations. In all cases, the complexity of phenomena governing these processes 

highlights the need for further development of advanced modelling and optimisation tools for process 

adaptation to the wide spectrum of novel applications for all ED-related technologies. 

Among the main boosters for ED technologies, the development of special applications, based on the 

use of IEMs, has been critically analysed. This has highlighted how some of these novel applications, 

such as RED, SED, EDM, shock ED, etc., are still raising the interest of researchers and industrial 

actors, often leading to the construction of pilot installations and, in some cases, to the first 

commercialisation examples of such new ideas. Interestingly, this applies not only to the field of 

saline water desalination, but more in general to water treatment for food, pharmaceutical and 

electronics industries, industrial brines valorisation, minerals recovery and energy generation from 

salinity gradients. All this is strongly promoting the overall development of IEMs-based technologies, 

thus projecting ED and related processes towards a new horizon of applications and new markets. 
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Notation 

List of abbreviations 

AC Alternate Current 

AEM Anion-Exchange Membrane 

BPM BiPolar Membrane 

CDI Capacitive DeIonisation 

CEDI Continuous ElectroDeIonisation 

CEM Cation-Exchange Membrane 

DBL Diffusion Boundary Layer 

DC  Direct Current 

DES DESalination 

EBPM ElectroDialysis with Bipolar Membrane 

ED ElectroDialysis 

EDI Electro DeIonisation 

EDL Electrical Double Layer 

EDM ElectroDialysis Metathesis 

EDR ElectroDialysis Reversal 

EDTA EthyleneDiamineTetraAcetic 

EIS Electrical Impedance Spectroscopy 

ER Electrical Resistance 

IEC Ion-Exchange Capacity 

IEM Ion-Exchange Membrane 

IPN InterPenetrating Network 

MV MonoValent selective membrane 

PEF Pulsed Electrical Field 

PV PhotoVoltaic 

RED Reverse ElectroDialysis 

RO Reverse Osmosis 

SED SelElectroDialyis 

SGP Salinity Gradient Power 

sIPN Semi-InterPenetrating Network 

TMS Teorell-Meyer-Sievers 

TRL Technological Readiness Level 

ZLD Zero Liquid Discharge 
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List of symbols 

𝐴  Membrane area (m2) 

𝐴
௖௣ Cell pair membrane area (m2) 

𝑏 Membrane width (m) 

𝐶 Concentration (mol/m3) 

𝐷 Diffusion coefficient (m2/s) 

𝐹 Faraday’s constant (C/mol) 

𝐹ௌ Shadow factor 

𝑓 Friction factor 

ℎ Thickness (m) 

𝐼 Current (A) 

𝑖 Current density (A/m2) 

𝑖௟௜௠ Limiting current density (A/m2) 

𝐽 Flux (mol/m2/s) 

𝐽ᇱ  Volumetric flux (m3/m2/s) 

𝐿 Channel length (m) 

𝑛௛ Hydration number 

𝑃௘௟ Electrical power consumption (W) 

𝑃௣௨௠௣ Pumping power consumption (W) 

∆𝑝 Pressure drop (Pa) 

𝑄 Volumetric flow rate (m3/s) 

𝑅 Universal gas constant (J/mol/K) 

𝑟 Areal electrical resistance (Ωm2) 

𝑅𝑒 Reynolds number 

𝑆𝑐 Schmidt number 

𝑆𝐸𝐶௘௟ Specific energy consumption (J/m3) 

𝑆ℎ Sherwood number 

𝑠𝑆𝐸𝐶௘௟ Salt-specific energy consumption (J/mol) 

𝑇௜௘௠ Integral transport number within the membrane 

𝑇 Temperature (K) 

𝑡 Migrational transport number 

𝑢 Velocity (m/s) 
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∆𝑉 Voltage drop over a cell pair (V) 

𝑥 Coordinate in the direction of the main flow 

𝑦 Coordinate normal to the membrane surface 

𝑧 Valence of ion 

  

Greek letters 

𝛼 Permselectivity 

𝛾 Activity coefficient 

𝛿 Diffusion boundary layer thickness (m) 

𝜀 Dielectric constant (F/m) 

𝜁 Current utilisation factor (or current efficiency) 

𝜂 Voltage drop (V) 

𝜃 Polarization coefficient 

𝜅 Conductivity (S/m) 

𝜆 Equivalent conductivity (Sm2/mol) 

𝜎 Porosity 

𝜏 Time (s) 

𝜑 Electric potential (V) 

𝜒 Pump efficiency 

  

Subscripts and superscripts 

𝐴𝐸𝑀 Anion-exchange membrane 

𝑏𝑢𝑙𝑘 Solution bulk 

𝐶 Concentrate 

𝐶𝐸𝑀 Cation-exchange membrane 

𝐶𝑂𝑃 Concentration Overpotential 

𝑐𝑜 Co-ion 

𝑐𝑜𝑢𝑛𝑡𝑒𝑟 Counter-ion 

𝐷 Dilute 

𝐷𝐵𝐿 Diffusion boundary layer 

𝑑𝑖𝑓𝑓 Diffusive 

𝐷𝑜𝑛 Donnan 
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𝑖 Species i (cation or anion) 

𝑖𝑒𝑚 Ion-exchange membrane 

𝐿 Left 

𝑂ℎ𝑚 Ohmic 

𝑅 Right 

𝑆𝑂𝐿 Solution (dilute or concentrate) 
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