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Review 

Electrodialysis as a key operating unit in chemical processes: From lab to 
pilot scale of latest breakthroughs 
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A B S T R A C T   

This review article comprehensively explores the significant advancements in electrodialysis (ED) technology 
within the field of chemical engineering, presenting a holistic overview that spans fundamental principles, 
membrane materials and fabrication techniques, operational parameters, and a wide array of applications. 
Unlike previous studies that often narrow their focus to specific aspects of ED, this work synthesizes global 
advances, bridging gaps between diverse research themes to offer a coherent understanding of current trends and 
future directions. 

ED, a membrane-based separation process driven by electric potential, is pivotal for its applications in water 
purification, desalination, resource recovery, and beyond. This review delves into the evolution of ion-exchange 
membranes, highlighting innovations in materials, alongside advances in fabrication techniques that enhance 
membrane selectivity and efficiency. It also scrutinizes the impact of operational parameters on the performance 
of ED systems, addressing challenges like ion leakage, membrane fouling, and the balance between selectivity 
and conductivity. 

Process intensification and system optimization strategies are discussed, revealing how recent developments 
contribute to energy efficiency, scalability, and sustainability. The review further extends to emerging appli-
cations of ED in sectors ranging from environmental management to energy and hydrometallurgy industries, 
underscored by case studies that demonstrate practical implementations. 

Conclusively, this article underlines the multidisciplinary approach required for the advancement of ED 
technologies, suggesting avenues for future research that prioritize environmental impact, economic feasibility, 
and technological innovation. Through this global perspective, it aims to catalyze further exploration and 
application of ED in addressing some of the most pressing challenges.   

1. Introduction 

1.1. Purpose and significance of electrodialysis in modern chemical 
engineering 

Electrodialysis (ED) is a membrane technology that employs electric 
current to transport ions through selective membranes, thereby sepa-
rating them from a solution and facilitating concentrations of salt and 
acid/base production. This technology holds a place of significant 
importance in modern chemical engineering, primarily due to its effi-
ciency in terms of energy [1,2], eco-friendliness [3,4] (solvent-free 
operation, effluent reduction and/or valorization, etc.), and versatility 
in separating and purifying ionic compounds [5]. The electrification of 
processes has attracted even more attention given the possibility of using 

an energy vector through the coupling of ED technology and the use of 
electricity from renewable sources (solar [6–8], wind [9–11], etc. 
[12,13]). In an era where sustainable practices are paramount, ED offers 
an energy-efficient alternative to conventional separation processes, 
such as distillation, which often require high energy inputs [14]. Its 
ability to operate under mild conditions helps in preserving the integrity 
of sensitive molecules, making it crucial in industries like pharmaceu-
ticals [15], food processing [16], and biotechnology [17,18]. Addi-
tionally, the technology’s adaptability to various scales and its capacity 
to be fine-tuned for specific ion separation make it a valuable tool in 
water treatment [19] and desalination [20]. As concerns over water 
scarcity and the environmental impact of industrial processes grow, ED 
emerges not just as a technical solution, but as a necessary step towards 
sustainable chemical engineering practices. The ongoing advancements 
in membrane technology and system optimization further amplify its 
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Nomenclature 

Acronyms 
A- Anionic group bonded to the membrane 
AEL Anion-Exchange Layer 
AEM Anion-Exchange Membrane 
BED Bipolar Electrodialysis 
BM Bipolar Membrane 
BPPO Bromomethylated poly(2,6-dimethyl-1,4-phenylene 

oxide) 
BTMA Benzyl trimethylammonium 
C+ Cationic group bonded to the membrane 
CAPEX Capital expenditure 
CEL Cation-Exchange Layer 
CEM Cation-Exchange Membrane 
CFD Computational Fluid Dynamics 
COF Covalent Organic Framework 
DAC Direct Air Capture 
DABCO 1,4-diazabicyclo-[2,2,2]octane 
DBL Diffusion Boundary Layer 
DMA Dopamine methacrylamide 
DMAc Dimethylacetamide 
DMF Dimethylformamide 
DVB Divinylbenzene 
EC Electrochemical 
ED Electrodialysis 
EDTA Ethylenediaminetetraacetic acid 
EDI Electrodeionization 
EIS Electrochemical Impedance Spectroscopy 
ETFE Poly(ethene-co-tetrafluoroethene) 
HDPE High-density polyethylene 
IEM Ion-Exchange Membrane 
IL Interfacial Layer 
LCA Life Cycle Assessment 
LCCA Life-Cycle Costing Analysis 
LDPE Low-density polyethylene 
LiB Lithium-ion Battery 
M− S Maxwell-Stefan 
MMTD 2-mercapto-5-methyl-1,3,4-thiadiazole 
MOF Metal-Organic Framework 
MTPP-(2,4,6-Me) Methyl tris(2,4,6-trimethylphenyl)phosphonium 
N Nitrogen 
N-P Nernst-Plank 
NMC Nickel Manganese Cobalt 
NP Nanoparticle 
OPEX Operational expenditure 
PAES Poly(arylene ether sulfone) 
PAMAM Polyamidoamine 
PAN Polyacrylonitrile 
PANI Polyaniline 
PBI Polybenzimidazole 
PDDA Poly(diallyldimethylammonium chloride) 
PE Polyethylene 
PEEK Polyether ether ketone 
PEC Photoelectrochemical 
PECH Polyepichlorohydrin 
PEF Pulsed Electric Field 
PES Poly(ether)sulfone 
PFSA Perfluorosulfonic acid 
PI Polyimide 
PMA Phosphomolybdic acid 
PNB Polynorbornene 
PP Polypropylene 
PPO Poly(phenylene oxide) 
PSSA-MA Poly(styrene sulfonic acid-co-maleic acid) 

PSU Polysulfone 
PTFE Polytetrafluoroethylene 
PVA Poly(vinyl alcohol) 
PVDF Polyvinylidene fluoride 
QPVA Quaternary ammonium poly(vinyl alcohol) 
RH Relative Humidity 
RT Room Temperature 
ROMP Ring-opening metathesis polymerization 
SPEEK Sulfonated poly(ether ether ketone) 
SPPO Sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) 
SPPS Sulfonated poly(phenylene sulfone) 
ST Styrene 
SWOT Strengths, Weaknesses, Opportunities, & Threats 
TCA Techno-economic assessment 
TMA Tetramethylammonium 
TPABr Tetrapropylammonium bromide 
TPAOH Tetrapropylammonium hydroxide 
TPQPOH Tris(2,4,6-trimethoxyphenyl)phosphonium 

Symbols 
a Activity. [dimensionless] 
A Surface area. [m2] 
ASR Area Specific Resistance. [Ω/m− 2(− |-)] 
C Molar concentration. [mol/m− 3(− |-)] 
D Diffusion coefficient. [m2/s] 
e Elementary charge. [C] 
E◦ Standard potential. [V] 
Eth Thermoneutral voltage. [V] 
f Volume fraction. [dimensionless] 
F Faraday constant. [C/mol] 
g Gravitational constant. [m/s− 2(− |-)] 
I Intensity. [A] 
IEC Ion Exchange Capacity. [meq g− 1] 
j Current density. [A/m− 2(− |-)] 
j0 Exchange current density. [A/m− 2(− |-)] 
J Flux. [mol m− 2 s− 1] 
J́  Volumetric flux. [m3 m− 2 s− 1] 
k Mass transfer coefficient. [m/s] 
K Sorption coefficient. [dimensionless] 
kb Boltzmann constant. [J/K] 
l Thickness. [m] 
Lp Membrane permeability. [L m− 2 s− 1 bar− 1 or mol m− 2 s− 1 

bar− 1] 
m Weight. [g] 
M Molar mass. [g/mol] 
n Molar amount. [mol] 
ndrag Electroosmotic drag coefficient. [dimensionless] 
ne Exchanged electron number. [dimensionless] 
Ncp Number of cell pair. [dimensionless] 
p Pressure. [Pa] 
P Power. [W] 
PS Permselectivity. [dimensionless] 
q̇ Volumetric flow rate. [m3/s] 
r Radius. [\AA] 
R Universal gas constant. [J/K mol− 1] 
S Separation selectivity. [dimensionless] 
Sc Schmidt number. [dimensionless] 
SEC Specific energy consumption. [Wh/m− 3(− |-) or Wh kg− 1] 
t Transport number. [dimensionless] 
T Absolute temperature. [K] 
u Absolute mobility. [m2 [C V s]-1] 
U Voltage. [V] 
v Velocity. [m/s] 
V Volume. [m3] 
WC Water content. [dimensionless] 
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significance, promising more efficient, cost-effective, and environmen-
tally benign solutions for a wide range of chemical engineering appli-
cations as highlights by the upgoing number of publications extracted 
from Fig. 1. Since 2000, the research area has been evenly structured 
between materials engineering (membrane formulation [21], membrane 
fouling [22], ionic transport [23], etc.) and chemical engineering 
(process intensification [24], cell’s configuration [25], scale-up [26], 
etc.) illustrating the industrial transfer of this technology [27–29]. 

1.2. Past research motivations 

Tracing the ED’s evolution, technologies of electromembrane sepa-
ration processes have been fundamental. The earliest known use of a 
non-selective separator in electrochemical (EC) applications dates back 
to 1889, with an ED process applied to the demineralization of sugar 
syrup, implemented by Maigrot and Sabates [30]. The term ‘electrodi-
alysis’ only became widespread about ten years later [31]. The pro-
duction of ion-exchange materials, first in granular form and then as 
membranes, did not start until after 1930. This development led to the 
first use of ion-exchange membranes (IEMs) in 1939 by Manegold and 
Kalauch, in a three-compartment ED setup [32]. The 1950 s were 
marked by significant advancements with the work of Juda and McRae 
at Ionics Inc. [33], Winger et al. at Rohm [34], and Wyllie and Patnode 
at Gulf Research [35], who developed stable, highly selective, low- 
resistance membranes. These advancements made ED an essential in-
dustrial method for demineralizing and concentrating electrolyte solu-
tions [36]. To assist the reader’s understanding, a schematic view of the 
operation process of the ED procedure is presented for an anion ex-
change and cation exchange membrane in Fig. 2 – a. 

Electrodeionization (EDI), an evolution of ED, was designed for 
producing ultra-pure water or desalinating low-conductivity media. EDI 
incorporates an ion-exchange resin bed within the diluate chamber (and 
occasionally in the concentrate chamber) of an ED setup, enhancing 
conductivity and creating a more effective three-dimensional phase 
interface for mass exchange than traditional ED [37]. This method uses 
an electric field to continuously transport ions from the ion-selective 
phase to the concentrate stream. Conceptually, EDI combines ED with 
traditional ion-exchange technology, an idea proposed in the 1970 s 

x Distance. [m] 
X Fixed-ion concentration. [mol/m− 3(− |-)] 
z Ion valence. [dimensionless] 

Greeks 
α Charge transfer coefficient. [dimensionless] 
γ Activity coefficient. [dimensionless] 
δ Thickness of diffusion boundary layer. [m] 
ΔG Variation in Gibbs free energy. [J] 
Δh Loss of hydraulic head across the stack. [m] 
ΔH Variation in enthalpy. [J] 
ΔS Variation in entropy. [J/K] 
ΔV Volume dilatation. [dimensionless] 
Δπ Osmotic pressure. [Pa] 
ΔφD Donnan potential. [V] 
∊ Porosity. [dimensionless] 
εr, ε0 Relative and free space permittivity. [F/m] 
η Overvoltage. [V] 
λ Molar ion conductivity. [S m− 1 mol− 1] 
μ Dynamic viscosity. [Pa s] 
ξ Current effiency. [dimensionless] 
ρ Density. [g/m− 3(− |-)] 
σ Ionic conductivity. [S m− 1] 
φ Electrical potential. [V] 
χ Conversion rate. [dimensionless] 
ψ Mole fraction. [dimensionless] 

Superscripts 
ano Anolyte 
cat Catholyte 
cte Concentrate 
dlt Diluate 
eo Electro-osmotic 
el Electrical 

h Hydraulic 
j Area j 
m Membrane phase 
os Osmotic 
s Bulk solution phase 
* Electrode/membrane surface 

Subscripts 
a Anodic 
act Activation 
c Cathodic 
conc Concentration 
ct Counter-ion 
d Dry 
D Donnan 
f Final 
h Hydrated 
i Species i 
in Inlet 
ini Initial 
k Species k 
lim Limiting 
mig Migration 
ohm Ohmic 
out Outlet 
Ox Oxidizing agent 
Red Reducing agent 
t Time 
tot Total 
w Water 
⊕ Cation 
⊖ Anion  

Fig. 1. Number of research articles when searching for the term ’Electrodial-
ysis’ as well as the distribution of search fields by query at Digital Science. 
(1975–2023) Dimensions available from https://app.dimensions.ai. Accessed 
on 2024/01/10, under license agreement. 
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[38,39]. The major advantage of EDI is its continuous operation without 
regenerative agents, reducing environmental impact and saving water 
needed for treating saturated ion-exchangers. Today, EDI is a commer-
cially established technology [40] and this review will not develop this 
topic in the rest of this document. 

In the field of ED, a notable advancement has been the integration of 
bipolar membranes (BMs). These specialized membranes are composed 
of distinct adjacent anion-selective and cation-selective layers [41]. The 
use of BED, as presented in Fig. 2 – c, allows the pH of solutions on either 
side of the membrane to be modified by dissociating the water within 
the BM. Depending on the pKa of the various salts present, their acid/ 
base forms will be influenced, resulting in the production of acids and 
bases [42,43]. 

Parallel to the development of ED technology, the field of membrane 
electrolysis has also seen significant advancements. Unlike ED, indus-
trial application of membrane electrolysis requires much higher opera-
tional current densities, often exceeding 2000 A/m− 2(− |-). This 
approach has played a crucial role in diversifying and expanding the 
available membrane materials, particularly for cation- and anion- 
exchange membranes (CEMs and AEMs, respectively). Today, a wide 
range of such specialized membrane materials is available from various 
manufacturers [44]. To this end, several recent articles offer insightful 
reviews on IEMs (local material specifications [45–47], novelties in 
fabrication methods [48,49], etc.) or the application of ED in specific 
field (resource recovery [50,51], reverse ED [52,53], water treatment 
[54,55], etc.). 

1.3. Scope and aim of this review 

Bolstered by this momentum, research themes related to ED are 
increasingly leaning towards pilot scale applications today. However, 
reviews are currently lacking in studies that encompass the field of ED 
from a chemical engineering perspective. In particular, industrial scale- 
up is often neglected. To our knowledge, there is no review available 
that sheds light on the entirety of this technology as well as highlighting 
the main advancements in the field. The scope of this article encom-
passes a comprehensive review of ED as a critical operating unit in 
chemical processes, focusing primarily on advancements from lab to 
pilot scale implementations. It aims to provide a detailed analysis of the 
fundamental principles underlying ED (Section 2). Special emphasis is 
placed on recent developments in IEM materials and fabrication tech-
niques (Section 3) and exploration of operational parameter process 
impacts (Section 4), which are pivotal for enhancing the efficiency, 
selectivity, and sustainability of ED processes. Additionally, the article 
seeks to address process intensification, system optimization strategies 
(Section 5), and the challenges associated with scaling up ED systems 
from lab to pilot scale (Section 6). By integrating diverse applications 
and case studies (Section 7), this review endeavors to offer a holistic 
view of the current state and future potential of ED in various industrial 
sectors. Finally, the main goal is to provide a balanced narrative that not 
only reflects the current technological advancements but also identifies 
future research directions and technological frontiers in the field of ED. 
For this purpose, the authors mainly focused on articles reported in the 
literature from 2019 to 2024 (year-by-year distribution of cited works in 
this document illustrated in Supporting Material – SM1). 
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Fig. 2. Scheme illustrating: (a) the conventional ED principle; (b) cation and/or (b’) anion transport through monopolar IEMs; and (c) the bipolar ED principle. 
Figure (b-b’) adapted with permission from [58]. Copyright 2016 American Chemical Society. 
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The uniqueness of this study lies in its generalist approach to 
chemical engineering, yet it delves into the scientific nuances of ED 
technology, marking a contribution to the field. The manuscript is 
intended to serve not only as an educational resource for those new to 
ED but also as an update for seasoned researchers and practitioners. The 
recent literature often provides insufficient comprehensive and holistic 
guidance for researchers new to the field of ED. Predominantly, reviews 
focus on specialized applications or functional improvements, engaging 
in extensive scientific detail yet remaining confined to particular cases. 
This review endeavors to surmount this deficiency by offering a broader, 
more accessible, and recent overview of the field. 

2. Fundamentals of electrodialysis 

ED is an ionic purification of a liquid placed between sets of semi- 
permeable membranes, driven by ion transfers aimed at maintaining 
electroneutrality between the compartments. These compartments 
themselves are imbalanced by ED reactions on either side, induced by 
the application of an electric field. This section delves into the core 
principles underlying ED, focusing on IEM processes, including 
monopolar and bipolar configurations, and the mechanisms of ion 
transport within membranes and solutions. It outlines the basics of ED 
technology, discussing key aspects such as sorption-migration, ion 
selectivity, and the balance between membrane permeability and 
selectivity. 

2.1. Concepts of ion-exchange membrane processes 

2.1.1. Conventional electrodialysis 
The core principles of ED are rooted in electrochemistry, ion trans-

port, and membrane science, where a succession of heterogeneous in-
terfaces (i.e., electrode / electrolyte / membrane / electrolyte / … / 
electrolyte / membrane / electrolyte / electrode) is implemented, 
thereby generating reactions and heterogeneous transfer mechanisms. 
ED systems consist of an anode and a cathode, forming an EC cell as 
shown in Fig. 2 – a. However, it is important to note that ED process does 
not involve redox reactions, characteristic of electrolytic processes, 
except for reactions at the terminal electrodes (judiciously chosen so as 
not to be the system’s critical overvoltage). 

At the anode, oxidation reactions occur, while at the cathode, 
reduction reactions take place. Classically, between these electrodes are 
a series of IEM, alternating CEM, and AEM. In practical industrial ap-
plications, the number of membrane pairs in an ED stack often reaches 
hundreds. This scaling up is crucial to improving process efficiency and 
reducing investment costs per unit of production capacity [56]. Cations 
move towards the cathode and anions towards the anode by migration 
under the application of an electrical field. The membranes are arranged 
in a stack, creating alternating compartments of dilute and concentrate 
solutions. As ions migrate under the influence of the electric potential φ 
(V), they are either captured in concentrate compartments or allowed to 
pass into dilute compartments, effectively removing them from the so-
lution to be treated [57]. Separation results from the selectivity of 
membrane ion transport and exclusion by electrostatic repulsion at the 
membrane surface due to like charges covalently bonded to the mem-
brane material. When an electric field is applied, ions in the solution are 
driven towards the oppositely charged electrodes through migration and 
diffusion mechanisms which results in the generation of diffusion 
boundary layers (DBLs) on either side of each membrane. The diffusion 
of a species originates from the thermal agitation of molecules, which 
tends to equalize the concentration. It results in a flux of the species from 
regions of higher concentration to those of lower concentration. This is 
true both within the DBLs close to electrode and across the membrane. 
However, the polarity of the membrane restricts diffusion to ions of the 
opposite polarity, meaning that concentration cannot be increased 
indefinitely. At a certain point, Fickian diffusion of ions from the 
concentrate to the diluate becomes more significant than the flux by 

electromigration. Therefore, it would be more prudent to stop ED before 
this point to maintain its efficiency. It occurs primarily in the vicinity of 
the electrodes and membranes, in a DBL whose thickness varies from a 
few micrometers (in the case of agitation) to several centimeters. 

2.1.2. Ion-exchange membranes 
Alternatively, IEMs are typically categorized into five types, 

depending on the nature and arrangement of their fixed ionic groups 
(Fig. 3). These include CEMs [59], AEMs [60], amphoteric IEMs [61], 
BMs [62], and mosaic IEMs [63]. An IEM is composed of both hydro-
philic ionic groups and hydrophobic polymer chains with charged ionic 
functional groups that allow the transport of oppositely charged species 
(counter-ions), while retaining like-charged ions (co-ions). Specific 
focus on the IEM materials will be presented in Section 3. 

Bipolar electrodialysis (BED) is an advanced EC process that extends 
the principles of standard ED by incorporating bipolar membranes 
(BMs), illustrated in Fig. 3 – c, alongside the traditional CEMs and AEMs. 
This technique is particularly useful for generating bases and acids from 
salts. In BED, each BM consists of two layers: a cation-exchange layer 
and an anion-exchange layer. These layers are fused together, and at 
their interface, water molecules undergo disproportionation reaction 
into proton and hydroxide ions without any gas formation. This reaction 
is sometimes facilitated by catalytic sites within the ion-exchange layers. 
Upon applying electrical current across a BM, the ionic flow through the 
membrane is not supported by ions from the surrounding solution 
because neither cations nor anions can pass through both layers of the 
BM. Consequently, the transport of ionic current relies on proton and 
hydroxide ions produced at the membrane’s internal interface. This 
process underlines the critical importance of the BM’s orientation rela-
tive to the electrodes: to facilitate the migration of H+ and OH− ions in 
alignment with the electric field, the Cation Exchange Layer (CEL) must 
be oriented towards the cathode, while the Anion Exchange Layer (AEL) 
should face the anode. The resultant movement of H+ and OH− ions out 
of the membrane through their respective layers (H+ through the CEL 
and OH− through the AEL) leads to the formation of an acid and a base 
on alternate sides of the membrane, thereby establishing a pH gradient 
across the BM. This configuration, with the CEL positioned towards the 
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Fig. 3. Diagrammatic representation of various IEM varieties: (a) AEMs, (b) 
CEMs, (c) BMs, (d) amphoteric IEMs, and (e) mosaic IEMs. In this illustration, 
the circles represent the counter-ions embedded within the membrane struc-
ture, and the distinct background designs illustrate the fixed ionic groups in 
each type of membrane. 
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cathode, is often termed the ‘reverse bias’ condition (analogous to diode 
case). Altering the electric field’s direction across the BM—either by 
switching the electrode’s polarity or by rotating the membrane so that 
the CEL faces the anode and the AEL the cathode—results in a ‘forward 
bias’ condition. In the forward bias scenario, H+ and OH− ions migrate 
from the external solutions towards the bipolar junction, recombining 
into water. This water then diffuses out through the CEL and AEL, 
leading to the neutralization of the acid and base. BMs with their unique 
capability to synthesize compounds rather than merely facilitating ion 
transport, hold a unique place among IEMs [64]. BMs have garnered 
commercial attention recently, primarily due to their environmental 
benefits. They offer a chemical-free method for pH modification through 
direct H+ and OH− generation, avoiding the need for external chemical 
additives. Furthermore, BM technology is pivotal in the chemical 
industry’s shift towards electrification, significantly contributing to the 
sustainable production of chemicals. Despite its benefits, the process is 
energy-intensive, making energy efficiency a crucial factor for its cost- 
effectiveness. Additionally, the stability and efficiency of BMs are key 
areas of focus, with ongoing research aimed at developing more durable 
and efficient membranes, subject to a multitude of recent reviews 
[65–67]. 

Amphoteric IEMs are characterized by the inclusion of both weak 
acidic and weak basic functional groups as shown in Fig. 3 – d. These 
groups are interspersed throughout the membrane’s structure. This 
configuration enables the passage of both cations and anions, which can 
be modulated through pH adjustments. Notably, these membranes have 
been identified as promising in anti-fouling applications, effectively 
hindering the adherence of organic compounds and biological macro-
molecules (proteins) on their surfaces, as highlighted in various works 
[68,69]. 

Contrastingly, the structure of mosaic membranes is distinguished by 
the parallel arrangement of anion and cation exchange sites. These ex-
change resins are interspersed within a matrix that is either a neutral 
polymer or facilitates ion exchange, as depicted in Fig. 3 – e. The 
channels in these membranes that possess a positive charge typically 
exhibit a higher concentration of negatively charged anions, and the 
reverse is true for channels with a negative charge. This specific layout 
creates distinct pathways for the separate movement of anions and 
cations [36,70]. Mosaic membranes are particularly adept at separating 
salts from water-soluble organic materials and are valuable in the 
treatment of waste streams across various industrial sectors, thanks to 
their negative salt rejection and osmotic pressure capabilities [71]. 
Mosaic membranes demonstrate efficacy in concentrating dilute elec-
trolytes when subjected to hydrostatic pressure and a gradient in 
chemical potential, a process known as piezodialysis. The proximity of 
anion and cation exchange sites within a singular membrane leads to a 
disproportionately elevated permeability to salts when compared to 
neutral molecules [72]. This process bears a resemblance to ED. How-
ever, a distinguishing feature in this case is the absence of electrodes 
typically associated with ED. However, the complexity of fabricating 
mosaic membranes, particularly in achieving a thin, selective layer with 
controlled domain size and preventing interfacial leakage between do-
mains, presents significant challenges for commercial production [73]. 

Since most research on ED pilot plant development focuses on con-
ventional IEMs and BMs, this review focuses on the two types of these 
IEMs. 

2.2. Overcoming energy losses in ion transport for electrodialyzer 

Ion transport in an electrodialyzer occurs under the application of a 
potential. This transport will generate energy losses within the system 
that must be overcome to bring the electrodialyzer into nominal oper-
ation. Before presenting the transport phenomena within the stack in 
detail, describing the energy losses in the form of overpotentials will 
allow for a better understanding of ion transport subsequently. 

2.2.1. Energetic balance 
To better understand the sources of energy loss in the process, it is 

necessary to establish a rigorous energetic balance on the ED plant. This 
potential field φ, illustrated in Fig. 4, gives a better idea of the main 
electrical overpotential in the process. 

The operating voltage itself is composed of various elements, 
including the thermodynamic cell potential, the overpotential associ-
ated with both the cathode and anode reactions (Fig. 4 – b), and the 
potential losses due to the resistance of the electrolyte and the separator. 
This energy consumption can be related to the cell’s potential and the 
system’s overall overvoltage, as shown in Eq. (1). 

Ustack = UNernst +UD + ηact + ηconc + ηohm (1)  

where Ustack is the cell potential of the stack (V); UNernst is the redox 
potential at the electrodes (V); UD is the Donnan overvoltage of the 
entire cell (V); ηact, ηconc and ηohm are, respectively, the activation, 
concentration and ohmic overvoltages (V). 

The ion transport in each stage of the ED process necessitates a 
specific amount of energy consumption/loss, which is described upon in 
the subsequent sub-sections. 

2.2.2. Ohmic losses 
Ohmic overvoltage represents the primary loss in ED. This over-

potential can be broken down into various contributions occurring 
within the membranes and electrolytes, as outlined in Eq. (2). 

ηohm = ηcte
ohm + ηdlt

ohm + ηCEM
ohm + ηAEM

ohm + ηano
ohm + ηcat

ohm (2)  

In each domain, the ohmic losses follow Ohm’s law, as pointed in Eqs. 
(3) – (8) 

ηcte
ohm = Ncp ×

lcte

Acellσcte × I (3)  

ηdlt
ohm = Ncp ×

ldlt

Acellσdlt × I (4)  

ηCEM
ohm = (Ncp + 1) ×

lCEM

AcellσCEM × I (5)  

ηAEM
ohm = Ncp ×

lAEM

AcellσAEM × I (6)  

ηano
ohm =

lano

Acellσano × I (7)  

ηcat
ohm =

lcat

Acellσcat × I (8)  

where l is the thickness (m); A is the surface area of the cell (m2); σ is the 
ionic conductivity (S m− 1) and I is the current (A). 

In diluate electrolytes, ionic conductivity is influenced by both the 
concentration and the nature of each ion, as described in Eq. (9). In the 
case of concentrate electrolytes, more complex correlations need to be 
taken into account [74]. 

σj =
∑

i
λj

i × Cj,s
i (9)  

where λ is the molar ion conductivity (S m− 1 mol− 1). 
Note that the order of magnitude of each of these overvoltages is not 

identical, and they can be classified according to Eqs. (10) – (11). 

ηohm > ηact > ηconc (10)  

102 mV ≈ ηCEM
ohm ≈ ηAEM

ohm > ηdlt
ohm ≥ ηcte

ohm > ηano
ohm ≈ ηcat

ohm > ηact > ηconc

≈ 101 mV (11) 
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2.2.3. Losses at the electrode surface 
Ion transport at the electrode undergoes three main phenomena: (i) 

thermodynamic equilibrium through Nernst overvoltage, (ii) kinetics 
and activation energy barrier through activation overvoltage and (iii) 
depletion of charge-carriers at the electrode surface generated by 
diffusion gradient or gas bubbles thorough concentration overvoltage. 

Nernst potentials (depicted in Eq. (12)) and activation overvoltages 
are considered solely for the reactions at the electrodes, which are 
typically water oxidation and reduction. No other EC reactions occur in 
ED setup. 

UNernst =

{

E◦

a −
RT
ziF

ln
aano

Red
aano

Ox

}

−

{

E◦

c −
RT
ziF

ln
acat

Red
acat

Ox

}

(12)  

where E◦

a and E◦

c are, respectively, the standard anodic and cathodic 
potential (V); a is the activity (dimensionless). 

Kinetics of EC reaction can be typically modelized by a Tafel equa-
tion as written in Eq. (13). 

ηact =
RT

αaziF
× log

j
j0,a

+
RT

αcziF
× log

j
j0,c

(13)  

where αa and αc are, respectively, the anodic and cathodic charge 
transfer coefficients (dimensionless); j is the electrode current density 
(A/m− 2(− |-)); j0 is the exchange current density (A/m− 2(− |-)). 

The concentration overpotential depends on the hydrodynamics in 
the electrode compartments and at the interface of each IEM sides 
(leading to concentration polarization) and thus on the concentration of 
reactants, as indicated in Eq. (14). 

ηelectrodes
conc =

⃒
⃒
⃒
⃒
RT
neF

× ln
C*

Red,a

Cano,s
Red

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
RT
neF

× ln
C*

Ox,c

Ccat,s
Ox

⃒
⃒
⃒
⃒ (14)  

where ne is the exchanged electron number (dimensionless) and C* is the 
concentration at the electrode surface (mol/m− 3(− |-)). 

2.2.4. Losses at the membrane interface 
Two main losses of energy are generated at the membrane interface: 

(i) caused by a concentration polarization and (ii) generated by the 
thermodynamic equilibrium of ions, called Donnan equilibrium, be-
tween solution and membrane interface [75]. 

The concentration overpotential depends on the hydrodynamics 
close to IEMs and at the interface of each IEM sides (leading to con-
centration polarization), as indicated in Eq. (15). 

ηIEM
conc = Ncp ×

{⃒
⃒
⃒
⃒
RT
ziF

ln
Ccte,*
⊕

Ccte,s
⊕

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
⃒

RT
ziF

ln
Cdlt,*
⊕

Cdlt,s
⊕

⃒
⃒
⃒
⃒
⃒
+

⃒
⃒
⃒
⃒
RT
ziF

ln
Ccte,*
⊖

Ccte,s
⊖

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
⃒

RT
ziF

ln
Cdlt,*
⊖

Cdlt,s
⊖

⃒
⃒
⃒
⃒
⃒

}

(15)  

ηconc = ηelectrodes
conc + ηIEM

conc (16)  

where zi is the ion’s valence (dimensionless) and C* is the concentration 
at the membrane surface (mol/m− 3(− |-)). 

Donnan formulated the equations for thermodynamic equilibrium in 
membranes by considering the IEM matrix as a solution containing 
uniformly distributed fixed charges. It was discovered that an electrical 
potential at the interface between the membrane and the solution causes 
the repulsion of co-ions from the membrane matrix as illustrated in 
Fig. 4 – c by Donnan equilibrium. The phenomenon where co-ions are 

Fig. 4. Potential field φ (a) within the complete ED cell, at the interfaces of (b) the cathode, (b’) the anode and (c) the monopolar IEM.  
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repelled by IEMs is known as the Donnan effect and the equilibrium 
leads to a Donnan potential ΔφD (V). For each membrane, two Donnan 
potentials occur at each interface. Since the EC potential of ions within 
the membrane is challenging to estimate, it is assumed to be identical at 
both interfaces, then we consider a single Donnan potential for the entire 
membrane. This latter depends on the ion activity on both sides of the 
membrane and can be expressed as Eq. (17). 

ΔφD = φm − φs =
RT
ziF

× ln
Cs

i γs
i

Cm
i γm

i
(17)  

where ΔφD is the Donnan potential (V) as the potential difference be-
tween the membrane φm and the solution φs potentials (V). 

Each membrane in the ED setup possesses a Donnan potential that 
varies depending on the ion mobility present in the surrounding solu-
tions [76]. Recently, Aydogan Gokturk et al. was the first to determine 
Donnan potential directly and experimentally by tender ambient pres-
sure X-ray photoelectron spectroscopy [75]. In the scenario depicted in 
Fig. 4, there are four different membrane configurations. The top 
membrane is a CEM bordered by the catholyte on one side and the 
diluate on the other side. The bottom membrane is also a CEM but is 
bordered by the anolyte and the concentrate. Between the two, there are 
AEMs and CEMs, present in quantities corresponding to the number of 
cell pairs (Ncp) and the number of cell pairs minus two, respectively. All 
these membranes share a similar configuration, each flanked by a 
concentrate solution and a dilute solution. However, the mobile ions 
differ between the membranes: cations move through the CEMs, while 
anions traverse the AEMs. The Donnan potential in this arrangement is 
defined by Eq. (18). With a different configuration or in the case of a BM, 
the equation will vary, and a similar assessment must be conducted. 

UD =
∑

j
Δφj

D

=
(
Ncp − 2

)
×

⃒
⃒
⃒
⃒
⃒

RT
ziF

ln
Ccte
⊕

Cdlte
⊕

⃒
⃒
⃒
⃒
⃒
+Ncp ×

⃒
⃒
⃒
⃒
RT
ziF

ln
Cdlt
⊖

Ccte
⊖

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
RT
ziF

× ln
Ccte
⊕

Cano
⊕

⃒
⃒
⃒
⃒+

⃒
⃒
⃒
⃒
⃒

RT
ziF

× ln
Ccat
⊕

Cdlt
⊕

⃒
⃒
⃒
⃒
⃒

(18)  

where j represent each interface between an electrolyte and the IEM; Ncp 
is the number of cell pair (dimensionless); C⊖ and C⊕ are, respectively, 
the anion and cation concentration (mol/m− 3(− |-)). 

On the other hand, when using BMs (not illustrated in Fig. 4), the 
main difference generates a different potential field ΔφD across the 
membrane. In the case of these membranes, the Donnan voltage at zero 
current is presented in Eq. (19). 

ΔφD = 2.3 ×
RT
F

× ΔpH (19)  

where ΔpH is the pH difference across the BM (dimensionless). 
In the literature, there are two primary theoretical frameworks uti-

lized for characterizing the structure of the transition region in BMs. 
These are known as the ‘abrupt junction’ model and the ‘neutral layer’ 
model, as presented in Fig. 5. The ‘abrupt junction’ model posits that the 
cation- and anion-exchange layers are directly contiguous, leading to a 
negligible separation between them. This arrangement results in a pro-
nounced shift in both voltage and concentration profiles at the junction 
of these layers, as depicted in Fig. 5 – a. The spatial extent of this 
transition region typically spans a few nanometers [77]. Conversely, the 
‘neutral layer’ model, illustrated in Fig. 5 – b, hypothesizes the existence 
of a slender neutral solution layer interposed between the two ion- 
exchange layers. A notable observation in BM modelling studies is the 
prevalent assumption of perfect symmetry, wherein both the AEL and 
CEL are considered identical in terms of thickness, fixed charge density, 
and symmetric diffusion coefficients for both counter-ions and co-ions. 
This symmetric model, while prevalent, constrains the exploration of 

AEM
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Fig. 5. Diagram illustrating the profiles of concentration and voltage in a BM, featuring (a) an abrupt junction model, and (b) a model with an intervening neutral 
solution layer. Adapted from [41], Copyright (2021), with permission from Elsevier. 
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asymmetric BM designs. Such asymmetrical designs hold potential for 
enhancing water transport across the bipolar junction from the sur-
rounding solutions [41]. 

The interfacial layer situated between the dual layers of the mem-
brane is often embedded with a catalyst to facilitate the dissociation/ 
association reactions, thereby ensuring a continuous exchange or uptake 
of ionic charge carriers from each layer of the BM [78,79]. 

2.3. Sorption-migration phenomenon during ion transport in ion-exchange 
membranes 

Ions undergo a two-step process involving initial sorption or parti-
tioning into the membrane, followed by migration across the membrane 
driven by an electrical potential gradient. The process of ion sorption 
into the membrane’s matrix is dictated by the equilibrium of EC po-
tential between the bulk solution and the membrane matrix. This 
equilibrium is influenced by the difference in electrostatic potential at 
the interface between the solution and membrane [80]. 

The sorption coefficient, denoted as K, quantifies the ratio of the 
concentration of a specific ion i within the IEM to its concentration in the 
bulk-phase solution. This relationship is encapsulated in Eq. (20) as 
follows: 

Ki ≡
Cm

i
Cs

i
=

fwγs
i

γm
i

× exp
(

−
ziF
RT

ΔφD

)

(20)  

where C is the concentration (mol/m− 3(− |-)); fw is the water volume 
fraction in the membrane matrix (dimensionless); γ is the activity co-
efficient (dimensionless); z is the valence (dimensionless); F is the 
Faraday constant (C/mol); R is the universal gas constant (J/K mol− 1); T 
is the absolute temperature (K); and superscripts m and s denote mem-
brane and bulk solution phases, respectively. 

2.3.1. Transport modeling equations 
A robust framework for quantitatively analyzing ion transport in 

IEMs is provided by two different scenarios: (i) Nernst-Planck (N-P) and 
(ii) Maxwell-Stefan (M− S) equations. 

The extended N-P equation [81,82] articulates the ionic flux J (mol 
m− 2 s− 1) as a cumulative function of three distinct components pre-
sented in Eq. (21) and quantifies the permeation across the membrane. 

Ji = vw × Cm
i − Dm

i Cm
i ×

dln(γm
i Cm

i )

dx
− zieum

i Cm
i ×

dφm

dx
(21)  

Dm
i = Di ×

(
fw

2 − fw

)2

(22)  

ui =
Di

kbT
(23)  

where vw denotes the water velocity in the membrane (m/s); Dm and um
i 

are the diffusivity (defined in Eq. (22) [83], m2/s) and absolute mobility 
(defined in Eq. (23) by the Einstein relation, m2 (C V s)-1) of the ion 
within the IEM; e is the elementary charge (C); x being the spatial co-
ordinate across the membrane (m); kb is the Boltzmann constant (J/K) 
and f is the volume fraction of water (dimensionless). 

Eq. (21) can apply to all ions under the condition of electro- 
neutrality. The first term is indicative of ions’ convective (advective) 
transport facilitated by electroosmotic solvent flow. The second term 
denotes ion diffusion driven by the activity gradient. The third term 
describes ion electromigration, an outcome of the electric potential 
gradient [84]. Notably, in the context of ion transport within the 
membrane, while both diffusion and convection contribute, their in-
fluence is minor compared to electromigration [85]. This is particularly 
true for IEMs, which are characterized by a dense structure, and exhibit 
an electrolyte diffusion coefficient in the membrane that is significantly 
lower (by one to three orders of magnitude) than in bulk solutions 

[86,87]. The N-P model operates under the presumption of an ideal 
solution, disregarding the interactions between ions. Its applicability is 
established for dilute ionic environments. However, in the realm of ED, 
one often encounters solutions with high ion concentrations. Under 
these circumstances, the M− S framework offers a more accurate rep-
resentation, acknowledging the complexities arising from component 
interactions and deviations from ideal solution behavior. Furthermore, 
the M− S methodology accounts for the movement of water through its 
interactions with ions, in contrast to the N-P model which necessitates 
the addition of a distinct formula (namely the Schlögl equation [88]), to 
describe water transport. Although the traditional N-P equation (which 
omits the convective term) has limitations in accurately characterizing 
ion transport through inhomogeneous media, its extensive applicability 
and utility have been well-established [89,90]. 

The M− S theory articulates a balance of forces at the steady state, 
encapsulating the interplay between the driving forces and the resistive 
frictional forces encountered by a specific component within a mixture. 
Eq. (24) delineates the relation between the driving force experienced 
by a component i within the mixture and the cumulative frictional forces 
arising from interactions between component i and another component 
k, expressed in mole fraction terms. 
⎧
⎪⎨

⎪⎩

drivingforceonspeciesi = frictionforceswithotherspeciesk

Ctotψi ×

(

RT
dlnai

dx
+ ziF

dφ
dx

)

=
∑

k∕=i

RT
Di,k

(ψiJk − ψkJi)
(24)  

where ψ is the mole fraction (dimensionless) and a is the activity 
(dimensionless). 

2.3.2. Modes of ion transport 
For example, CEM functions by selectively allowing positively 

charged ions to pass through while blocking negatively charged ions 
[81]. It is composed of a polymeric matrix, often made from materials 
like polyethylene or fluoropolymers [91], which is embedded with 
negatively charged functional groups, such as sulfonic or carboxylic 
acids. These functional groups bind to cations in the solution as pre-
sented in Fig. 2 – b. The ion transport selectivity is largely influenced by 
electrostatic repulsion between the migrating ions and those fixed 
within the membrane. Steric hindrance also plays a role in affecting ion 
transport, which is related to the polymers’ topology and the size of 
migrating ion through the membranes. Polymer chains exhibit both 
hydrophobic (carbon chains constituting the backbone) and hydrophilic 
(ionic functionalities) properties. Upon hydration of the polymer 
membranes, clusters form between water and the hydrophilic segments 
of the polymers. With sufficient hydration, these clusters evolve into 
aqueous channels, and the membrane adopts a biphasic structure. Water 
uptake in the membrane is defined by the ratio of water molecules per 
functional site. The water content is influenced by factors such as tem-
perature, ion exchange capacity (IEC), membrane pretreatment, water 
vapor pressure, and the mechanical properties of the membrane, which 
depend on the ionomer’s nature and manufacturing process. 

Ion transport through the membrane can occur via two main 
mechanisms. The first mechanism, known as the Grotthuss mechanism, 
involves mobile ions moving from one ionic site to another via hopping. 
If the membrane is adequately hydrated, a second mechanism, termed 
the ‘vehicular’ mechanism, occurs where ions are directly transported in 
the aqueous phase, bounded to water molecules [92]. At this point, 
water is also transported by migration within the membrane. The 
dominance of one mechanism over the other depends on the polymer’s 
nature, the ionic functionalities (polymer’s hydrophobicity and hydro-
philicity, acidity of ionic functionalities, cross-linking, chain size, etc.), 
and operational conditions, particularly the membrane’s hydration. For 
fuel cells, electrolysers or EDs using a proton exchange membrane, 
adequate hydration of the membrane is crucial (it can reach up to 20 wt 
% in Nafion®, for example). Under such conditions, vehicular transport 
predominantly accounts for the membrane’s good ionic conductivity 
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[58]. 

2.4. Performance efficiencies 

The economic viability of an EC process largely hinges on its con-
sumption of electrical energy [93]. This consumption is intricately 
linked to several factors: the operating voltage, the electrical charge 
necessary for the desired separation of the reactant, and the current 
efficiency of the process. The main criteria for evaluation are presented 
in this subsection. 

2.4.1. Limiting current density 
Increasing the voltage applied to a module’s terminals results in a 

rise in current density, which in turn boosts the ion flux until the ion 
concentration at the membrane surface drops to zero. This point rep-
resents the peak current density attainable, referred to as the limiting 
current density, symbolized as jlim and presented in Eq. (25). 

jlim =
ziDiFCs

i
δ × (tm

i,ct − ts
i,ct)

(25)  

where δ is the thickness of the DBL (m) and ts and tm represent the 
transport number in the bulk and in the membrane, respectively 
(dimensionless); ct stands here for the counter-ion. 

Studying the movement of ions from the diluate to the concentrate 
compartments involves tracking the change in current intensity I rela-
tive to the voltage U applied at the module’s terminals. The curve 
generated from this analysis displays three distinct segments and is 
represented in Fig. 6 – a. The first segment, marked (A), exhibits an 
almost linear relationship, illustrating the combined resistance effects 
from the electrolyte, membranes, and the concentration polarization, as 
indicated by the straight line’s slope. In this segment, Ohm’s law (U =

R× I) holds true. The next segment, denoted as (B), shows a flat plateau 
indicating complete polarization of the cell. This plateau reveals the 
limiting current intensity, influenced by ion delivery to the membrane 
via electric potential-driven flux, diffusion, and convection. Following 
this, in segment (C), the intensity begins to rise once more. However, 
this rise is not attributed to resumed solution species transfer but to 
solvent redox reactions. This process results in excessive energy con-
sumption, pH shifts leading to irreversible damage, and increased re-
sistivity of the medium. Therefore, the procedure’s efficiency is 
adversely affected, underscoring the importance of operating below the 
threshold of the limiting current density. 

In practical terms, when plotting the ratio U/I against 1/I, the in-
flection point P, termed the polarization point, reveals the limit current 
intensity, as referred to Fig. 6 – b. This approach is based on the Cowan 
and Brown methodology [94]. For a more rapid and effective assess-
ment, a potentiostat is commonly employed on a laboratory scale. 

Consequently, the limiting current density is a direct measure of the 
ionic concentration of the solution undergoing demineralization. As the 

process of ED progresses and the ion concentration decreases in the 
diluate, the limiting current similarly reduces. Should this threshold be 
surpassed, the concentration at the solution-membrane interface ap-
proaches zero, and the solution’s resistance moves toward infinity. This 
scenario can cause localized heating, potentially leading to the mem-
brane’s irreversible damage, such as burns or pH shifts. It is thus crucial 
to accurately determine and regulate jlim throughout the ED operation. 
For optimal control, determining jlim at a steady concentration is 
advisable, allowing the operational conditions to be adjusted to 
consistently stay below the jlim threshold. 

2.4.2. Current efficiency 
In the context of electrokinetic separation techniques, the efficiency 

with which charged particles are separated or migrated is quantitatively 
evaluated by the metric known as current efficiency (ξ, also called 
Faradaic or Coulombic efficiency). In the case of ED in batch mode, this 
efficiency is a comparison between the actual amount of target charged 
species transported and the theoretical amount predicted by the charge 
delivered. In the case of continuous-mode ED, this efficiency compares a 
mass flow rate with a corresponding electrical current. For batch and 
continuous processes, this efficiency is usually represented as a per-
centage, as depicted in Eqs. (26) – (27). 

Batch reactor: 

ξ =
ni × zi × F
∫

I × dt
(26)  

Continuous reactor: 

ξ =
q̇ × zi × F ×

(
Ci,in − Ci,out

)

Ncp × I
(27)  

where n is the transformed molar amount during batch operation (mol); 
Ci, in and Ci,out are the concentration of the target species i at the inlet and 
the outlet of the stack, respectively (mol/m− 3(− |-)); q̇ denotes the stack 
volumetric flowrate (m3/s); F is the Faraday constant (C/mol). 

2.4.3. Specific energy consumption 
The consumption of electrical energy by the ED stack can be deter-

mined through the product of the voltage applied to the stack, and the 
electric current flowing through it. Additionally, the energy expenditure 
for operating the hydraulic pumps was derived from the product of flow 
rate and the pressure differential. Furthermore, the specific energy 
consumption (SEC), defined in Wh/m− 3(− |-) (often Wh kg− 1), repre-
sents the energy required by the ED process to produce a specific volume 
of product solution. 

The electrical power (Pel, W) utilized by the ED stack is computed as 
follows in Eq. (28) 

Pel = Ustack × I (28)  

The power required for hydraulic pumping (Ph, W) through the ED stack 
is given by Eq. (29). 

Ph = ρ × g × q̇ × ΔH (29)  

where ρ stands for the mass density of the solution, g the gravitational 
constant (9.81 m s− 2), q̇ the stack flow rate (m3/s), and ΔH the hydraulic 
head loss across the stack (m). 

The specific energy consumption (SEC) for a batch and a continuous 
reactors are calculated with Eqs. (30) – (31). 

Batch reactor: 

SEC =

∫ t

0

Pel + Ph

V
× dt (30)  

Continuous reactor: 

In
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Fig. 6. (a) Evolution of current I as a function of applied voltage U across the 
stack terminals and (b) experimental determination of the limiting cur-
rent density. 
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SEC =

∫ t

0

Pel + Ph

q̇
× dt (31)  

where q̇ the stack flow rate (m3/s). 

2.4.4. Ion selectivity 
In conditions where electromigration is the prevailing mechanism, 

outstripping the effects of diffusion and convection, the ion flux 
described in Eq. (21) can be simplified accordingly to Ji ≈ −

ziDm
i FCm

i
RT ×

dφm

dx . This simplification is feasible because each ion species is subjected 
to an identical gradient in the transmembrane electrostatic potential. 
Consequently, it becomes possible to express the fluxes of different ions, 
normalized by their concentrations [80], as in Eq. (32). 

Si,k ≡
JiCs

k
JkCs

i
≈

Ki

Kk
×

zium
i

zkum
k
=

γs
i γm

k
γs

kγm
i
× exp

[

−
(zi − zk)F

RT
× ΔφD

]

×
zium

i
zkum

k

(32)  

Therefore, the ability of IEMs to selectively separate ions arises from 
disparities in the sorption and migration behaviors of ions i and k. The 
key determinants influencing the discrimination between ions include 
the valence (and polarity) of the ions (z), the activity coefficient in the 
membrane (γm), and the ions’ absolute mobility within the membrane 
(um). 

The ion selectivity capabilities of IEMs can be structured into (i) their 
charge selectivity (e.g., chlor-alkali process [95]), (ii) valence selectivity 
(e.g., recovering Li+ from Mg2+ in lithium-rich brines [96]), and (iii) 
specific ion selectivity (e.g., separation of Li, Ni, Mn, and Co from 
LiNi0.33Mn0.33Co0.33O2 for battery recycling [97]). Selectivity can also 
be studied between the crossover of uncharged molecule and ions within 
IEMs and can be systematically divided into two key areas: (iv) ion/ 
solvent selectivity (e.g., solvent crossover [98]) and (v) ion/uncharged 
solute selectivity (e.g., mixing of dissolved H2 and O2,(g) creating haz-
ardous situation [99] or vanadium ions cross-over in vanadium redox 
flow battery [100]). Several detailed reviews focusing on the funda-
mentals [80,85] or modeling [101] of those aspects are reported in the 
literature. 

2.4.5. Permeability-selectivity balance 
The permeability of an IEM towards a specific ion is foundational to 

the efficiency of most IEM processes. Membrane permeance is defined as 
the ion flux per unit driving force, and when this value is multiplied by 
the membrane’s thickness, it yields the membrane’s permeability Lp (L 
m− 2 s− 1 bar− 1). 

Ionic conductivity σi (S m− 1) emerges as a significant parameter. 
This measure is not an intrinsic membrane property but is influenced by 
operational conditions such as the concentrations of solutions involved 
[102]. A higher σi suggests more efficient ion transport, implying that a 
membrane with higher ionic conductivity for a particular ion would 
require less surface area to achieve a specific separation yield, poten-
tially reducing both capital and operational costs [103]. However, the 
pursuit of increased ionic conductivity often leads to a decrease in 
selectivity, particularly in the discrimination between counter-ions and 
co-ions. The compromise between conductivity and selectivity is 
attributed to the alteration in the membrane’s water content, steric ef-
fects and the density of fixed charges within the membrane which affects 
the ion transport pathways [104,105]. 

Within ED apparatuses, it has been noted that the membrane’s 
thickness significantly influences the overall performance of the cell. 
Thicker membranes tend to elevate the cell’s resistance. On the contrary, 
thinner membranes decrease the area-specific resistance but concur-
rently cause an increase in the crossover flux of reactants, which is 
proportionally related to selectivity [106]. This not only leads to 
diminished power efficiency but also accelerates the rate of degradation, 
affecting the system’s longevity adversely. Employing thinner 

membranes can also serve to lower the costs associated with materials, 
presenting an advantageous aspect for the commercial viability. 
Consequently, there is a discernible compromise among cost reduction, 
enhanced performance, and longevity [107]. A recent examination 
conducted by researchers at General Motors [108] on fuel cell mem-
branes revealed that the interplay between conductivity and perme-
ability due to varying membrane thickness has a direct correlation with 
both the durability and the total cost of ownership. Enhancements in 
conductivity are beneficial for increasing power density and diminishing 
the cost of the stack, whereas an increase in gas crossover (i.e., perme-
ability) elevates fuel expenses and detracts from the membrane’s and the 
system’s operational lifespan. 

This trade-off is analyzed through the lens of sorption-migration 
transport equation (Eq. (32)). The flux of ion i, and thus its conductiv-
ity σi, can be enhanced by either increasing (i) the ion’s concentration 
within the membrane or (ii) its mobility. The sorption of ion i is gov-
erned by its activity coefficient (Cm

i ∝1/γm
i ), which dictates how readily 

the ion is absorbed into the membrane. For improved conductivity, 
conditions that lower the activity coefficient and increase the ion’s 
mobility (um) are preferred. Conversely, enhancing selectivity (Si,k) in-
volves optimizing the relative sorption and mobility ratios of ions i and 
k, aiming for conditions where the activity coefficient ratio is low 
(γm

i /γm
k ) and the mobility ratio is high (um

i /um
k ). 

This nuanced understanding of the conductivity-selectivity trade-off 
in IEMs underscores the challenges in optimizing membrane perfor-
mance for specific applications. It highlights the need for a balanced 
approach in membrane design, where enhancements in selectivity or 
conductivity are achieved without significantly compromising the other 
metric [109]. 

3. Advances in membrane materials and fabrication techniques 

In the context of ED, the development of new electrode materials is 
not an active area of research, as it is not a limiting factor in the process. 
However, concerning membrane technology and selectivity optimiza-
tion, significant advancements have been made in the development of 
innovative membrane materials, each addressing specific challenges and 
applications in the field of separation processes. The recent advance-
ments in both robust and efficient AEM and BPM have enabled the 
industrial-scale development of ED. The following sections will 
concisely present the state of the art concerning (i) membrane materials, 
(ii) advances in fabrication and finally (iii) IEM performance charac-
terization methods. 

3.1. AEM materials 

AEMs must operate effectively within alkaline environments to fulfill 
their roles. To position AEM technologies as viable alternatives to cur-
rent CEM and Nafion® solutions, ongoing research is intensively 
directed towards enhancing both the conductivity and longevity of these 
membranes under such challenging conditions [110]. The European 
Union’s Horizon2020 initiative, through its FCG-02–4-2019 call for 
projects (ANIONE [111], CHANNEL [112] and NEWELY [113]), has 
established specific targets (stability of 2000 h, hydroxide conductivity 
of 50 mS cm− 1, etc. [114]). Among these, durability emerges as a 
paramount objective, pursued through a variety of strategies focusing on 
the selection of ionic functionalities and the structural composition of 
the polymer backbone. 

3.1.1. Functionnal carriers 
In AEMs, ionic functionalities comprise cationic groups containing 

heteroatoms such as nitrogen, phosphorus, sulfur, or metallic cations. 

3.1.1.1. Quaternary ammoniums. Quaternary ammoniums are charac-
terized by a N atom substituted by four groups, forming a cation, and are 
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widely studied for AEM development due to their straightforward and 
cost-effective synthesis. However, their lifespan in alkaline conditions is 
limited by various degradation mechanisms, with propyl-trimethyl 
amine exhibiting a half-life of only 33.2 h in strong alkaline condi-
tions (6 mol/L NaOH), including nucleophilic substitution (SN2 reac-
tion), Hofmann elimination, Stevens rearrangement, Sommelet-Hauser 
rearrangement, and 1,4-elimination [115]. The most concerning are 
nucleophilic substitution and elimination reactions, involving carbons 
adjacent and next to the N atom, respectively. 

To improve longevity, tetramethylammonium (TMA) [116] and 
benzyl trimethylammonium (BTMA) [117] derivatives have been stud-
ied, showing enhanced resistance to degradation, though challenges 
persist in integrating them into membranes. Innovations in membrane 
design, including the use of side chains and multi-cation chains, aim to 
counteract these issues but often face trade-offs between ionic conduc-
tivity and stability [118]. Notably, cyclic and spirocyclic ammonium 
structures have emerged as highly promising for their remarkable sta-
bility in harsh alkaline environments, attributed to their unique geo-
metric configurations that resist common degradation reactions 
[119,120]. 

3.1.1.2. Imidazoles. Imidazoles are aromatic heterocyclic compounds 
with a 5-atom ring, including two N atoms. When both N atoms are 
substituted, imidazole forms a cation with charge delocalization across 
the ring. Imidazoles are readily synthesized and converted into cations 
through alkylation [121]. The stability of imidazole derivatives in 
alkaline conditions varies significantly with the substitution pattern on 
the ring. Unsubstituted imidazoles are particularly prone to degrada-
tion, including ring-opening and deprotonation reactions. However, 
strategic substitutions at specific positions on the imidazole ring can 
enhance stability. For instance, substituents at the carbon between the N 
atoms (C2) or on the N itself can prevent degradation, with aryl groups 
providing better protection than benzyl groups. Additionally, sub-
stitutions at the outer carbons (C4 and C5) effectively inhibit degrada-
tion, likely due to steric hindrance and electronic effects, including 
resonance stabilization [116,122]. Hugar et al. demonstrated that 
certain imidazole derivatives, especially those with mesityl groups or 
bis-substituted with aryl groups, exhibit remarkable resistance to alka-
line degradation, showing less than 1 % degradation after extensive 
exposure to harsh conditions [122]. 

3.1.1.3. Guanidiums. Guanidiniums, derivatives of guanidine where 
nitrogen bounded by a double bond to a carbon is quaternary, feature a 
charge delocalized across the nitrogen and carbon. This characteristic 
can enhance the catalytic properties of platinum and other metals sup-
ported on carbon in oxygen oxidation and reduction reactions [121]. 
However, the guanidinium group is susceptible to addition reactions in 
alkaline environments, risking the elimination of the quaternary nitro-
gen. To counteract this, the introduction of sterically hindering groups, 
such as ethyl substituents on the N atoms, has been shown to limit 
degradation, with compounds exhibiting less than 10 % degradation 
after 312 h in a 1 mol/L KOH solution at 60 ◦C [123]. 

3.1.1.4. Quaternary phosphoniums. Beyond N, phosphorus atoms can 
also bear cationic charges as in quaternary phosphonium ions. These 
ions, susceptible to nucleophilic attacks and α- and β-eliminations like 
ammonium ions, face additional vulnerability to direct OH− attacks on 
the phosphorus, leading to phosphonium group detachment due to 
phosphorus’s oxophilic nature [121]. 

Enhancing the stability of these cations can be achieved through 
phenylic substitutions, which donate electrons to the phosphorus, thus 
conjugating and stabilizing it against degradation. For instance, the 
MTPP-(2,4,6-Me) degrades only 10 % after 2000 h in 1 mol/L KOH at 
80 ◦C [124]. 

The tetra(dialkylamino)phosphonium family showcases a different 

stabilization strategy, where alkyl or cyclohexyl substituents mitigate 
degradation through structural reinforcement, reducing susceptibility to 
nucleophilic and elimination reactions [125,126]. This approach is 
exemplified by membranes such as TPQPOH, which exhibit low anionic 
conductivity (27 mS cm− 1) but high resistance to degradation (less than 
1 % degradation over 720 h), underscoring the potential of tailored 
substituents in enhancing the durability of phosphonium-based mate-
rials in harsh environments [127]. 

3.1.1.5. Organometallic cations. Multivalent metal cations can coordi-
nate with multiple anions, enhancing IEC, evident in ruthenium, nickel, 
and cobalt cations. Ru-based cations show good alkaline stability, but 
AEMs incorporating them have relatively low conductivities comparable 
to quaternary ammoniums and, due to their cost, remain of limited in-
terest. Conversely, nickel serves both as an ionic conductor and a cross- 
linker to form ionic clusters, yet membranes containing it suffer from 
mechanical properties unsuitable for ED applications [121]. In addition, 
tetra-tert-butyl cobaltocene undergoes only 8.2 % degradation after 
1000 h in 5 mol/L KOH at 80 ◦C [128], and octamethyl cobaltocene 8.5 
% degradation after 1000 h in 1 mol/L NaOH at 140 ◦C [129]. 

3.1.2. Backbones 
In the exploration of polymer backbones for enhanced stability in 

alkaline environments, the focus has shifted towards developing poly-
mers beyond traditional aryl ether-based polymers like PEEK, PSU, and 
PPO. These conventional polymers are vulnerable to nucleophilic at-
tacks, prompting the search for more resistant skeletal structures 
without ethers [130]. 

Radiative grafting has emerged as a promising method to modify 
commercial polyolefins and fluoropolymers, such as ETFE, HDPE, and 
LDPE, with BTMA [110]. This technique allows for the direct attachment 
of BTMA onto these polymers, yielding membranes with high conduc-
tivity and variable stability against alkaline degradation. 

Polynorbornene (PNB) synthesized via ring-opening metathesis 
polymerization (ROMP) offer another avenue, leveraging the ROMP 
method’s ability to create polymers with complex architectures. These 
polymers can achieve high conductivity and low degradation rates in 
alkaline solutions, with enhanced performance through strategic mod-
ifications such as side chains and cross-linking [110,130]. 

Synthesized through Diels-Alder polymerization, polyfluorenes and 
polyphenylenes via metal-catalyzed coupling reactions (Suzuki-Miyaura 
and Yamamoto couplings), represent advanced approaches to polymer 
backbone development [110,130]. These methods provide pathways to 
easily incorporate functional groups like quaternary ammoniums into 
the polymer structure, although they differ in synthesis complexities and 
polymer properties [131,132]. 

Acid-catalyzed polycondensation offers a route to synthesize ether- 
free, metal-free polyaromatics with high molecular weight, demon-
strating significant potential [130,133]. 

3.2. CEM materials 

CEMs are currently prevalent in a variety of industrial applications, 
including fuel cells, electrolysis, ED, and vanadium flow batteries. Pre-
dominantly, these membranes are based on perfluorosulfonic acid 
(PFSA, − CF2SO3H) materials. Originating from Dupont’s innovation in 
the 1960 s, marketed under the brand name Nafion®, this copolymer 
foundation is similarly employed in the development of Solvay’s Aqui-
vion®, Flemion®, Hyflon®, Dow®, Aciplex® or BAM3G® and Gore- 
Select® membranes [134]. The key benefits of using this polymer 
include its notable ionic conductivity, excellent chemical resistance, 
especially against oxidation, and its satisfactory mechanical durability. 
However, its production is relatively expensive, and the degradation 
process releases environmentally harmful perfluorosulfonic and per-
fluorocarboxylic acids due to the presence of perfluorinated groups 
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[135]. Additionally, its application at temperatures exceeding 100 ◦C 
poses challenges due to a decrease in mechanical strength and the ne-
cessity for hydration to maintain conductivity. Altering the polymer 
structure to introduce new functional groups or to create a copolymer 
tailored for specific applications presents significant difficulties [136]. 

In this section, two strategies are presented for the creation of 
advanced generations of CEM. The first strategy involves subjecting 
PFSA to various treatments or engaging in its hybridization. The second 
strategy concentrates on the development of innovative polymers. 

3.2.1. Enhancements to polymer properties 
Modifying the PFSA polymer’s electrical conductivity, resistance, 

water retention, and mechanical properties through alterations in its 
chemical structure presents considerable challenges. Nonetheless, ad-
vancements in treatment methodologies, preparation protocols, and 
hybridization approaches have shown potential to induce these changes 
effectively, as cataloged comprehensively by Karimi et al. [137]. Ther-
mal treatments influence the crystalline architecture of PFSA mem-
branes, with the effects varying substantially based on the temperature 
and method of the treatment. These processes, which include annealing 
in controlled environments such as ovens or through wet methods 
involving boiling solutions, modify the crystalline state towards equi-
librium, thus affecting the membrane’s water uptake and conductivity. 
High temperatures, however, might increase crystallinity, thereby hin-
dering the polymer’s flexibility and functional performance [138–141]. 
Employed primarily to prepare PFSA membranes for applications in fuel 
cells and electrochemical devices, acid and peroxide treatments target 
the removal of organic residues and enhance proton conductivity by 
protonation at the anionic sites of PFSA. The choice of acid is critical, 
requiring a dissociation capability superior to the PFSA’s acidic groups 
to achieve effective protonation, as demonstrated by the distinct pro-
tonation levels achieved with different acids [142]. These treatments 
not only refine the IEC but also modulate the membrane’s water ab-
sorption and electrical resistance, tailoring it for specific ion exchange 
applications. Alternative strategies, such as exposure to supercritical 
CO2 or subjecting PFSA membranes to electric fields, have been utilized 
to manipulate the membrane properties further. These treatments aim to 
enhance crystallinity and align the copolymer blocks and ionic clusters 
within the membrane, thereby facilitating improved pathway formation 
for proton conduction and achieving significant increases in conduc-
tivity [143,144]. Hybridization of PFSA membranes with polymers like 
PTFE [137], or inorganic NPs like titanium dioxide (TiO2) and silicon 
dioxide (SiO2) introduces additional properties into the base material 
[145]. These composites enhance mechanical strength and water uptake 
through the formation of new ionic clusters around the NPs. Moreover, 
the size and surface functionalization of these nanoparticles are critical; 
smaller, functionalized nanoparticles significantly enhance conductivity 
by forming efficient conduction paths and promoting mechanisms 
beneficial under varying humidity conditions [146–148]. Such modifi-
cations also protect the membrane from radical-induced degradation, 
crucial for maintaining long-term stability and performance in electro-
chemical applications. 

It should be noted that the primary objective must be to do without 
PFSA groups, which are now recognized worldwide as an eternal 
pollutant harmful to our environment. 

3.2.2. Advancements in the field of new ionic groups and backbones 
Despite the advantageous attributes of PFSA membranes, innovative 

polymer families have been introduced as alternatives for CEMs. These 
advancements aim to identify membranes that offer similar conductivity 
and degradation resistance as PFSA membranes during operational use, 
while being more cost-effective to produce and fluorine-free, thereby 
lessening their environmental footprint. Similar to the case with AEMs, 
the characteristics of these membranes are influenced by both their 
functional groups and structural frameworks. The frameworks designed 
for CEMs are similar to those for AEMs, and as such, will not be 

extensively elaborated on in this section. 

3.2.2.1. Ionic groups. CEMs can incorporate various functional groups 
that are easily deprotonatable acids, such as the sulfonic group − SO3H 
in PFSA membranes. These groups’ pKa values influence membrane 
conductivity; higher pKa correlates with higher conductivity, yet se-
lection also considers stability and resistance to degradation [110]. For 
instance, sulfonimide groups offer superior proton conductivity but are 
oxidation-prone, limiting their application. Conversely, carboxylic acid 
groups, despite their moderate high pKa value (4–5) and resulting low 
conductivity, can enhance membrane chemical and thermal stability, 
especially when combined with sulfonic acid and used in high- 
temperature applications through cross-linking methods like tereph-
thalic dihydrazide [149,150]. 

3.2.2.2. Backbones. Backbones containing heteroatoms, such as SPEEK 
or SPPS, are easily synthesized through polycondensation and require a 
higher IEC than PFSA due to their less hydrophobic nature, affecting 
phase separation and mechanical properties [110]. Strategies to 
enhance phase separation include (i) separating the functional group 
from the backbone with a flexible chain [151], (ii) utilizing copolymer 
architectures [152], (iii) adding side chains [153], and (iv) increasing 
sulfonation density [154]. Despite these strategies, the presence of 
heteroatoms makes the polymers prone to oxidation and radical attacks. 
Various works developing novel polymers such as fluorinated poly-
styrenes [110], organized sulfonated polyethylene [155] or poly-
phenylenes [156,157], have been published over the years. 

3.3. Bipolar membrane materials 

BMs bear resemblance to p-n junction semiconductors, with the 
junction at the BM’s interfacial layer (IL) acting as a depletion zone. The 
fabrication of BMs traditionally involves the layer-by-layer deposition of 
CEL and AEL materials, or by physically bonding CEL and AEL through 
the application of external heat and pressure or employing adhesives. 
Through these fabrication techniques, a thin, modified IL emerges be-
tween the CEL and AEL, facilitating the production of protons and hy-
droxide ions. At the CEL interface, a higher pKa value for a functional 
group enhances the dissociation kinetics. Hence, the sulfonic group, 
with a pKa of 1–2, is less suitable compared to carboxylic and phos-
phonic groups, which have pKa values of 4–6 and 3–7, respectively 
[158]. On the AEL side, primary, secondary, or tertiary amines [159], 
tertiary ammoniums, pyridyls, or imidazole are preferred. It is crucial 
that the materials employed in both CEL and AEL facilitate efficient ion 
transport to achieve optimal ionic conductivity in membranes. To this 
end, strong ionic groups such as sulfonic acid for CELs and quaternary 
ammonium or pyridinium for AELs are essential. A promising approach 
involves the encapsulation of catalysts within the IL to introduce alter-
native pathways for the dissociation reaction. This necessitates incor-
porating a specific catalytic layer at the ion exchange layers’ interface, 
which can be a polymer containing weak acid functions like pyridyl, 
amino, carboxylic, sulfonic, and ammonium groups, showing promise. 
Alternatively, the polymer may be designed as a dendrimer, such as 
PAMAM [160] or Boltorn® series [161], whose branched structure en-
ables a high concentration of catalytic groups. The recent use of met-
al–organic framework (MOF on the metal or ligand site) [162] or 
graphene catalyst [163] has also been reported in the literature. 

The above solutions are starting to be developed on an industrial 
scale. Recent literature [41,44,164–167] provides a wealth of tabulated 
information on the characteristics (e.g., manufacturer, functional 
groups, composition, performance, etc.) of various commercial mem-
branes, including AEM, CEM and BM, available on the market. 
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3.4. IEM specification for electrodialysis 

The integration of ion exchange membranes into the ED process 
differs from other types of membrane (e.g., ultrafiltration, nano-
filtration, etc.) in 2 ways: (i) the use of BMs to vary the pH of adjacent 
solutions, and (ii) the use of AEM and CEM to selectively separate anions 
(OH− and other negative ions) and cations (H+ and other positively 
charged ions). ED remains the technology of choice for BM. For IEMs of 
the AEM/CEM type, the use of these membranes in electrolyzers or 
energy storage systems needs to be distinguished with their use in ED. In 
the first case, the membrane is preferentially used for transporting 
protons or hydroxides. In the case of ED, membrane selectivity needs to 
be optimized to allow the passage of specific ions (other than protons 
and hydroxides). 

Unlike conventional membranes, IEMs are distinguished not only by 
their material composition or pore size but by their interactions with 
charged molecules and the specific nature of their functional groups. Ion 
transport through an IEM can be broken down into five steps: (i) ions 
move from the dilute compartment to the membrane surface across a 
solution boundary layer, (ii) ions partition into the membrane at the 
surface, (iii) ions traverse through the bulk of the membrane, (iv) ions 
exit on the opposite side of the membrane surface, and (v) ions move 
across a solution boundary layer to the concentrate. The selectivity of 
counter-ions is predominantly determined during the partitioning phase 
and their migration through the membrane matrix and boundary layer 
in the electrolyte solution [59]. 

Consequently, charge density is a crucial factor influencing ion 
transport to maintain electroneutrality. Enhancing ion removal effi-
ciency involves adjusting the charge density and incorporating specific 
functional groups that form hydrophilic or hydrophobic domains, 
thereby improving selectivity for ions of varying valences [168,169]. 
The selectivity of IEMs for ions with different valences arises directly 
from how these ions interact with the hydrophilic domains. High- 
valence ions exhibit higher charge densities, leading to stronger elec-
trostatic interactions with the fixed charged groups in the hydrophilic 
regions. This interaction creates a greater energy barrier for their pas-
sage compared to monovalent ions. As a result, the hydrated channels 
within these hydrophilic domains are more conducive to the transport of 
monovalent ions, as they require less energy to move through the 
membrane [170]. 

The morphology of the membrane also plays a significant role in ion 
removal. For example, perfluorosulfonic membranes like Nafion® 117 
have a homogeneous structure with uniformly sized pores and evenly 
distributed functional groups [171]. In contrast, the heterogeneous HDX 
100 membrane shows irregular ion depletion due to a broader distri-
bution of pore sizes and functional groups, resulting in surface concen-
tration polarization [172]. The literature frequently documents the 
reduced jlim values observed in heterogeneous IEMs [173]. This reduc-
tion is ascribed to the existence of surface regions with varying 
conductance. The underlying mechanism involves the deflection of 
current paths as they near ion-impermeable zones, such as those asso-
ciated with the reinforcing fabric or polymer binder-rich areas [174]. 
These deviations, from a direct trajectory observed in the case of ho-
mogeneous IEM, lead to the observed decrease in jlim values. 

Ionic selectivity during the separation of multiple counter-ions is 
governed by other mechanisms. One such mechanism is the electrostatic 
barrier effect, which results from the varying degrees of electrostatic 
interaction between counter-ions and the membrane surface [175]. 
Counter-ions with higher valency, larger size within the same valency, 
or lower hydration energy tend to have stronger electrostatic affinities 
[176]. 

Another influential mechanism is the ion’s affinity for water (i.e., 
solvation shell [177]), as described by Gibbs hydration energy, and the 
hydrophobicity of the membrane surface. Ions with lower hydration 
energy shed their water molecules more easily, facilitating their trans-
port through the hydrophobic membrane [178]. 

Steric hindrance also affects ionic selectivity by restricting the par-
titioning of larger ions within the dense structures of IEMs. Smaller ions, 
typically less than a nanometer in size, can penetrate the hydrophilic 
pores of the membrane more rapidly. Therefore, the ease of counter-ion 
partitioning depends on factors such as ion size, valency, hydration 
energy, as well as the membrane’s fixed-charge concentration and water 
uptake capacity [179,180]. For example, the fabrication and charac-
terization of AEMs (fabricated with ion-exchange resins with different 
alkyl groups and a polymeric binder with charged functional groups) 
demonstrated enhanced selectivity for NO−

3 over Cl− . This investigation 
focused on how varying the length of alkyl substituents in quaternary 
ammonium groups influenced membrane properties, particularly water 
content. The increased selectivity for NO−

3 was linked to a reduction in 
water content, resulting in greater membrane hydrophobicity as the 
alkyl chain length increased. This rise in hydrophobicity, coupled with 
enhanced steric hindrance from larger alkyl groups, likely caused a 
partial loss of water molecules from the hydration shells of the coun-
terions [170]. 

Moreover, other solutions studied on a lab scale are still under 
development, such as (i) monovalent ion perm-selective membranes 
(permeation of mono-valent ions, while blocking passage of multi-valent 
ions) [181] and (ii) mixed matrix membranes (inorganics embedded 
into organic polymers) [182]. 

3.5. Advances in fabrication 

Crafting new materials with advantageous features for IEMs is as 
critical as adopting appropriate fabrication techniques to assure the 
membranes’ quality. The conventional fabrication process, called phase 
inversion, involves dissolving these innovative materials in solvents, 
spreading the solutions on a smooth surface to form films, followed by 
solvent evaporation and sometimes subsequent modifications (like sul-
fonation or amination) to enhance the membranes’ properties [36,183]. 
At the same time, innovative methods for preparing IEMs are being 
developed to enhance their structural integrity and functional 
characteristics. 

3.5.1. Polymer blending 
Within the realm of IEMs, polymer blending is a pivotal technique 

[184], distinguished by two principal approaches: the mixing of fluori-
nated with non-fluorinated polymers and the combination of functional 
with non-functional polymers. The strategic amalgamation of these 
polymers aims to harness their respective strengths, enhancing IEM 
performance by improving ion conductivity through the introduction of 
water channels by ion-functionalized polymers, while mitigating water 
swelling and bolstering stability through the incorporation of hydro-
phobic polymers. This blend not only promises to refine the physical and 
chemical properties of IEMs but also faces the challenge of maintaining 
mechanical integrity amidst the diversity of materials employed, such as 
PVDF/SPPO [185], PAES/PPO [186] or PVA/PSSA-MA [187] for 
example. Yet, achieving harmony among diverse materials poses a sig-
nificant hurdle, potentially leading to compromised mechanical strength 
in blended IEMs due to the proliferation of interfaces [164]. 

3.5.2. Pore filling 
Numerous researchers have recently developed IEMs characterized 

by minimal swelling and enhanced selectivity through pore-filling 
techniques, involving the infiltration of electrolytes into porous sub-
strates (PAN [188], high density PE [189], PP [190], PES [191], PI 
[192]) as illustrated in Fig. 7. This method leverages the chemical and 
mechanical robustness of these substrates to effectively limit the 
expansion of electrolyte polymers, using either polymeric or monomeric 
electrolytes. 

3.5.3. In-situ polymerization 
The conventional methods for producing IEMs often involve 
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modifying pure polymers or synthesizing monomers with specific 
functions, processes that typically require significant amounts of 
harmful organic solvents (e.g., DMF, DMAc, etc. [194]). To facilitate the 
production of IEMs on an industrial scale in an environmentally friendly 
manner, the development of straightforward, quick, and green fabrica-
tion techniques is crucial. A novel solvent-free in-situ polymerization 
approach has been introduced to address the environmental and prac-
tical challenges posed by traditional solvent-reliant methods. This 
innovative technique, already investigated with different systems 
(BPPO/ST/DVB [195], SPEEK/PMA/PANI [196]), distinguishes itself by 
using liquid monomers that become an integral part of the finished 
membrane, thereby eliminating the need for organic solvents. 

3.5.4. Electro-spinning 
This technic, illustrated in Fig. 8 – a, has emerged as a popular 

method for creating continuous nanofibers, offering key benefits like a 
high specific surface area, increased chemical reactivity, and a cost- 
effective production approach [197]. The solvent electrospinning pro-
cess leverages electrostatic repulsion from surface charges in the poly-
mer solution to extend a viscoelastic jet uniaxially. This method involves 
a high-voltage power supply, a spinneret equipped with a needle for the 
polymer solution, and a grounded collector. The polymer solution, fed 
through the needle by a syringe pump at a controlled rate, becomes 
charged under high voltage. This induces electrostatic repulsion among 
surface charges and Coulombic forces from the external field, forming a 
Taylor cone. Overcoming surface tension, the jet stretches, thins, and 
solidifies into nanofibers as the solvent evaporates, collected as a non- 
woven membrane [198]. This technique, already developed at com-
mercial stage (Elmarco s.r.o., Liberec, Czechia and Inovenso Ltd., 
Istanbul, Turkey for example), allows for precise control over the 
nanofibers’ structure (average fiber diameter often approaching 200 
nm) and morphology by adjusting variables such as polymer type, so-
lution concentration, solvent characteristics, and spinning conditions 
[199]. Several studies have explored the impact of size on ion-exchange 
nanofibers, finding that smaller diameters generally lead to improve-
ments in IEC and ionic conductivity. For instance, research by Dong 
et al. [200] demonstrated in Fig. 8 – b; that Nafion® nanofibers with a 
diameter of 400 nm achieved a conductivity of 1.5 S cm− 1 (measured by 
electrochemical impedance spectroscopy (EIS)), highlighting the po-
tential of nanofibers for enhancing EC separation processes. The 
reduction in fiber size contributes to lower internal resistance (ηIEM

ohm) and 
higher efficiency in these applications. The versatility of electrospinning 
has led to the development of numerous polymers and composite ma-
terials (PECH/PAN/DABCO [201], QPVA/PDDA [202], PBI [203] 
nanofibers), finding applications across various domains. 

3.6. Basic specifications and characterization of ion-exchange membranes 

Once manufactured, membrane performance can be evaluated ac-
cording to several criteria, for example to optimize manufacturing 
conditions. Fine-tuning the properties of IEMs is a complex task due to 
the conflicting effects of certain parameters. For example, enhancing 
mechanical strength through increased cross-linking can lead to higher 
electrical resistance due to a lower mobility of polymer chains. The core 
polymer matrix is fundamental in establishing the membrane’s me-
chanical, chemical, and thermal properties, whereas the type and con-
centration of ionic groups within the matrix are key to its 
permselectivity and electrical characteristics, yet they also influence its 
mechanical integrity [183]. 

3.6.1. Basic characteristics 

3.6.1.1. Ion exchange capacity. IEC quantifies the membrane’s total 
active or functional groups facilitating ion exchange. It is typically 
measured via a standard acid-base titration, where the IEC value, 
expressed in meq g− 1 or mol/g, is calculated based on the volume of 
titrant utilized in titration, the membrane’s dry weight, and the titrant 
solution’s concentration, as depicted in Eq. (33). This metric is crucial 
for evaluating the membrane’s ion exchange efficiency [205,206]. 

IEC =
molar amount of ion carriers

mm
d

(33)  

where IEC is expressed in mol/g and mm
d is the dry membrane weight (g). 

Additionally, the IEC aids in calculating the membrane’s fixed-ion 
concentration Xm in terms of moles of sites per unit volume of the wet 
membrane, employing Eq. (34). This calculation is essential for 
assessing the density of active ion-exchange sites within the membrane’s 
structure. 

Xm =
∊ × IEC × ρd

ΔV
(34)  

where ∊ is the porosity (i.e., volume of free water within the membrane 
per unit of volume of wet membrane, dimensionless); IEC is expressed in 
equivalent per gram of dry membrane; ΔV is the volume dilatation of the 
membrane upon absorption of water per unit of volume of dry mem-
brane (m3); ρd is the density of the dry membrane (g/m− 3(− |-)). 

3.6.1.2. Water content. The degree to which IEMs expand in presence of 
water can vary based on the solution’s salinity and chemical makeup 
they come into contact with. This expansion, or water content WC (also 
known as water uptake), measured in grams of water per gram of dry 

Fig. 7. Schematic structure of the pore-filling membrane preparation based on the reaction between DMA and DABCO motifs. Adapted with permission from [193]. 
Copyright 2024 American Chemical Society. 
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polymer, plays a critical role on ion mobility through the membrane. 
The water content of the membrane is determined, as illustrated in Eq. 
(35), by comparing its mass when dry and when swollen, a process done 
through gravimetric measurements. 

WC =
mm

wet − mm
dry

mm
dry

(35)  

where mm is the mass of the membrane sample (g). 
Note that the ionic strength (and therefore the osmotic pressure) of 

the medium in contact with the membrane has an impact on its swelling. 
In addition, it is possible to observe water in the membrane by simple 
equilibrium with a gaseous phase having a certain relative humidity. 

3.6.1.3. Mechanical properties. Evaluating the mechanical properties of 
IEMs encompasses assessments of not only thickness and swelling but 
also dimensional stability, tensile strength, and hydraulic permeability, 

requiring membranes that have been pre-treated and equilibrated. The 
study of water permeability illuminates the movement of water through 
membranes influenced by hydrostatic pressure. Notably, the occurrence 
of pinholes and high porosity can heighten permeability (Eq. (36)) 
[207,208]. 

∊ =
ΔV

(1 + ΔV)
(36)  

ΔV =
(mh − md) × ρd

ρw × md
(37)  

where ∊ is the porosity (i.e., volume of free water within the membrane 
per unit of volume of wet membrane, dimensionless); ΔV is the volume 
dilatation of the membrane upon absorption of water per unit of volume 
of dry membrane (dimensionless); m and ρ are, respectively, the weight 
(g) and density (g/m− 3(− |-)); h and d stands, respectively, for hydrated 

(a)

(b)

Fig. 8. (a) The electrospinning device and (b) proton conductivity (at 30 ◦C, 90 % RH) vs. fiber diameter for high-purity Nafion® nanofibers measured on individual 
nanofibers. Figure (a) reprinted with permission from [204] (CC-BY MDPI). Figure (b) reprinted with permission from [200]. Copyright 2010 American Chemi-
cal Society. 
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and dry membrane states. 
The membrane’s swelling behavior (Eq. (37)) is another critical, 

influencing its dimensional stability, selectivity, electrical resistance, 
and hydraulic permeability [209],. This characteristic is dependent on 
the polymeric material’s nature, its IEC, and the degree of cross-linking, 
typically measured by the variation in water content between the 
membrane’s wet and dry states, indicating the extent of water absorp-
tion under specific conditions [210]. 

3.6.1.4. Electrical resistance. Resistance, measured in Ω, is convention-
ally referred to as ‘electrical resistance’. This term characterizes the 
capacity of a conductor, such as a resistor, to hinder the flow of electrical 
current, denoted by I, when a voltage is applied across it. However, in 
scenarios where a salt solution is partitioned by IEMs, the conveyance of 
current is facilitated not only by the ions within the solution but also by 
those within the membrane’s pores. In such context, the concept of ‘ion 
transport resistance’ might be more aptly applied than the traditional 
notion of electrical resistance. In the realm of liquids, the concept of 
resistance is often inverted to discuss conductance (measured in S), 
which encapsulates the capacity for current transport. The value of a 
membrane’s electrical resistance is influenced by its IEC as well as the 
mobility um

i of ions crossing the membrane’s structure [211]. Determi-
nation of this parameter can be performed by 2 different methods either 
(i) direct current, and (ii) EIS with alternating current and frequency 
variation [212,213]. 

The electrical resistance exhibited by IEMs plays a crucial role in 
influencing the energy requirements (especially ηIEM

ohm) of ED processes. 
Nevertheless, in many practical scenarios, the resistance encountered 
within the membrane is notably less than that of dilute solutions 
(ηdlt

ohm > ηIEM
ohm). This reduced resistance is attributed to the comparatively 

high concentration of ions within the membrane itself. Typically, this 
resistance is quantified in terms of specific membrane resistance 
(expressed in Ω m). However, for engineering applications, expressing 
membrane resistance as ASR in Ω/m− 2(− |-) proves to be more practical 
and is commonly referenced in commercial product specifications. It 
often ranges from 1 to 100 Ω cm− 2 depending on the characteristics of 
the membranes [214]. 

3.6.2. Permselectivity 
The permselectivity PS of an IEM (dimensionless), indicative of its 

selectivity for counter-ion transport over co-ion transport, is defined 
through transport numbers as Eq. (38). The transport number t 
(dimensionless) reflects the proportion of ionic current carried by an ion 
i as presented in Eq. (39). 

PS =
tm
ct − ts

ct
1 − ts

ct
(38)  

ti =
|zi|Ji

∑
i|zi|Ji

(39)  

A membrane achieves perfect permselectivity PS = 1 when only 
counter-ions contribute to ion transport tm

ct = 1, whereas it exhibits no 
selectivity PS = 0 when the transport behavior mimics that in the so-
lution phase tm

ct = ts
ct [215]. 

IEMs traditionally differentiate between counterions and co-ions, but 
they also facilitate selective ion separations. These membranes can 
distinguish ions with similar charges but different valencies, such as 
separating Li+ from Mg2+ in lithium-rich brines. Further, IEMs capable 
of identifying ions of the same valence allow for specific separations, 
such as extracting Co2+ from Ni2+ in battery recycling fields. As pre-
sented in Fig. 11, several recent reviews [23,80,84,85,216] provide 
extensive insights into the different types of IEM selectivity, namely 
charge, valence, and specific ion selectivities:  

(i) Charge selectivity: this selectivity is facilitated by the inherent 
negatively or positively charged functional groups present in 
IEMs. The underlying mechanism of selectivity is fundamentally 
based on the principles of charge attraction and repulsion as 
depicted in Fig. 11 – a. For example, in CEMs, the negatively 
charged functional groups draw cationic counterions towards the 
membrane while simultaneously repelling anionic co-ions. 
Enhanced charge selectivity is primarily achieved by increasing 
the densities of fixed charges within the membrane (Xm). This 
augmentation increases the magnitude of the Donnan potential 
difference, ΔφD, which serves to exclude co-ions more effectively 
from the membrane.  

(ii) Valence selectivity: the separation of similarly charged ions that 
differ in valence is also facilitate in IEMs. This differentiation is 
influenced by ion valence, as demonstrated in Eqs. (20), (21) and 
(32), which show that valence plays a crucial role in both sorp-
tion and migration selectivities. Essentially, the valency of ions 
provides a dual pathway—via sorption and migration mecha-
nisms—to modulate the relative transportation of different 
counterions. The examination of sorption selectivity (K), in-
dicates that in mixed electrolyte solutions, counterions with a 
higher valence, z, are preferentially concentrated within the 
membrane matrix as observed in Fig. 11 – b. This effect can be 
intuitively understood considering the stronger coulombic 
attraction between the fixed functional groups of the IEM and 
species with a larger absolute value of z. There are primarily two 
strategies commonly used to selectively transport monovalent 
counterions over their polyvalent counterparts: (i) the first 
method leverages the increased exclusion of co-ions with higher 
valences, effectively reducing their mobility through the mem-
brane, while (ii) the second method involves the application of 
dense coating layers on the membrane, which enhances the steric 
hindrance encountered by polyvalent counterions, thereby 
impeding their passage.  

(iii) Specific ion selectivity: IEMs could also differentiate between 
counterions of the same valence which would revolutionize spe-
cific ion selectivity. However, since the valence sign and magni-
tude are the same for the ions intended for separation, ion charge 
does not serve as a viable criterion for distinguishing between 
them, unlike in cases of charge and valence-based selectivities. 
Consequently, achieving specific ion selectivity presents signifi-
cant technical challenges, and currently, no such membranes are 
commercially available. To overcome this, coordination chemis-
try has been explored to facilitate the selective transport of tar-
geted species. By employing ligands that preferentially form 
reversible complexes with specific ions, these ions can effectively 
“hop” from one site to another, as illustrated in Fig. 11 – c. This 
approach utilizes specific coordination interactions to discrimi-
nate between counterions with identical valences and selectively 
transport certain ions over others. It is notable that ions with the 
same z value typically exhibit similar sizes in their hydrated 
states, whether they are mono- or polyatomic, which limits the 
effectiveness of steric methods in enhancing ion discrimination as 
depicted in Fig. 10. 

Moreover, phenomena affecting membrane selectivity (i.e., electro- 
osmotic and diffusive phenomena) will be detailed in a dedicated Sec-
tion 4.6 below. 

3.6.3. Chemical stability 
The expenses associated with IEMs represent a notable portion of 

both the initial setup costs and the ongoing costs for ED [217]. Conse-
quently, there is a push towards not only lowering the cost of these 
membranes but also prolonging their lifespan. However, the perfor-
mance and structural integrity of membranes during ED may be 
compromised by several factors, such as the accumulation of organic 
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and inorganic deposits, pH fluctuations, and interactions with treated 
solution components [218], leading to their deterioration by several 
mechanisms. 

3.6.3.1. Fouling. This phenomenon involves the chemical interaction 
between the IEM and the components of the solution being treated, 
leading to compound deposition and membrane property deterioration. 
This degradation often manifests as reduced electrical conductivity 
(blockage of pores, ionic sites blocked by multivalent ions) or a decline 
in limiting current density [219], with models available to describe 
these effects based on the type of fouling film formed [220,221]. Fouling 
in IEMs can be categorized (Fig. 9) by its causes as: inorganic substance 
fouling (also known as scaling due to the formation of a ‘scaly’ precip-
itate) [222,223], fouling due to organic molecules and colloids (espe-
cially in the food industry) [224,225], and biofouling [226,227]. 

3.6.3.2. Chemical reactions and physical interactions. IEM degradation 
encompasses not just fouling but also involves mechanisms unrelated to 
substance deposition. These include interactions with the physico-
chemical properties of the solution, such as high ionic strength and re-
actions between membrane components and solution ions, including H+

and OH− ions. These reactions, catalyzed by the membrane’s polar 
groups, extend beyond simple sediment formation, affecting the mem-
brane significantly [217]. The concentration of H+ and OH− ions in 
solutions can alter due to inherent solution properties or generated 
during ED, impacting IEMs in applications like alkaline fuel cells 
[229–232], where this issue is extensively discussed. The presence of 
these ions can lead to protonation/deprotonation reactions and irre-
versible reactions with membrane materials (such as the cation groups 
attack via Hofmann elimination, nucleophilic substitution to cleave the 
cationic group from the tethered bond to the polymer backbone, and 
nucleophilic substitution of dealkylation [233,234]), highlighting the 
complex influence of physicochemical interactions on membrane 
longevity and functionality. The degradation of the membrane is influ-
enced by two additional parameters: the elevated ionic strength of the 
solution [235], and the stretching of the membrane matrix caused by 
ions with bulky hydration shells [236]. Hydration shell can increase the 
ions radius by a factor of 14 in the most severe cases, as illustrated in 
Fig. 10. This significant expansion results in increased mechanical stress 
on the membrane, further contributing to its degradation. 

4. Operational parameters and their impacts on efficiency and 
selectivity 

The performance of the ED process, along with its product quality 
and economic viability, is significantly influenced by the operating 
conditions. Specifically, the factors affecting these outcomes can be 
divided into four main categories: (i) intensity of the electric field; (ii) 
concentration of the initial solution; (iii) presence of co-ions; and (iv) 
rate of solution feed. The various operating parameters that can influ-
ence the performance of the reactor, as well as the phenomena impacted, 
are synthesized in Fig. 12, and studies focusing more specifically on each 
phenomenon are provided as examples. To facilitate a comprehensive 

understanding of ED and to foster enhancements in process efficiency, 
this section will present a detailed examination of each influencing 
factor and highlight the limiting factors of the process. 

4.1. Electric field intensity 

In ED, the primary force propelling ion migration is the electric field 
intensity as previously presented in Eq. (21). The influence of this 
electric field intensity on the process is examined through two key pa-
rameters: current density j and cell voltage Ustack which are intrinsically 
combined. In ED processes, the practice of maintaining a constant cur-
rent is widespread. Here, the current density is the applied current 
divided by the effective surface area of the membranes in use. The same 
types of conclusions presented in this section are therefore identical 
concerning process behavior in response to cell voltage. The literature 
on this topic suggests that the impact on the process encompasses 
several key dimensions: (i) ion migration, (ii) concentration of reaction 
products, (iii) energy consumption / current efficiency. 

An elevation in current density is associated with enhanced ion 
migration, which contributes to a reduction in the operational duration 
of the ED process for the same conversion time by increasing the flux 
across the membrane. For example, the increase in current density was 
observed to elevate the potassium average flux, illustrating the promo-
tion of ion migration during separation between K+ and Mg2+ [238]. 
Furthermore, Liu et al. conducted research on the ED process for 
obtaining Ni2+, NH+

4 , total phosphorus and NO−
3 from electroless nickel- 

plating wastewater. Their findings revealed that an increase in current 
density (from 20 to 25 mA cm− 2) reduced the operation time from 12 to 
10 h for the same removal rate [239] (which is consistent with theory: 
one monovalent ion exchanged = one electron exchanged in an ideal 
situation). Leveraging the enhanced ion migration, Peng et al. explored 
the continuous production of 2-mercapto-5-methyl-1,3,4-thiadiazole 
(MMTD, intermediate of antibiotic) from MMTD wastewater (contain-
ing MTTD and K2SO4), observing an increase in the OH− concentration 
of the base compartment from 0.4 to 0.8 mol/L as the current density 
was raised from 30 to 70 mA cm− 2 [240]. Nevertheless, this elevation of 
current density was also associated with a noticeable increase in voltage 
drop, which in turn contributed to a higher electrical resistance and thus 
augmented energy SEC demands [241]. For instance, an investigation by 
Doornbusch et al. highlighted that the energy required for the seawater 
desalination surged from 0.2 to 0.9 kWh/m− 3(− |-) when the current 
density was increased from 2.5 to 7.5 mA cm− 2 [242], under similar 

Fig. 9. Types of fouling. Reprinted from [228], Copyright (2016), with 
permission from Elsevier. 

Fig. 10. Relationship between the radius of ions and their hydration status. 
Ions of smaller dimensions exhibit a greater propensity for hydration, attributed 
to their higher charge density. Reprinted with permission from [237]. 
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flow conditions. Additionally, Ibáñez et al. demonstrated, during the 
extraction of sulfuric acid from copper metallurgical plant effluents 
using ED, a bifurcated pattern in the energy consumption related to 

current density. Initially, at lower current densities, there is a sharp 
escalation in the SEC, culminating at 3.60 kWh kg− 1 of H2SO4 when the 
current density hits 30 mA cm− 2. Subsequently, the trend shifts towards 
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phenomenac) Specific ionb) Valencea) ChargeSelectivity

type

Illustration
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physicochemical
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Induced phenomena
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Intrinsic selectivity of IEMs

Fig. 11. Summary of the different types of IEM selectivity organized according to a) selectivity according to charge, b) selectivity according to valence, c) selectivity 
according to specific ion, and selectivities subjected to IEMs according to d) electro-osmotic phenomena and e) diffusion phenomena (via osmosis or gas separation). 
Adapted with permission from [80] (CC-BY 4.0 Springer). 
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a more gradual ascent in SEC as current density increases, with the SEC 
reaching approximately 4.11 kWh kg− 1 at a current density of 70 mA 
cm− 2. This represents an approximate growth of 12.5 % in the SEC upon 
augmenting the current density by a factor of 2.3 [243]. The relationship 
between current efficiency and current density was examined in a study 
of Xu et al. reported a decline in current efficiency from 5.56 % to 1.84 % 
as current density increased from 16.1 to 483 mA cm− 2 during the 
continuous production of LiBr from NH3 − H2O − LiBr ternary solution in 
ammonia absorption refrigeration system [244]. 

4.2. Initial solution concentration 

The initial concentrations of solutions also affect the final product 
concentrations (Eqs. (40) – (41)), the conductivity, current efficiency, 
and the conversion rates (Eqs. (42) – (43)) throughout the ED process 
which is very classic and unsurprising. 

Batch reactor: 

Cf,i = Cini,i ±
ξi ×

∫ tf
0 I × dt
ziF

(40)  

Continuous reactor (1 pass): 

Cout,i = Cin,i ±
ξi × I × Ncp

q̇ziF
(41)  

where ξi is the current efficiency (dimensionless) and q̇ is the volumetric 
stack flow rate (m3/s). 

Batch reactor: 

χi =
Cini,i − Cf,i

Cini,i
(42)  

Continuous reactor (1 pass): 

χi =
Cin,i − Cout,i

Cin,i
(43)  

where χi is the conversion rate of the ion i (dimensionless). 
Typically, elevating the concentration of the initial feed solution 

results in a higher concentration of the final product. The study of Wang 
et al. involved synthesizing NaOH from NaCl by using BED to achieve a 
rigorous comparison of caustic soda production by electrolysis. They 
demonstrated that the concentration of NaOH increased with the feed 
solutions’ concentration (from 12 to 26 % NaCl concentration) rising 
from 1.81 to 4.35 mol/L [245]. In a parallel investigation, Kırmızı et al. 
separated chromium(VI) and nickel(II) ions from effluent and noted a 
comparable trend [246]. Notably, in these instances, the enhanced 
initial concentration underscores the principle that an increase in the 
initial concentration of ions contributes to a more significant ion flux. 
However, it is crucial to establish an equilibrium between the 
enhancement of solute concentration and the decline in ion selectivity. 
As the initial solute concentration increases, the observed decrease in 
ion selectivity is often attributed to phenomena such as back diffusion 
[98] and the diminished charge-exclusion capacity of the membrane 
when exposed to elevated solute concentrations, a consequence of 
charge screening (observed in several cases such sulfate ions and lead 
from battery manufacturing effluents [247] or seawater desalination 
[248]). Moreover, the current efficiency is improved with the rise in 
concentrations of ions. This enhancement in current efficiency is often 
attributed to a reduction in the electrical resistance of the solutions 
(ηohm) [249]. 

4.3. Feeding rate 

Numerous of studies claims that increasing the feeding rate leads to 
higher product concentration and lower energy usage in ED processes 
[246,250,251] because the ion flux is increasing. For example, Zhao 

et al. observed an increase in the concentration of ions within the so-
lutions of the product chamber, correlating with a rise in the feeding rate 
from 10 mL min− 1 to 20 mL min− 1, during the treatment of ammonia 
and saline wastewater [252]. 

Furthermore, adjusting the feeding rate can mitigate the risk of 
membrane fouling that arises from high product concentrations and 
solvent diffusion. It is worth noting that in an ED setup, the energy 
required for pumping a fluid rises with an increase in the Reynolds 
number (i.e., the feeding rate). Indeed, a balance must be found between 
the energy consumption associated with pumping and the improvement 
of performance in terms of mass transfer, which is often itself limited by 
the resistive transfer of ions across the membrane. It is indeed possible 
that the reduction in overpotential does not offset the increase in 
pumping costs. 

4.4. Temperature 

The influence of temperature on the ED system manifests many as-
pects on the ED process as illustrated in Fig. 13, but mainly through two 
mechanisms:(i) the dissociation of water in the case of BM, and (ii) the 
velocity at which ions traverse the membranes. 

It has been observed that an increase in temperature accelerates the 
water dissociation kinetics within BMs [253,254]. In fact, part of the 
energy is supplied in the form of thermal energy, reducing the cell 
voltage required to carry out the same reaction. As with electrolysis, the 
thermoneutral voltage (Eth, in V) of the water dissociation reaction into 
H+ and OH− ions decreases as the temperature increases, according to 
Eq. (44). 

ΔH = ΔG+TΔS = − Eth × n × F (44)  

Where ΔG is the change in the Gibbs free energy (J), ΔH is change in 
enthalpy (J), T is temperature (K) and ΔS is the change in entropy (J/K). 

The decrease in the DBL’s thickness with temperature is not neces-
sarily intuitive. In fact, by providing more energy to the molecules, their 
diffusion velocity (i.e., their diffusion coefficient) and therefore the 
diffusion gradient will increase. In addition, the decrease in viscosity 
with an increase in temperature will enable the liquid in the compart-
ments to move at a higher flow rate for the same pumping pressure 
differential (or hydraulic power Ph). Furthermore, an increase in the 
conductivity of IEM is observed with an increase in temperature 
[255,256]. This enhanced conductivity will allow for reduced energy 
losses for ion flow within the membrane. 

Nonetheless, the operation at elevated temperatures is constrained 
by the thermal stability of commercial membranes, which cannot endure 
temperatures beyond 40–60 ◦C for extended periods for BMs [41], 
60–80 ◦C for AEM [257] and up to 250 ◦C for some CEM [258], leading 
to a scarcity of research into BM performance at high temperatures. In 
terms of ion migration across membranes, a temperature rise from 24 ◦C 
to 41 ◦C has been shown to enhance ion migration rates, thereby 
increasing conductivity in the acid and alkali chambers. This enhance-
ment potentially improves the current efficiency of the process [259] by 
increasing the diffusion and decreasing the viscosity of the solution at 
the same type. 

4.5. Initial volume ratio 

In the context of industrial applications, the implementation of 
multistage or batch operations in BED is commonly adopted to showcase 
scalability and minimize manufacturing costs [260]. Such operational 
modalities present challenges for replication in laboratory environ-
ments. Therefore, to simulate multistage and batch processes, adjust-
ments in the volume ratios (or flow rate ratio in the case of continuous 
reactor) of the individual chambers can be employed as a practical 
approach. Adjusting the initial volume ratio of solutions is also a proven 
strategy for enhancing product concentration [261]. Note that there is 
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also a concentration limit, as described in section 2.4.1 above. There is a 
concentration limit above which the backflow is of the same order of 
magnitude as the current-induced migration, and the efficiency 
decreases. 

This parameter’s impact can be divided based on modifications to the 
volume ratios within two-chamber or three-chamber setups. 

In the two-chamber scenario, Dong et al. investigated how varying 
the volume ratios between the acid and alkali chambers affected product 
concentration during the production of hexacyanocobalic acid. They 
discovered that increasing the ratio (acid: base) from 1:2 to 2:1 led to an 
increase in the final concentration of acid from 0.11 to 0.2 mol/L [262]. 
The approach of modulating volume ratios in a three-chamber system 
mirrors that in a two-chamber setup. In a similar vein, Delgado et al. 
reported, using four-chamber setup during the recovery of acid mine 
drainage effluent, that enhancing the volume ratios of the diluate to 
concentrate chamber from 1 to 3 reduced SEC energy consumption from 
35.01 to 27.44 kWh/m− 3(− |-) [263]. 

4.6. Limiting factors 

The summary of ED applications and their influencing factors high-
lights benefits in environmental protection and resource conversion. 
However, ED technology faces challenges, including impurities in the 
product and the production of low-concentration outputs that require 
further concentration. These issues are often linked to several limiting 
factors, such as (i) the co-existing ion competition, (ii) the leakage of co- 
ions, (iii) the solvent transport, and (iv) the back diffusion. Generally, 
co-existing ions and leakage of co-ions compromises product purity, 
whereas solvent transport and back diffusion contribute to the reduced 
concentration of the product and efficiency losses. 

4.6.1. Co-existing ion competition 
As a reminder, IEMs are polymeric films with charged ionic func-

tional groups covalently bond to their backbone. These structures 
facilitate the movement of ions carrying charges opposite to those of the 
membrane’s functional groups (referred to as counter-ions), while 
blocking the passage of ions sharing the same charge as the membrane’s 
functional groups (called co-ions). Typologically, the terms co-ion and 

counter-ion thus discriminate the membrane. Conversely, the co- 
existing ion is the ion that accompanies the ion of interest in its 
electro-neutrality. For example, in the case of NaCl salt, Na+ is the co- 
existing ion of Cl− . When using a CEM, Na+ is then a counter-ion, 
while Cl− is a co-ion. 

The term ‘co-existing ions’ typically denotes the migration of ions 
within the system that possess the same charge as the targeted ion or 
acting as counter ions. This phenomenon can be categorized into co- 
existing cations and anions. Such coexistence primarily affects aspects 
of (i) ionic strength, (ii) conductivity, and (iii) diffusion reducing the 
resistance of the overall process. It therefore has an impact on product 
concentration and energy consumption. 

The interaction of co-existing ions through the membrane signifi-
cantly influences the recovery and transformation of targeted ions, 
notably through the competitive migration of ions sharing the same 
charge [264]. For example, Ji et al. examined how co-existing ions 
impact the synthesis of lithium from salt-lake brine and seawater. They 
introduced a separation coefficient corresponding to the concentration 
ratio of Mg2+/Li+ at a given moment to the initial time of Mg2+/Li+ in 
desalting compartment. At the same time, they discovered that the 
increasing presence of K+ and Na+ adversely affected the Li+ concen-
tration, reducing the separation coefficient of magnesium and lithium 
from 8.73 to 1.83 when the Na+/Li+ ratio increases from 1 to 5, and 
from 8.33 to 2.13 as the K+/Li+ ratio rises from 1 to 5 [265]. Notably, K+

exerted a more pronounced effect than Na+ in this ED process, a dif-
ference attributed to the ions’ hydration radii (rK+ < rNa+ < rLi+ , i.e., 
Fig. 10). During the process, the energy usage is adversely influenced by 
the competitive migration of co-existing ions alongside the target ions, 
leading to increased energy consumption and diminished current effi-
ciency. This outcome is attributed to the fact that co-existing ions lower 
the relative current carried by the target ions, thereby decreasing cur-
rent efficiency and elevating energy costs. It should be noted that this 
aspect has also been studied using modeling approaches [101,266–268]. 

4.6.2. Co-ions leakage 
The migration of co-ions across the membrane occurs in response to 

the reverse electric force illustrating the non-ideal behavior of the 
membrane (i.e., transport number not equal to unity). This force is a 

Fig. 13. Effect of temperature on various zones of an ED process. Green effects are favored by an increase in temperature. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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consequence of minor differences in the arrangement of charged groups 
within the membrane structure leading to transport number different 
from the unity. The primary impact of co-ions leakage includes (i) a 
reduction in the product’s purity and (ii) a decrease in current efficiency 
[269]. 

Typically, the migration of co-ions leads to a diminished concen-
tration of the desired product. For example, Yan et al. reported the 
detection of H+ in the diluate solution, indicating the passage of proton 
through the AEM, which resulted in reduced product purity [270]. This 
issue is often linked to the imperfect selectivity of ion exchange mem-
branes, allowing for co-ion leakage [271]. Cherif et al. observed the 
leakage of NO−

3 through the CEM to another chamber in the process of 
recovering HNO3 and NaOH from NaNO3 using BED, thereby compro-
mising the purity of NaOH [272]. 

4.6.3. Solvent transport 
An additional constraint within ED technology is the movement of 

solvent from the diluate chamber to the concentrate chamber (Jw, often 
water as in Eq. (45)). This solvent transfer usually results in an increased 
volume of the product solution, which can lead to a diluting effect, 
thereby limiting the attainable maximum concentration of the product, 
which have been study experimentally and by modeling [273–275]. 
More precisely, solvent movement encompasses two distinct categories: 
(i) electro-osmotic of water Jeo (Fig. 11 – d, Eq. (46), mol m− 2 s− 1) 
[276,277] and (ii) osmotic water Jos (Fig. 11 – e, Eq. (47), mol m− 2 s− 1) 
[81,278]. Electroosmosis involves the movement of water as it follows 
hydrated ions, consistently proceeding in the same direction as the ions 
themselves. On the other hand, osmosis results from the gradient of 
chemical potential that arises due to variations in salinity between 
adjacent compartments. In the initial stages of the process, water 
osmosis takes place in the direction opposite to ion migration, this 
reversal is due to the greater salinity (i.e., lower water activity) present 
in the dilute compartment compared to the concentrate compartment 
[277,279]. 

Jw = Jeo + Jos (45)  

Jeo = ndrag*
j
F

*Ncell (46)  

Jos = Lp × (Δπ − Δph) (47)  

π = RT ×
∑

i
Ci (48)  

where Lp is the water permeability of the IEM (mol m2/s bar− 1); ndrag is 
the electroosmotic drag coefficient (dimensionless); Δπ is the osmotic 
pressure difference between both chambers (Pa); Δph is the hydraulic 
pressure difference between each interface of the IEM (Pa). 

Concerning water electro-migration, Jaroszek et al. identified a 
direct linear correlation between the volume of water transported and 
the ion electromigration flux (K+, Na+, Cl− , SO2−

4 ) as the concentrations 
of KNO3 and Na2SO4 solutions were increased (mainly attributed to the 
relation between concentration and hydration number) [280]. The 
linear regression analysis performed on the collected experimental data 
yielded average rates of water transport of (2.04 ± 0.01) × 10− 2 mol (A 
h)-1 and (3.73 ± 0.03) × 10− 1 mol (A h)-1 for the KNO3 and Na2SO4 
streams, respectively. The quantity of water molecules moved per mole 
of salt generated in the product stream was found to be 10.5 ± 0.8 (mol 
mol− 1) for KNO3 and 16.9 ± 1.5 (mol mol− 1) for Na2SO4. In a similar 
vein, Zabolotskii et al. discovered a linear linkage between the rate of 
apparent water flux and the current density, evidenced by a high cor-
relation coefficient (Jw = 0.013 × j+0.206 with R2 ≈ 0.98) during 
lithium chloride concentration [281]. 

Conversely, osmotic water movement is triggered by the osmotic 
pressure difference between neighboring chambers, a result of the 

variability in salinity levels between their solutions. At the outset of the 
ED process, osmotic water flux moves in the direction opposite to that of 
ion migration, attributed to the higher salinity of the feed solution 
[282]. When the concentration in the product solution surpasses that of 
the feed solution, the osmotic flux direction shifts to coincide with that 
of the electro-migration flux, which results in the dilution of the product 
solution. Unlike the well-studied electro-migration of water through 
membranes via hydrated ions, osmotic water flux has received less 
attention. Wang et al. highlighted the effect of osmotic pressure on the 
limiting of NaOH concentration during BED. Findings indicate a 
reduction in current efficiency from 90 % to 73 % and a decrease in the 
concentration of the base to a certain degree upon enhancing the os-
motic pressure [245]. 

4.6.4. Back diffusion 
Even if diffusion is not the main transfer phenomena compared to 

electromigration, back diffusion poses a considerable challenge to 
reaching high concentrations and purity of the product in ED processes 
[278], as presented in Eq. (49). This phenomenon tends to manifest 
more prominently when there is a significant concentration disparity 
between the concentrate and dilute streams. 

Jm
back, i =

Di

δ
× (Ccte

i − Cdlt
i ) (49)  

where Jm
back, i is the surface molar flux caused by the back diffusion of the 

ion i (mol m− 2 s− 1) and δ is the diffusion boundary layer thickness (m). 
As highlighted by Yu et al., the phenomenon of back diffusion, driven 

by concentration gradients and a competition between migration and 
diffusion, can limit the current efficiency significantly (~40 % in their 
case) [283]. Chen et al. further observed that back diffusion is particu-
larly raised by an increase of temperature [271] (as already discussed in 
section 4.4). To counteract the effects of back diffusion and enhance the 
final product’s concentration during the ED process, a continuous 
operation mode is advised. 

5. Process intensification and system optimization 

Baldea presents in 2015 a definition of process intensification as ‘any 
chemical engineering development that leads to substantially smaller, 
cleaner, safer and more energy efficient technology or that combine[s] 
multiple operations into fewer devices (or a single apparatus)’ [284]. 
ED, like any other unit operation in chemical engineering, is not immune 
to innovations in its field. Thus, the various advances in terms of process 
intensification in ED can be structured with advances in terms of (i) cell 
design, (ii) modeling and (iii) operating modes. 

5.1. Cell design and mixing promotion 

The majority of electromembrane processes utilize plate-and-frame 
configurations (e.g., filter press), where channel—supplied by a mani-
fold and flow distributor—are formed by a pair of membranes serving as 
the channel walls, with an internal spacer maintaining the separation 
and enhancing convection within these channels. A balance must be 
struck between minimizing pressure losses, ensuring proper mixing of 
the solutions, and decreasing the distance between the membranes to 
reduce ohmic overvoltage. Consequently, choosing the right spacer ge-
ometry and material is critical in the design and optimization of these 
processes. This significance has led to thorough studies on the hydro-
dynamics and mass transport phenomena within the channels of mem-
brane modules, providing detailed insights into their operational 
dynamics [285–287]. Recent advancements in ED technology have led 
to significant improvements in cell design, focusing on enhancing effi-
ciency, and scalability (the latter being the subject of particular atten-
tion in the Section 6). These advances stand out in terms of (i) mixing 
promotion and (ii) process simulation. 
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Two primary configurations for electrolyte channels have been 
identified: sheet flow and tortuous path configurations. The sheet flow 
design, illustrated in Fig. 14 – a, features feed channels of a rectangular, 
through which the solution traverses in a substantially linear regime. 
Conversely, the tortuous path configuration, depicted in Fig. 14 – b, is 
characterized by feed channels that follow a narrow, winding route, 
incorporating multiple baffles and 180◦-turns. The flow configuration 
can be organized into parallel, counter, or crossflow patterns. Counter- 
flow arrangements are generally favored in theory due to their advan-
tage of avoiding the significant axial escalation in concentration dif-
ference that is characteristic of parallel flows. However, this 
configuration introduces greater pressure disparities across the 
concentrate and dilute sections, potentially leading to internal leaks and 
undue deformation of the membranes [288]. 

5.1.1. Non-conductive spacers 
Initial research into ED applications has established that spacers vary 

significantly in their impact on mass transfer and pressure drop. This 
variation underscores the critical importance of optimizing channel 
design to enhance overall system performance. These spacers not only 
maintain a constant distance (usually varies between 0.3 and 2 mm 
[288]) between the membranes but also enhance mixing within the 
channels as illustrated in Fig. 15. To ensure the integrity of the channels, 
net spacers are equipped with gaskets around their edges, effectively 
sealing the channels and directing the flow of solutions through them 
[289]. Additionally, the incorporation of holes in spacers forms distinct 
conduits for the dual hydraulic circuits, serving as distribution and 
collection manifolds for the solutions entering and exiting the channels 
[25,290]. The assembly of the ED apparatus is completed by securing it 
with end plates and applying pressure using bolts and nuts. The design of 
spacers, crucial to ensure fluid flow and minimize concentration polar-
ization, has evolved. Net spacers are categorized into four principal 
types: overlapped, woven, twisted, and multi-layer. Innovations include 
turbulence-promoting spacers and 3D printed spacers with optimized 
geometries that enhance mass transfer and reduce pressure drops, 
thereby improving energy efficiency by extensive numerical and 
experimental studies [291–294]. 

5.1.2. Ionic conductive spacers 
A notable drawback of using net polymeric spacers in ED is their 

fabrication from non-conductive materials, which elevates the electrical 
resistance within the compartments by reducing area of the compart-
ment (mainly through ηohm). Alternatively, opting for spacers made from 
conductive materials presents a viable strategy to decrease energy 

consumption and thereby enhance the operational efficiency of ED 
units. In the 1970 s, Kedem introduced spacers fabricated from ion ex-
change materials [296,297]. These benefits included enhanced mass 
transfer, characterized by diminished polarization (decrease in ohmic 
resistance attributable to the absence of shadow effect) and an 
augmented limit current, owing to the expanded active surface area 
[298,299]. Over two decades later, the industry adopted conductive 
spacers, either through chemical modification or application of coatings, 
which reaffirmed the earlier findings [300,301]. Despite the highlighted 
benefits, conductive spacers have not been adopted in actual industrial 
ED units, likely due to their higher production costs, reduced durability, 
and increased complexity. 

5.1.3. Profiled membranes 
It is also possible to construct ED stacks without the need for spacers 

by employing membranes with specific profiles. In more recent de-
velopments, profiled membranes, as illustrated in Fig. 16, have been 
introduced as a cost-effective and efficient substitute for conductive 
spacers. These membranes are designed with embossed features such as 
reliefs, pillars, or ridges on one or both sides, serving the function of 
spacers [302,303]. The integration of profiled membranes simplifies the 
assembly process of ED stacks by eliminating the need for separate 
spacers [304,305], while also offering benefits, illustrated Fig. 16 – e, 
akin to those of conductive spacers, including reduced ohmic resistance 
and the potential for increased active surface area [306]. These features 
affect the fluid mixing and then the mass transfer efficiency. It can vary 
depending on the specific profile design. The geometry of the profiles 
also significantly affects pressure drops [307]. 

Figures (a-b) reprinted from [308], Copyright (2014), with 
permission from Elsevier. Figures (c-d) reprinted from [307], 
Copyright (2017), with permission from Elsevier. Figure (e) 
reprinted from [305], Copyright (2010), with permission from 
Elsevier. 

Although channel characteristics probably play an important role in 
controlling the performance of ED processes, attention also needs to be 
paid to hydrodynamic aspects concerning input–output distribution 
systems, commonly known as manifolds, and much work has been done 
to improve their performance in terms of flow distribution 
[294,308–311], with benefit from electrolysers or redox flow batteries 
[312–314]. 

5.2. Modeling and simulation techniques 

A comprehensive understanding and subsequent simulation of the 
ED process necessitates the incorporation of sophisticated mathematical 
models. These models are essential for encapsulating various intricate 
phenomena, encompassing the equilibria between solutions and mem-
branes, the effects of concentration polarization, the dynamics of fluid 
movement along the channels, the principles governing mass transport 
and the mass balance within the compartments, alongside electrical 
interactions among others. The literature to date has introduced a va-
riety of modeling strategies, each uniquely tackling these elements to 
varying degrees. The primary objective behind these endeavors has 
typically been to forge potent tools for the design and optimization of ED 
operations. 

The task of modeling ED, along with other electromembrane pro-
cesses, presents a significant challenge due to the diverse array of phe-
nomena occurring simultaneously across macroscopic, microscopic, and 
nanoscopic scales, which collectively influence the process’s overall 
efficacy. A broad spectrum of ED modeling approaches is documented 
within the academic corpus, where the common goal across these 
methodologies is to predict output metrics such as outlet concentration 
(or concentration profiles) and current density from controlled input 
parameters like inlet concentration and voltage application. These 
models facilitate the derivation of crucial operational metrics including 
current efficiency and energy consumption SEC. Broadly, ED models fall 

(a) (b)

Fig. 14. (a) Sheet flow vs. (b) tortuous path flow spacers. Reprinted with 
permission from [54] (CC-BY 4.0 Elsevier). 
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into three distinct classifications as depicted in Fig. 17. 
The first category of process models employs an equivalent circuit 

model, a streamlined representation of complex electrical systems, uti-
lizing basic elements like resistors (representing resistive losses, typi-
cally ohmic ones), capacitors (standing for capacitive behavior), and 
voltage sources (used for EC potential difference) to emulate system 
behavior. By abstracting a system’s electrical characteristics into a 
simplified circuit form, equivalent circuit models facilitate the predic-
tion of system responses to electrical stimuli and the elucidation of in-
ternal dynamics. This approach often utilizes equations with lumped 
parameters. For instance, in electrochemical engineering, these models 
are key for examining cells and batteries, representing phenomena like 
ionic transport and charge storage through simple components, thereby 
aiding in performance assessment and lifespan prediction. Note that 
these models are empirical and do not directly describe the physics of 
the phenomena. It is therefore not possible to transpose them from one 
ED process to another. 

The broader second category of process models is segmented into 
two distinct sub-categories which offers two-dimensional resolutions: (i) 
detailed models based on the N-P (i.e., Eq. (21)) or M− S (i.e., Eq. (24)) 
equations [315,316] and (ii) semi-empirical models [317,318]. The 
primary distinction lies in how they mathematically characterize phe-
nomena occurring across the membrane. Theoretical models offer a 

comprehensive mathematical framework capable of describing trans-
port phenomena within the membrane at a microscopic level with a high 
degree of precision, although reliance on empirical data for certain 
membrane properties such as ion diffusivity, mobility, and fixed charge 
density is still necessary. These models often utilize Finite Element 
Methods or similar computational techniques, integrating the model 
closely with thermodynamic and mass transfer principles, including 
fluid dynamics [319]. However, the extensive computational resources 
required for these models restrict their use to simplified channel ge-
ometries or small computational domains, rendering them less practical 
for simulations encompassing entire ED stacks. Conversely, semi- 
empirical models adopt a multi-scale approach that blends empirical 
data and small-scale theoretical analyses, such as computational fluid 
dynamics (CFD), to describe lower-scale phenomena like mass transfer 
and fluid flow behavior, which in turn helps in understanding mass 
transport phenomena in the DBL [320,321]. 

5.2.1. Equivalent circuit models 
Studies on equivalent circuit models draw an analogy between ionic 

transport perpendicular to the direction of flow in ED cells and electron 
movement in a direct current electrical circuit, where solutions and 
membranes function as resistive components. These models rely on 
fundamental theoretical principles such as Ohm’s and Faraday’s laws to 

Fig. 15. Various types of spacers utilized in ED. Reprinted from [295], Copyright (2019), with permission from Elsevier.  

(d)(c)

(a) (b) (e)

Fig. 16. Surface morphology of (a) ridges, (b) waves, (c) pillars and (d) chevrons profiled membrane. (e) Results obtained with profiled and flat sheet membranes 
showing the current density as a function of the voltage applied in a test cell with one cell pair and feed solutions of 350 μS cm− 1 tap water. 
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establish relationships between key parameters like ionic flux, current 
density, electrical resistance, and voltage without any possibility of 2- 
dimensional modeling. They offer considerable adaptability, allowing 
for the inclusion of various phenomena by adding additional resistive 
components and adjustments in mass balances. They enable a compre-
hensive understanding of ED systems, while providing the capability to 
incorporate specific small-scale phenomena as needed. Distinguishing 
features of these models encompass the presumption of either constant 
voltage or current, the application of either a plug flow reactor model or 
a continuous stirred-tank reactor model for managing mass balances, the 
acknowledgment of DBLs adjacent to membranes, considerations of 
diffusive transport, the integration of water movement, attention to EC 
reactions and the implications of terminal compartment effects, and the 
portrayal of membrane selectivity, whether depicted as ideal, fixed, or 
through a transport number model [322,326–330]. 

5.2.2. Semi-empirical models 
The focus in this section is placed on modeling approaches that 

choose an alternative to solving the theoretical equation, favoring 
instead the simulation of IEMs using experimentally measurable 
macroscopic characteristics, such as transport coefficients, electrical 
resistance, as well as ion and osmotic permeability. These models adopt 
a simplified approach by focusing on essential variables and incorpo-
rating aggregated empirical parameters. These parameters undergo 
calibration to align the models’ forecasts with empirical data. Semi- 
empirical models primarily rely on a set of both algebraic and differ-
ential equations, organized as follows: 

(i) Equations based on the principles of thermodynamics and elec-
trostatics, enabling the derivation of parameters such as the cell po-
tential (Eq. (1)), their resistance (Eq. (2)), and the generated electric 
current (Eqs. (13) and (25)) [331,332]; 

(ii) Mass conservation equations that account for variations in flow 
rates and concentrations in the main flow directions, inherently linked 
to mass transfer equations (Eqs. (50) – (51)) [333]; 

dq̇dlt
(x)Cdlt

i (x)
dx

= −
dq̇cte

(x)Ccte
i (x)

dx
= − lIEM

× Jw(x) (50)  

dq̇dlt
(x)

dx
= −

dq̇cte
(x)

dx
= − lIEM

× Jʹ
w(x) (51) 

where q̇ is the volumetric flow rate (m3/s); x is the flow direction 
(m); lIEM is the IEM length (m); Jw and Jʹ

w are the molar and volumetric 
flux of solvent, respectively (mol m− 2 s− 1 and m3 m− 2 s− 1). 

(iii) Transport equations calculating the mass flux of ions and water 
through the membrane from empirical data or autonomously deter-
mined values through dimensionless numbers (Sherwood Sh, Reynolds 
Re, Schmidt Sc; Eq. (52) – (53)) [334]; 

Sh =
k × dc

D
= f(Re; Sc) (52)  

jlim =
zi × F × Di × Cs

i
δ × (tm

i − ts
i )

=
Sh × zi × F × Cs

i
dc × (tm

i − ts
i )

(53) 

where Sh is the Sherwood number (dimensionless); k is the mass 
transfer coefficient (m/s); dc is a characteristic length (m) and D is the 
diffusivity coefficient (m2/s). 

(iv) Lastly, equations aimed at assessing macroscopic performance 
criteria, such as energy needs (Eqs. (30) – (31)), pumping losses (Eq. 
(29)), and efficiencies (Eqs. (26) – (27)), formulated from empirical 
data [335]. 

These modeling approaches frequently employ the segmentation 
modeling technique (multi-layer system considering the DBLs presence) 
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Fig. 17. Multiscale modelling applied to ED processes. Electrical equivalent circuit model figure is adapted from [322] (CC-BY 4.0 Elsevier). Semi-empirical model 
figure is adapted from [323], Copyright (2021), with permission from Elsevier. N-P model figures are adapted from [324], Copyright (2020), with permission from 
John Wiley & Sons, Inc. S-M model figure is adapted from [325], Copyright (2014) with permission from Elsevier. 
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using one-dimensional equations. Despite their effective representation 
of process dynamics, semi-empirical models necessitate extensive initial 
experimental calibration and further experimentation for validation 
across different operational conditions. One significant limitation of 
these models is their lack of universality, indicating that validations 
performed on experimental, lab-scale setups may not directly translate 
to industrial-scale applications. Additionally, the practice of aggregating 
empirical parameters into lumped forms masks the discrete effects of 
individual phenomena on the system’s overall performance. 

5.2.3. Theoretical models based on Nernst-Planck and Stefan-Maxwell 
equations 

The resolution of the N-P equation facilitates the creation of a multi- 
dimensional concentration profile by integrating contributions from 
diffusion, convection, and electromigration to the cumulative flux, as 
indicated in Eq. (21) [336]. 

To attain a complete model, an additional condition related to charge 
is necessary. This can be met either by assuming electroneutrality 
(where the aggregate of all charges at any given point, inclusive of those 
contributed by the membrane, equates to zero) [324] or by the appli-
cation of the Poisson equation [337], as described in Eq. (54). 
∑

i
ziCi = − εrε0∇

2φ (54)  

where εr and ε0 correspond to the relative permittivity of the medium 
and the permittivity of free space, respectively (F/m). 

The complexity of the intertwined partial differential equations ne-
cessitates their resolution via numerical methods such as the finite 
element method or finite volume method within CFD software packages 
like COMSOL Multiphysics, Ansys Fluent, or OpenFOAM while solving 
at the same time Navier-Stockes equations for hydrodynamic conditions 
[319,338]. These approaches enable detailed exploration at a micro-
scale, proving invaluable for the examination of localized effects such as 
concentration polarization and the impact of space charge regions using 
two-dimensional equations [339,340]. Nevertheless, the granular focus 
of these analyses renders the extrapolation to full-scale process models 
as less efficient. In models based on the N-P framework, simplifications 
are typically made: (i) simulations are conducted either in one dimen-
sion (across the membrane) or (ii) two dimensions (along the axis and 
across the membrane) [341]. 

Note that the use of the N-P theory encounters specific limitations. 
Notably, in solutions of high concentration, ions are surrounded not only 
by solvent molecules but also by other ions, which increases the sig-
nificance of short-distance interactions. Consequently, additional fric-
tional forces come into play. To accurately model ionic transport in these 
dense media (specifically in DBLs), it is indispensable to incorporate a 
greater number of transport coefficients and to adopt a more precise 
approach, such as that proposed by the S-M equations [342]. Examples 
of using this method to analyze ion exchange systems remain scarce in 
scientific publications. Nonetheless, the N-P model remains widely 
preferred due to its ease of application and reliability across a broad 
range of operational conditions encountered in ED [315]. 

5.3. Operating modes 

Electrodialysis with many hybrid modes allowing for improved 
performance and efficiency. This section presents them. 

5.3.1. Electro-electrodialysis or redox-mediated electrodialysis 
Electro-electrodialysis, also known as redox-mediated ED, represents 

an interesting development halfway between electrolysis and ED. In this 
configuration, a multi-compartment cell facilitates selective ion trans-
port across IEMs, while interesting EC reactions take place at the elec-
trodes, modifying the usual solvent oxidation and reduction reactions. 
[44,343,344]. This approach has facilitated the production of various 

organic and inorganic acids and bases, including acids, quaternary 
ammonium hydroxide, H3BO3, and LiOH [44,345–348]. Noticeable ef-
ficiency in terms of productivity, rooted in electrode reactions, alongside 
effective product separation due to the utilization of stacked electro- 
membrane separation units, has been noted with redox reactions using 
ferri-/ferrocyanide or viologen solutions for example [349–352]. 

5.3.2. Electrodialysis metathesis 
ED stands out in this domain for its notable environmental benefits 

and operational efficiencies [344,353]. Nonetheless, conventional ED 
techniques primarily focus on concentrating liquid salts without offering 
mechanisms for further enhancing the value of these resources [24]. 
Given the push for environmental conservation and the principles of 
sustainable development, there’s a growing inclination towards trans-
forming low-value saline wastewaters into high-value products [354]. 
ED metathesis has emerged as a prominent solution, acclaimed for its 
capacity to convert, and reclaim valuable mineral resources from saline 
waters. The essence of the ED metathesis process involves the ion ex-
change between two distinct saline streams, leading to the creation of 
new salt streams [355], echoing the conventional metathesis reaction as 
presented in Fig. 18 for the case of tetrapropyl ammonium hydroxide 
[356]. Thanks to these advantages, ED metathesis has found extensive 
application in the area of high-value salt conversion, treatment of saline 
wastewater, and the recovery of valuable resources, marking a signifi-
cant stride towards resource sustainability and environmental stew-
ardship [357,358]. 

5.3.3. Oscillating regimes 
Recent literature emphasizes the improvement in transport phe-

nomena and overall process efficiency within ED systems through the 
implementation of non-stationary operational conditions. By intro-
ducing oscillations, achieved through dynamic alterations in (i) elec-
trical field or (ii) flow rate, an enhancement in the performance of ED 
systems has been documented. Applying pulsed flows or electric fields at 
relatively high frequencies, characterized by a time constant signifi-
cantly smaller than the characteristic diffusion times observed in sys-
tems with high Schmidt numbers (Sc, Eq. (55)), disrupts the DBL and 
leads to a more uniform concentration profile. This departure from the 
usual sequence of steady states results in transient concentration fields 
that differ markedly. As a result, the concentration polarization phe-
nomemon and its associated drawbacks can be substantially mitigated, 
leading to higher limiting currents and reduced electrical resistances. 
The extent of these benefits is influenced by the frequency, amplitude, 
and waveform of the applied oscillations [359]. 
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Sc =
μelectrolyte

ρelectrolyte × Di
(55)  

where μelectrolyte is the dynamic viscosity of the electrolyte (Pa s) and 
ρelectrolyte is the mass density of the electrolyte (g/m− 3(− |-)). 

The pulsed electric field (PEF) operates in a dynamic regime by 
applying a discontinuous current or voltage, as illustrated in Fig. 19. 
During a specified period, the system experiences a steady current or 
voltage, followed by a period where the current or voltage is deacti-
vated. The procedure involving a PEF employs a series of these pulse and 
pause intervals with uniform lengths [360]. Studies have documented 
that frequencies between 0.01 and 100 Hz are effective in reducing 
fouling across diverse fluid streams [361]. 

The dynamic electric fields in a non-stationary setup can reduce the 
effects of concentration polarization, as the interval between pulses al-
lows for the continued migration of ions from the bulk solution to the 
membrane through both diffusion and convective processes, thus 
diminishing the concentration gradient prior to the next pulse’s appli-
cation [363]. Recent insights into PEF during pauses have shown a 
reduction in electrical resistance due to ion redistribution at the diluate 
membrane interface, leading to low electrical resistance. Voltage reap-
plied after pauses induces electroconvective vortices, causing current 
surges and affecting turbulence, facilitating ion transfer to membrane 
surfaces [364–366]. The concept of employing a non-stationary electric 
field was initially introduced in 1995 as a method to mitigate the phe-
nomenon of concentration polarization and to facilitate the separation 
of Na+ from Ca2+ [367]. Through theoretical analysis, Mishchuk et al. 
posited that the benefits of ED intensification are most pronounced 
when the duration of the electrical pulses is significantly shorter than the 
time it takes for the polarization layer to form [368]. Additionally, the 
application of PEF has been shown to improve the performance of ED in 
desalinating solutions containing various components such as whey 
proteins [369], humate [370], and wastewater effluents [371]. The 
equipment required for generating pulse-pause sequences, such as a 
pulse generator linked to the power supply or computer-controlled 
automatic pulse generation, is relatively simple and cost-effective, pro-
moting the scalability of PEF technology [362]. 

Unlike PEFs, inducing oscillations in flow rates entails significant 
energy consumption [372], and the industrial feasibility of such 

application appears to be more distant. Nevertheless, several studies at 
the laboratory scale have shown substantial benefits in terms of mass 
transfer and fouling prevention [373–375]. 

5.3.4. Complexation electrodialysis 
Complexation ED can be used in two different scenarios:  

(i) Due to the inherent limitations in the separation capabilities of 
IEMs, substances that are neutrally or weakly charged do not 
move within the current field and, consequently, cannot be 
extracted from feed solutions. However, these substances can be 
effectively removed through an electro-membrane process by 
coupling the separation with chemical modifications such as 
protonation or complexation, transforming them into strongly 
charged entities. This strategy offers multiple benefits, including 
the ability to separate neutral or weakly charged substances via 
electro-driven forces.  

(ii) Specifically, when treating metal ions, the valences of the latter 
are often similar, and the creation of a complexation reaction can 
lead to improved selectivity in the ED system [168]. 

Jiang and colleagues introduced an innovative complexation ED 
method, where a complexation reaction between functional organic 
compounds and heavy metal ions occurs. This process was demonstrated 
by combining Cr3+ (from electroplating waste) with acetylacetone 
(acac, from pharmaceutical waste) in a stirred reactor to form positively 
charged Cr(acac)(3− n)+

n complexes. These complexes were then pro-
cessed in a complexation ED system, which benefits from induced tur-
bulence to augment mass transfer and maximize the limiting current 
density. The system achieved removal efficiencies of 99.4 %–99.5 % for 
metal ions and 97.8 %–99.9 % for organics [376]. Additionally, a 
notable application of complexation ED is the treatment of aniline- 
containing wastewater through BED, leveraging the protonation inter-
action between aniline and carbon dioxide. Injecting CO2 into aniline 
wastewater leads to the protonation of aniline, making it positively 
charged, while CO2 is converted to bicarbonate/carbonate ions or car-
bonic acid. The resulting mixture can subsequently be processed in a 
BED system [377]. Babilas et al. utilized Na2EDT A for complexing with 
Cu2+ and Zn2+ ions present in a zinc plating bath, achieving selective 

Fig. 19. Principle of PEF and effect on concentration polarization. Reprinted with permission from [362] (CC-BY MDPI).  

G. Hopsort et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 494 (2024) 153111

28

removal of Zn2+ salts to the concentrate compartment and retention of 
Cu2+ complexes in the dilute compartment [378] A diversity of com-
plexing agents has been explored to enhance the selectivity in the re-
covery of metal salts. EDTA stands out as the most frequently used 
complexing agent, proving its efficacy in the selective extraction of 
various metal salts including Ni2+ and Co2+ [379], Sr2+ and Cs+ [380], 
Ca2+ and Cd2+ [168], as well as Ag2+ and Zn2+ and Cu2+ and Cd2+ salts 
[381]. Additionally, other complexing agents such as citric acid – 
glycine [382], acid and acetylacetone [376] have also been shown to be 
effective. 

6. Scaling-up: From laboratory to pilot scale 

Scaling up a process is a critical phase in the development of ED 
technology, bridging the gap between theoretical research and practical 
application. This section delves into the essential aspects of this transi-
tion for ED. First, a practical dimensioning approach is discussed to 
ensure the successful scale-up of ED processes. Following this, the eco-
nomics and sustainability of the scaled-up ED process are evaluated, 
providing insight into the financial and environmental implications 
through techno-economic assessment (TEA) and life cycle assessment 
(LCA). 

6.1. Practical dimensioning approach 

Scaling up an ED setup from laboratory to pilot scale requires 
meticulous planning and optimization across several practical 
dimensions. 

Initially, it’s crucial to systematically optimize parameters such as 
applied voltage, current density, flow rate, and solution pH, which are 
instrumental in achieving the desired balance between separation effi-
ciency, energy consumption, and membrane longevity. This optimiza-
tion process, informed by laboratory-scale experiments, guides the 
selection of suitable membranes and spacers that offer the best perfor-
mance in terms of ion selectivity, fouling resistance, and mechanical 
stability, as adjustments may be necessary to accommodate increased 
flow rates and solution volumes at the pilot scale. The transition from lab 
to pilot scale involves designing an appropriately scaled ED stack, 
alongside engineering considerations for pumps, piping, electrical sup-
ply, and control systems to handle the increased operational scale with 
ease of maintenance and monitoring in mind. By keeping dimensionless 
numbers constant (e.g., Newton, Peclet, Reynolds, Schmidt, Sherwood, 
Stanton numbers [383] or Thiele modulus [384]) and employing 
mathematical modeling aids in predicting the performance of the scaled- 
up system, facilitating adjustments based on pilot results for further 
optimization. This phase often requires re-tuning of operating condi-
tions, membrane cleaning protocols, or system configurations to align 
with expected performance levels. There are two principal approaches 
to enhance the volume capacity treated by an ED system. The first 
approach focuses on adding more repeating units (Ncp) to the membrane 
stack, which, while increasing power consumption due to system over-
potentials, minimally impacts electrode resistance and cell components. 
The second involves operating multiple ED units in parallel, which can 
significantly escalate equipment costs due to the need for additional 
stack materials. The most crucial criterion to improve during scale-up, 
regardless of the chosen method, remains the specific surface area cri-
terion (the ratio of the active membrane surface area to the compart-
ment volume) that must be imperatively sought to be maximized. 

To date, several studies highlight research work on the ED process at 
the pilot scale (1000 cell pairs reverse ED with municipal wastewater 
effluent and seawater, achieving a power production of 95.8 W [385]; 
ED in a 30-cell pair pilot reactor demonstrated efficient concentration of 
NH+

4 ions from wastewater with an power consumption of 4.9 kWh 
kg− 1

NH4 − N [386]; large-scale ED using BMs and exhibiting 19 m2 of total 
area [387]; separation of etc.). However, to the authors’ knowledge, 

there is no mention anywhere of a developed and complete methodology 
for a process change of an ED cell from understanding mechanisms at the 
local scale to the development at an industrial scale of a pilot demon-
strator on a specific application. 

When scaling up the process, certain phenomena that are very rarely 
observed at the laboratory scale can be highlighted. This is notably the 
case for leakage currents (also called shunt currents). In an ED system, a 
series of IEMs are arranged in an alternating mode, facilitating ion 
migration based on their respective charges. Two primary sources 
contribute to the presence of parasitic currents. The first source is 
attributed to the transport of co-ions in an IEM. While the desired 
transport involves counter-ions, membranes exhibit less than absolute 
selectivity, allowing co-ions to pass through as well as depicted in the 
previous Section 4.6.2. The second source stems from ionic shortcut 
currents, which are generated by the movement of ions across the feed 
and drain channels. These channels serve as conduits for ionic transfer 
between compartments, facilitated by a difference in potential across 
cells. In a large stack, the potential difference between end cells could 
reach several hundred volts (e.g., 0.6 V per cell pair [247]). In ED stack, 
both types of parasitic currents lead to diminished power efficiency. 
While reducing co-ion transport primarily involves improvements in 
membrane technology, the impact of ionic shortcut currents is closely 
linked to the design of the stack and is therefore the focus of this section. 
In case of current leakage, not only does this current traverse the 
membranes’ active regions, but it also extends into these channels, as 
depicted in Fig. 20. Such detouring of current is influenced by the stack’s 
geometric arrangement, the count of cell pairs (Ncp), and the conduc-
tivity properties of both the membranes and the solution. Consequently, 
this leakage current undermines the apparatus’s efficiency since a 
portion of the electric current is diverted away from its primary role of 
driving ion transport across the membranes [388,389]. It has been 
highlighted in numerous studies that leakage currents predominantly 
occur configurations featuring a single hydraulic circuit [390–393]. 
Several strategies are proposed to mitigate the effects of ionic shortcut 
currents:  

(i) Introducing air bubbles into the feed stream.  
(ii) Implementing rotating valves functions as physical obstacles that 

interrupt the flow of electrolytic currents [394]. 
(iii) Using serial feeding, by directing concentrate/diluate sequen-

tially through all compartments within the stack, which are 
interconnected in an alternating top-to-bottom manner, leading 

Fig. 20. Scheme of ED module with leakage currents (red arrows). Probes, 
designed as platinum wires, were incorporated into non-conductive separators 
and enabled the measurement of voltage directly inside the module. Used with 
permission of IOP Publishing, Ltd, from [390]; permission conveyed through 
Copyright Clearance Center, Inc. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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to a zigzag flow pattern. Such a configuration forces any potential 
ionic shortcut currents to traverse a significantly elongated path, 
leading to a substantial reduction in their intensity. Nonetheless, 
this setup introduces greater fluid resistance. A hybrid approach, 
combining elements of both parallel and serial feeding, may offer 
an optimal solution in terms of stack design.  

(iv) Employing spiral wound modules [395]. 

These strategies have been proposed to minimize the cross-sectional 
area of the liquid phase in channels and manifolds to enhance the per-
formance, as mentioned in Section 5.1.3. However, these solutions 
introduce its own set of challenges, notably an increase in the pressure 
drop across the stacks. This elevation in pressure drop results in higher 
energy consumption for pumping and imposes more stringent demands 
on the mechanical durability of the stack’s end plates and frame. A re-
view of the literature indicates that adjusting the dimensions of the 
channels, specifically their length and diameter, presents a relatively 
straightforward method to enhance the current efficiency of large stacks. 
Nonetheless, determining the optimal channel dimensions often de-
pends on empirical knowledge, highlighting a gap in the development of 

optimization models that balance current efficiency with pressure drop 
considerations in stack design [396]. 

6.2. Evaluation of sustainability and economics 

6.2.1. Techno-economic assessment 
Towards industrial application of green ED, its success hinges on the 

optimization of the system’s design. Research and development efforts 
are crucially directed towards enhancing several key dimensions:  

(i) The improvement of efficiency at various scales, including the 
cell, stack, and overall system, is paramount for reducing oper-
ational costs as well as the selectivity of the process.  

(ii) Extending the lifespan of any developed system to surpass 10 
years is another critical goal.  

(iii) Reduction in investment costs (through capital expenditure 
(CAPEX) and operational expenditure (OPEX)), covering both the 
stack and the entire system, is necessary to make green ED 
technologies accessible and appealing for industrial applications. 

DURABILITY

+

Electrodes: non-noble materials
Stack: higher production rate

+

Operating cost: low electricity
price, chemical, maintenance,
membrane and labor cost

+

IEMs: thinner, stable, efficient regeneration, replacement
Electrodes: stable materials
Stack: maintenance
Solutions: mild temperature and pressure conditions, non-corrosive, absence of impurities

+
IEMs: trade-off of the thickness, higher conductive materials, profiled structures, reduce fouling
Operating conditions: current density vs. voltage, flow rate, temperature, volume ratio
Spacers: conductive material, efficacious gas evacuation, turbulence-promoter
Stack: design of manifolds to avoid shunt current, increase the specific area (surface/volume)
Auxiliary equipment: decrease of pressure drop with coherent pumping systems

Trade-offs
ED plant

ENERGY EFFICIENCY

SELECTIVITY+

IEMs: more functional conductive groups,
reduce fouling, thicker membrane

Oversized equipment

Time of service of stack

CAPEX

Time of service of IEMs

Replacement of IEMs

OPEX

Current density

Stack size

CAPEX

Energy efficiency

Electricity consumption

OPEX

CAPEXOPEX

Specifications:
Outlet concentration, purity

Fig. 21. Trade-offs between energy efficiency, selectivity, durability, and cost of ED process to meet product concentration and purity specifications. The green 
frames display the various actions to be taken to improve the associated criterion. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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However, advancements in one area often entail trade-offs in others. 
Thicker membrane may enhance mechanical strength and durability but 
also increase resistance to charge transport, thereby diminishing effi-
ciency. Similarly, while a longer lifespan reduces the cost attributed to 
investment by diluting it over time, any decrease in efficiency can lead 
to elevated operational costs due to increased energy consumption. 
Fig. 21 illustrates the beneficial or detrimental impacts that specific 
independent decisions, made during the manufacturing and research 
phases, exert on each of the aforementioned dimensions. Furthermore, 
the selection of materials, particularly catalysts and IEMs, plays a vital 
role in balancing efficiency and durability. More active functional 
groups of IEMs (see Section 3), can boost efficiency but may face 
challenges in maintaining stability over time. The pursuit of catalysts 
devoid of critical raw materials aims at sustaining high efficiency levels; 
however, it frequently results in materials that are less durable and more 
susceptible to degradation. Efficiency and selectivity are often con-
flicting dimensions. An increase in the thickness of the membrane will 
lead to better selectivity but will increase the ohmic over-potential of the 
membrane and therefore decrease its efficiency. Once again, it is all a 
matter of compromise. These dynamics underscore the complex inter-
play between various factors in the development of green ED technol-
ogies at large scale. 

Concerning the TEA itself, the economic assessment of the cost per 
cubic meter produced necessitates calculating both the investment and 
operating costs. These parameters are derived from factors such as 
membrane surface area, flow rate, recovery rate, cell velocity, and outlet 
concentrations. Capital costs encompass process-related expenses 
(including pre-treatment and treatment), building construction, and 
auxiliary equipment. Operating costs cover consumables, energy ex-
penses, and maintenance of installations (such as membrane and elec-
trode replacements). Interestingly, few studies have ventured into the 
TEA of the ED process, which may indicate a certain impediment to the 
development of this technology on a larger scale. However, it should be 
noted that among the niche studies addressing TEA, most focus on ap-
plications in the field of water treatment [397–399]. For example, the 
works of Generous et al. [93] (28.6 %, 24.9 %, and 46.5 % of unit 
product water costs are contributed by power, fixed, and other charges1) 
and Ankoliya et al. [400] (cost of acid and base produced is comparable 
with the commercially available reagent) have demonstrated the bene-
fits of this technology over conventional process. Studies applied to very 
specific case studies are emerging, such as those for the production of 
H3Co(CN)6 [262], the capture of CO2 [401] or the coupling of BED with 
photovoltaic energy source [402]. 

6.2.2. Life cycle assessment 
The challenges in reducing the environmental impact of production 

processes, via separation unit operation, present even greater opportu-
nities for physical methods like ED compared to more polluting chem-
icophysical methods (e.g., liquid–liquid extraction, precipitation, etc.). 
In the same way as TEAs, LCAs are good indicators of the maturity 
advancement of a technology. These data-intensive analyses enable us to 
approximate industrial operating conditions as closely as possible (e.g., 
inputs such as flow rate, chemicals, power, heat demand, and outputs 
such as product and waste specifications) and necessitate the fixing of 
selected environmental impacts (e.g., climate change through green-
house gas emission quantification, discharge through mass balance, etc.) 
for each specific study. 

A similar behavior to that of TEAs is observed for LCAs. Indeed, the 
majority of LCAs presented in the literature focus more on wastewater 
treatment applications. LCAs of wastewater treatment by ED primarily 
estimate carbon and water footprint distribution, with the objective of 
technology scale-up [4,403,404]. These studies include the work of 

Alrashidi et al. [405], which shows that in addition to frequent mem-
brane replacements, membrane costs contribute significantly (50 % of 
equipment cost). Another study by Akula et al. [406] demonstrates that 
the use of BED is more eco-efficient than conventional processes for 
nitrate removal from wastewater. 

However, ED is inherently energy-consuming technologies via 
external bias application. This results in indirect environmental impacts 
due to the emission of various air pollutants from conventional energy 
production processes, contributing to the greenhouse effect. For 
example, estimates indicate that estimated carbon footprint of seawater 
desalination is around 0.4 – 6.7 kgCO2eq

m− 3 [407] (large gap due to 
variability in location, technologies, life cycle stages, etc.). This impact 
can be reduced via the implementation of renewable energy sources 
[408]. 

7. Diverse applications and case studies 

In recent years, numerous developments have been made in the 
fields of conventional ED and BED. The implementation of these tech-
nologies into processes for the purification or production of organic 
molecules has, among other benefits, led to a reduction in saline efflu-
ents typically produced using ion exchange resins, or has minimized the 
need for solvents by replacing liquid–liquid extraction in certain sce-
narios. Saline effluents, which are often difficult to process in waste 
treatment facilities, can be repurposed into acids and bases through 
BED, which also limits the consumption of these reagents in the process. 
Numerous recent reviews discuss the advancements in water treatment 
(advancements in brackish and seawater desalination [54,409,410], 
energy generation through reverse ED [411–413]) and food (salt 
adjustment, acidification in sugar, beverages, and whey treatment 
[218,414–417]) applications, which remain today the major applica-
tions of this technology. We have chosen to present only the applications 
in more niche areas to highlight the potential for industrialization of this 
technology. 

Table 1 summarizes the energy consumption by mass of the various 
products obtained by ED, depending on the application and compares 
them with ‘conventional processes’. 

7.1. Gas desorption 

ED could emerge as a significant technological advancement for the 
separation of gases in various applications, such as extracting CO2 from 
the atmosphere (~400 ppm), isolating CO2 and SO2 from flue gases (and 
more recently removing NH3 from ammonium sulfate [444,445]). The 
conditions under which the process operates frequently lead in gases 
desorbing within the membrane stack of the ED system. This phenom-
enon results in the entrapment of gas bubbles on the membrane surfaces, 
diminishing the available membrane surface area for the process. 
Consequently, this leads to an increase in resistance and the formation of 
localized areas of elevated current density. These hot spots can cause 
damage to the membranes, ultimately shortening their lifespan and 
compromising the system’s efficiency. In fact, an amount of work is 
being done to improve these separation processes. 

7.1.1. CO2 capture 
While numerous pilot projects have been initiated in recent years, 

amine scrubbing remains the sole technique for capturing CO2 that has 
seen widespread application at the industrial level. This method, a post- 
combustion strategy, employs amine-based chemicals (e.g., mono-
ethanolamine – MEA) to capture carbon dioxide from flue gases. Sub-
sequently, the absorbed CO2 is separated from the solvent through a 
regeneration step, which is facilitated either by altering the temperature 
or by changing the pressure (requiring energy that may emit additional 
greenhouse gases [446]). The process allows for the reuse of the solvent, 
and the desorbed CO2 is prepared for transportation and storage. The 
primary challenges associated with amine scrubbing involve the 

1 i.e., labor cost, membrane replacement cost, maintenance cost, chemical 
cost, and insurance cost. 
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corrosive properties of the solvents and the substantial cost associated 
with the process, producing at the same time persistent and corrosive 
heat stable salts decreasing the reversibility of the process [447,448]. 

Given these limitations, there is a pressing need for research to pave 
the way for CO2 capture technologies that are not only more effective 
but also more economical and decarbonated (~78 % reduction in energy 
consumption in the case of amine solvents according to Table 1). Con-
cerning SEC, it seems that the use of NaOH or amine solvents are the 
most energetically viable solutions to develop. Typically, EC CO2 sepa-
ration involves a two-stage procedure using a liquid electrolyte to absorb 
and release CO2, as depicted in Fig. 22, with IEMs facilitating the 
regeneration of the electrolyte [449]. 

The capture and release of CO2 can be effectively managed through 
the EC modulation of absorbent proton concentration, acting as the 
central mechanism. This method, often termed as ‘pH-swing’, capitalizes 

on the proton-coupled EC reactions (e.g., X + ne− + nH+ → XHn) to 
adjust the absorbent’s pH. Such approaches exploit the pH-dependent 
thermodynamic equilibrium of CO2 speciation in aqueous environ-
ments. An applied voltage across a series of monopolar and BM mem-
branes initiates the CO2 capture by generating OH− ions and facilitates 
its release by producing H+ [451,452]. Nevertheless, the presence of air 
bubbles within a BM reactor can diminish the usable membrane surface 
area and elevate the ohmic resistance across the stack, leading to an 
accumulation of heat on the membrane’s surface. These challenges can 
be effectively mitigated by funneling the acidic solution through the 
hydrophobic side of a hollow fiber membrane reactor [453]. 

The development of the ED system aims at the CO2 separation from 
both significant point sources, like power plant flue gases [454], and 
directly from the atmosphere (direct air capture, DAC) [401,455], with 
results suggesting the feasibility of scaling up this process (e.g., decrease 

Table 1 
Summary and comparison table of energy consumption in relation to the products of interest via ED and ‘conventional process’. Note that the SEC can vary significantly 
depending on factors such as experimental conditions, process configuration, and inlet/outlet concentration solution.  

Product obtained 
via ED 

SEC[kWhkg− 1
product] Product 

specifications 
Ref. Product obtained 

via ‘conventional 
process’ 

SEC[kWhkg− 1
product] Product 

specifications 
Ref. 

CO2capture in NaOH 
solution 

~ 0.3 kWh kg− 1
CO2 

100 vol% 
CO2,(g),  
from flue gas 

[418] 
CO2capture in NaOH solution 

(causticization) 
~ 0.7 
kWh kg− 1

CO2 

100 vol% 
CO2,(g),  
from DAC 

[419] 

in KOH 
solution 

~ 1.5 kWh kg− 1
CO2 

100 vol% 
CO2,(g),  
from DAC 

[401] 
in KOH solution 0.5 – 0.9 

kWh kg− 1
CO2 

100 vol% 
CO2,(g),  
from flue 
gas 

[420] 

in seawater ~ 1.5 kWh kg− 1
CO2 

100 vol% 
CO2,(g),  
from seawater 

[421] 

in amine 
solvent 

~ 0.2 kWh kg− 1
CO2 

100 vol% 
CO2,(g),  
from flue gas 

[422] 
in amine solvent 0.8 – 1.1 

kWh kg− 1
CO2 

100 vol% 
CO2,(g),  
from flue 
gas 

[418] 

SO2 capture 
(amine solvent) 

~ 1.1 kWh kg− 1
amine 

N.A.1 

[423] 
SO2 capture 
(limestone-gypsum 
wet desulfurization 
process) 

~ 3.8 kWh kg− 1
SO2 

N.A.  
[424] 

Metal 
recovery 

Lithium ~ 7.0 kWh kg− 1
Li2CO3 

~98 %Li2CO3,(s) [346] 
Metal 
recovery 

Lithium 
(Keliber process via 
hard rock deposit) 

~ 21.8 
kWh kg− 1

LiOH 

~99 
%LiOH(s)

[425] 

Silver ~ 9.2 × 10-2 

kWh kg− 1
Ag 

~96 % of silver 
recovery [426] 

Silver 
(electro-winning) 

~ 4.6 
kWh kg− 1

Ag 

99.9 % of 
silver [427] 

Copper ~ 5.3 kWh kg− 1
Cu ~57 % of copper 

recovery [428] 
Copper 
(leaching and electro- 
winning) 

~ 4.5 
kWh kg− 1

Cu 

100 % of 
copper [429] 

Chromium 10 – 20 kWh kg− 1
CrO3 

~57 % of CrO3 

recovery [430] 
Chromium 
(leaching) 

~ 0.6 
kWh kg− 1

Cr 

93 % of 
leached 
Cr(III)

[431] 

Na2SO4 splitting ~ 1.6 kWh kg− 1
Na2SO4 

99 % NaOH +
90 % of H2SO4 

[432] 
Acid 
recovery 

Hydrochloric acid 
(chlor-alkali 
diaphragm) 

2.2 – 2.8 
kWh kg− 1

acid 

100 %HCl 
[433] 

Acid 
recovery 

Hydrochloric 
acid 

4.4 – 7.3 kWh kg− 1
acid 

100 %HCl 
[6] 

Sulfuric acid 
(double absorption 
process) 

~ 3.1 
kWh kg− 1

acid 

~98 wt% 
of H2SO4 

[434] 

Nitric acid ~ 1.7 kWh kg− 1
acid 

~90 % of 
conductivity 
recovery 

[435] 
Organic acid 
production 

Acetic acid 
(ethanol oxidation) 

~ 59 
kWh kg− 1

acid 

~93 % of 
acid yield [436] 

Sulfuric acid ~ 1.7 kWh kg− 1
acid 

~78 % of acid 
recovery [437] 

Oxalic acid 
(CO2 reduction) 

~ 6 
kWh kg− 1

acid 

~75 % of 
acid [438] 

Organic acid 
production         Acetic acid 3.8 – 15.7 

kWh kg− 1
acid 

100 % of acid 
[439] 

Citric acid 
(fermentation) 

~ 2.0 
kWh kg− 1

acid 

~98 % of 
acid [440] 

Oxalic acid 7.3 – 21.1 
kWh kg− 1

acid 

Lactic acid 
(fermentation) 

~ 6.8 
kWh kg− 1

acid 

99 % of 
acid [441] 

Citric acid 8.1 – 22.7 
kWh kg− 1

acid        
Lactic acid ~ 1.4 kWh kg− 1

acid 
100 % of acid 

[442]      
Tartaric acid ~ 8.8 kWh kg− 1

acid 
100 % of acid 

[443]      

1N.A.: Not Applicable. 
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of energy consumption [456,457], carbon–neutral liquid fuel synthesis 
[421], etc.). Despite exploring various membrane configurations and 
electrolyte choices [458–461], the separation costs associated with ED 
are anticipated to be considerable, owing primarily to the need for 
multiple IEMs. 

7.1.2. SO2 separation 
Analogous to CO2 capture, flue-gas desulfurization plays crucial role 

in mitigating SO2 emissions. BM process has been utilized for the 
removal and enrichment of SO2-rich acid gases, achieved by acidifying 
the solution through water dissociation within the BM, which in turn 
enhances the rate at which these gases are desorbed via a ‘pH-swing’ and 
this application have been studied for the SO2 desorption [462,463]. 
Initial studies suggest a reduction of about ~70 % in energy consump-
tion when using the ED process. 

Alkanolamines serve as a prevalent choice for the desulfurization 
(and decarbonization) of various fuel gases, including natural gas and 
synthesis gases derived from the gasification of coal and heavy oils. 
Nonetheless, these fuel gases often contain SO3, which can react with 

alkanolamines to produce heat-stable alkanolamine sulfates 
(− (RH)2SO4) that resist simple thermal regeneration, increasing process 
irreversibility. Without intervention, these compounds accumulate, 
leading to a reduction in both the efficiency of desulfurization processes 
and the lifetime of the amine absorbents. Huang et al. demonstrated the 
regeneration of three alkanolamines through the application of BED. 
Their investigation focused on how various operational parameters, 
such as electrolyte concentration, the concentration of alkanolamine 
sulfate, and current density, influenced the regeneration process [423]. 

7.2. Hydrometallurgy applications 

Numerous reviews specific to the application of ED in hydrometal-
lurgy and metal recovery are presented in the literature [59,168,464]. In 
the hydrometallurgical industry, endeavors utilizing ED typically align 
with one of two primary objectives: (i) the recovery of desired species or 
(ii) the elimination of undesirable species. The latter, unwanted species, 
can interfere with other segments of the process industry or pose con-
cerns from an environmental standpoint. 

7.2.1. Metal value recovery 
Research indicates that ED can achieve recovery rates of 70–99 % for 

valuable metals, including gold, noble metals, rare-earth elements, 
copper, and silver [465]. 

7.2.1.1. Li-ion battery recycling. While mining remains vital for sup-
plying the raw materials necessary for lithium-ion batteries (LiBs), 
recycling is poised to play a critical role in addressing the soaring de-
mand for lithium, cobalt, nickel, manganese, and graphite, driven by the 
anticipated surge in electric vehicle production over the next decade. 
Currently, LiB recycling is predominantly conducted through pyromet-
allurgical methods [466]. According to Table 1, the use of ED could lead 
to a reduction of SEC by about ~67 %. 

Incorporating ED into a global hydrometallurgical flowsheet, which 
also includes solvent extraction and precipitation, could enhance the 
recycling process of nickel manganese cobalt (NMC) materials, as 
depicted in Fig. 23. Following the leaching of the black mass with H2SO4 

and H2O2 [26], Ni(II), Mn(II), and Co(II) could be selectively extracted and 
separated using Cyanex® 272 as the extractant [466,467]. The resulting 
effluent, containing Li(I) along with residual amounts of Ni(II), Mn(II) and 
Co(II), could then be further purified through ED to produce high-purity 
lithium salts [468]. 

However, several challenges must be addressed before fully imple-
menting ED in the recycling of LiBs. Particularly, the use of highly se-
lective membranes for Li(I) presents difficulties due to the disparate 
transport properties of Li(I) and divalent cations (Ni(II), Mn(II) and Co(II)). 
These differences can lead to the precipitation of divalent cations within 
the membrane’s pores, which significantly reduces the limiting current 

Fig. 22. Diagram illustrating the ‘pH-swing’ via ED for the purpose of carbon 
capture. Reproduced from [450] with permission from the Royal Society 
of Chemistry. 

Fig. 23. Principles behind the use of ED in hydrometallurgical systems for 
generating high-grade lithium salts. Reprinted with permission from [466] (CC- 
BY MDPI). 
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during ED, posing operational challenges (i.e., monitoring of jlim over 
time during ED operation) [466]. 

ED has also emerged as a sustainable alternative for lithium recovery 
from diverse sources such as brines, ores, and spent LiBs [469,470]. A 
novel development in this field is the application of ED technique that 
demonstrates high selectivity for lithium (16 Wh g− 1 of Li) over mag-
nesium in high Mg/Li ratio brines [471]. However, the efficiency of 
lithium recovery can be significantly impacted by the presence of co- 
existing ions in solutions. Research indicates that increasing concen-
trations of certain co-existing ions (Na+, K+, SO2−

4 , HCO−
3 ) can adversely 

affect the separation process of magnesium and lithium [265], high-
lighting the competitions occurring during the ED treatment in the 
presence of diverse ions. Moreover, the combination of precipitation and 
ED techniques for recovering lithium from spent LiBs presents an 
effective method for separating lithium and phosphorus (Li3PO4 pre-
cipitation) [472]. 

7.2.1.2. Other metals. Recent research into the ED process for reclaim-
ing metals such as Cu, Ag [426], Co, Zn, and Fe demonstrates varied 
outcomes and limitations based on the metal in question and the specific 
conditions of the process. 

For example, Shestakov et al. focused on the recovery of iron, nickel, 
and copper from printed circuit board manufacture wastewater. The 
study highlighted the efficient separation of these metals using ion- 
exchange membranes, though it noted the differential retention effi-
ciencies for Ni2+ and Cu2+ cations in multicomponent solutions 
compared to single-salt solutions [473]. Similarly, Zimmermann et al. 
explored the separation of copper from silver in electrowinning solu-
tions by using monovalent-selective IEMs. They highlighted the poten-
tial for continuous ED to remove divalent cations like copper, thus 
maintaining high purity of the recycled silver. The study also pointed out 
the significant drawbacks of scaling and fouling [474]. Gomes et al. 
combined ED with bioleaching (recycling technique that uses bacteria to 
recover some metals) for enhanced metal recovery from municipal solid 
waste incineration fly ashes. This approach showed promising results in 
increasing the performance of metal removal and recovery, including Co 
and Zn [475]. 

Despite the promising outcomes, common limitations across these 
studies include the complexity of separating multicomponent solutions 
(with often close valence) and challenges related to membrane scaling 
and fouling. 

7.2.2. Approaches for treating wastewater with metal contaminants 
A multitude of works dealing with ED has shown significant promise 

in treating wastewater containing various metal contaminants during 
the past few years [59,476–478]. 

Separation of metals from electroplating wastewater using ED was 
explored, demonstrating the effectiveness of ED in treating such 
wastewater and recovering over 90 % of metals, specifically copper and 
nickel [479]. The study highlighted a limitation where high voltages led 
to the formation of white sediments due to high current density, indi-
cating a threshold for operational voltage to avoid precipitation issues. 
Recently, Cerrillo-Gonzalez et al. explored the broader application of ED 
in metal removal from both water and wastewater [464]. They high-
lighted the technique’s potential in not only treating wastewater but also 
in recovering critical metals, thereby contributing to a circular econ-
omy. The performance of ED, as noted in their review, depends on 
various factors including membrane properties, cell configuration, and 
operational conditions. Moreover, a combined approach using ED and 
electrocoagulation (i.e., coagulation of particles through electro-
generated ions which neutralize the charge of pollutants) for the treat-
ment of wastewater containing arsenic and copper was investigated. 
This innovative method achieved complete copper removal and sub-
stantial arsenic removal through ED, with further arsenic elimination via 
electrocoagulation [480]. Wang et al. focused on the treatment of 

electroplating wastewater with low-concentration nickel, using a com-
bination of ED and electrodeposition. They managed to reduce the 
nickel concentration to below 0.1 mg/L, meeting the most stringent 
discharge standards [481]. 

7.2.3. Na2SO4 splitting 
Base-metal refining processes, such as nickel production, are signif-

icant sources of sodium sulfate waste. In these operations, it is common 
to generate approximately 2 kg of Na2SO4 for each kg of Ni produced 
[432]. This waste originates from the neutralization of sulfuric acid with 
NaOH in the leaching solutions after metal extraction. The production 
and disposal of Na2SO4 not only reflect an inefficient conversion of 
valuable chemicals—imported sulfur is turned into H2SO4, which is then 
neutralized with costly NaOH to produce a low-value product—but also 
pose environmental risks (e.g., soil salinization). 

ED has emerged as a significant method for splitting Na2SO4, with 
various studies highlighting its potential and the challenges encoun-
tered. One of the noteworthy applications is the high-value conversion 
of Na2SO4 wastewater into K2SO4 solution (fertilizer) [482]. This work 
demonstrated the successful conversion of Na2SO4 to a K2SO4 solution 
with a concentration of 96.9 g/L and a purity of 95.2 % (limited 
mechanism caused by co-existing ion competitions). However, the 
presence of co-existing ions (Cl− , CO2−

3 , Mg2+, and Ca2+) was found to 
influence the ED metathesis process, underscoring the complexity of 
handling mixed ion solutions, especially in terms of fouling and IEM 
stabilities. Another application involves the use of ED for sodium sulfate 
splitting in a base metal refinery, aiming to achieve a zero brine solution 
to prevent salinization [261,432,483]. Studies highlighted the potential 
of splitting Na2SO4 into NaOH, H2SO4, and water via SEC of ~1.6 
kWh kg− 1

Na2SO4
. The challenges identified included non-ideal membrane 

behavior and the effects of electro-osmosis, particularly at high con-
centration levels. 

7.3. Recovery of other valuable products 

ED has been effectively utilized in various recovery applications, 
showcasing its versatility and efficiency across different industries for 
producing valuable products [484,485]. 

In the realm of recovery from wastewater treatment, pilot-scale 
electrodialysis process has shown promise in recovering nutrients, 
such as N [486,487], P [464,488] and K [238,489,490], from waste-
water with high current efficiency and low energy consumption. 
Furthermore, the recovery of acid (HCl [270,491], HNO3 
[272,435,492], H2SO4 [493,494], etc.) from process or waste streams 
through ED has been demonstrated to have high accuracy and the po-
tential for energy optimization as highlighted by Table 1. 

ED has also been explored for the recovery of dyes from solutions, 
demonstrating its potential in treating dye-laden wastewater and 
enabling dye reuse [354,495]. It should be noted that dyes are often not 
charged but purified of their saline impurities. The separation efficiency 
in this process is highly dependent on the molecular weight of the dye. 
Nevertheless, the fouling of IEMs is a significant issue, stemming from 
the natural electrostatic attraction between anionic (cationic) dyes and 
their respective anion (cation) exchange membranes. This accumulation 
notably impedes the transfer of ions, significantly reducing the effec-
tiveness and, consequently, affecting the separation of dyes and inor-
ganic salts in the treatment of dye-rich wastewater [496]. 

Moreover, ED has expanded its applications to include promising 
prospects in the pharmaceutical industry. It is particularly effective in 
treating wastewater containing pharmaceuticals, significantly retaining 
target micropollutants such as diclofenac, carbamazepine, and furose-
mide and limiting their transport to the concentrated ED product 
[497–499]. Additionally, ED has proven beneficial in the production of 
pharmaceutical substances, enhancing the purification process and 
increasing the quality of products like taurine, tuberculin, and cobalt 
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octa-4,5-carboxyphthalocyanine octasodium salt [15,500]. This un-
derscores its efficiency and environmental friendliness in the pharma-
ceutical industry. In the production of vitamin C, BED has been applied 
to improve traditional acidification methods [501–503], demonstrating 
ED’s role in enhancing product quality and its potential to streamline 
manufacturing processes in the pharmaceutical sector. 

7.4. Acid productions 

Organic acids are a group of compounds characterized by their weak 
acidic properties. The biodegradability of these acids has led to their 
increased adoption in various sectors over recent years. For example, 
succinic acid plays a crucial role in the development of biodegradable 
polymers used in resins, dyes, and pharmaceuticals, while lactic acid is 
being utilized in the production of biocompatible medical sutures and 
eco-conscious plastics [504,505]. Additionally, citric acid finds appli-
cations beyond its traditional use as a flavoring agent in food, being used 
for cleaning and maintaining surfaces [506]. Formic acid, on the other 
hand, is primarily used in the textile and paper industries [507]. The 
production of organic acids can be achieved through two main methods: 
(i) chemical synthesis and (ii) fermentation. Chemical synthesis faces 
challenges related to scalability, the generation of unwanted by- 
products, and high costs. In contrast, fermentation is gaining popu-
larity due to its safety, efficiency, and flexibility. However, the 
complexity of the fermentation broth necessitates the development of 
sophisticated separation and purification strategies to obtain organic 
acids at the purity levels required for their specific applications 
[508,509]. 

For example, the process, also known as the sulfur-iodine thermo-
chemical cycle for the H2 production, employs iodine I2, sulfur dioxide, 
and water as its primary reactants. Its fundamental operations include 
the production of sulfuric acid and hydroiodic acid (HI) through the 
Bunsen reaction. This is succeeded by the ‘sulfuric section’, dedicated to 
the reclamation of sulfur dioxide and water. Of paramount importance is 
the ‘HIx section’, recognized for its critical role in defining the process’s 
efficiency and energy demands. This stage involves the enrichment of 
HI, culminating in its thermal breakdown to yield regenerated iodine 
and H2 gas as the final product [510,511]. The application of electro- 
electrodialysis, particularly when outfitted with a CEM, has demon-
strated considerable efficacy in enhancing the concentration of HI acid, 
a capability showcased in Fig. 24. 

ED, particularly when combined with BM, is instrumental in the 
production of a variety of organic acids at such level of purity. For 
instance, in the case of citric acid, ED facilitates the efficient extraction 
of citric acid [512,513] from sodium citrate found in fermentation 
broths. This process capitalizes on the selective transport of citrate ions 
through membranes and their conversion to citric acid, utilizing the 
water dissociation capability of BM to supply the necessary protons. 
Similarly, acetic acid, vital for food preservation and as a precursor in 
the production of vinyl acetate monomer, can be recovered from dilute 
solutions resulting from fermentation processes [283,514,515]. More-
over, the production of specialty organic acids such as tartaric and oxalic 
acid, employed in the food industry and as cleaning agents respectively, 
also benefits from ED technology [348,439,516]. Additionally, gluconic 
acid, used in the food industry, pharmaceuticals, and concrete 
manufacturing, can be produced through fermentation followed by ED 
recovery. The BED process enables the direct conversion of gluconate 
salts to gluconic acid, improving the production process’s sustainability 
and efficiency [517,518]. 

7.5. Electrodialysis membrane separations in biotechnology 

ED technology’s role in bio-product separation has seen significant 
advancements, as evidenced by recent scientific research. A notable 
application of ED is in the separation and purification of bioactive 
components, such as amino acids, proteins, and peptides, using ED with 

porous membranes. This innovative approach, combining ED, porous 
filtration, and electrophoresis, has been explored by Sun et al. [519]. 
Their work addresses challenges like low productivity and membrane 
fouling. 

In biotechnology, the extraction of electrically charged bioproducts, 
such as organic acids and antibiotics, is a one of ED application. Laz-
arova et al. provided an overview of recent achievements in ED for 
bioproducts separation and recovery (such as albumins), emphasizing its 
potential for more selective and efficient downstream processing [520]. 
ED with ultrafiltration membranes for peptide separation represents a 
promising approach to meet the large-scale production demands of 
bioactive peptides. Dlask and Václavíková investigated this hybrid 
process that combines the principles of ED and electrophoresis, offering 
an efficient method for the separation and concentration of peptides (e. 
g., haemoglobin, β-lactoglobulin) [521]. However, it should be noted 
that experimental results are often compared with ‘conventional pro-
cesses’ in terms of separation efficiency and almost never in terms of 
energy consumption, notably through life cycle analyses, a point that is 
lacking in the literature. 

7.6. Pilot and industrial case studies 

Numerous applications have been listed, but still remain limited in 
terms of larger-scale development. Nonetheless, the non-exhaustive 
Table 2 presents a number of large-scale case studies (i.e., active sur-
face area > 1 m2) that will familiarize the reader with some of the actors 
applying ED on a pilot scale. More detailed information can be found in 
recent comprehensive market overview studies [41,362]. 

One can also be pleased to see ED technology increasingly devel-
oping towards industrial applications, given the fundraising efforts by 
several companies and startups attempting to scale up [522,523], as well 
as the number of patents filed by private entities (publication dynamics 
of ED-related patents illustrated in Supporting Material – SM2). 
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8. Conclusion and prospects 

Through this comprehensive examination, this review elucidates the 
pivotal role of ED in modern chemical engineering, underscoring its 
versatility, efficiency, and adaptability to a myriad of separation chal-
lenges. Integrating renewable energy sources with ED while managing 
their intermittency can foster a more sustainable and economically 
viable ED process, contributing significantly to a greener future. 
Notably, advancements in membrane materials and fabrication tech-
niques have substantially augmented the performance of ED systems, 
enabling higher selectivity, reduced energy consumption, and enhanced 
operational stability. 

Operational parameters such as electric field intensity, solution 
concentration, and temperature have been identified as key factors 
influencing the efficiency and selectivity of the ED process. 

The integration of novel cell designs, mixing promotion strategies, 
and advanced operating modes presents a promising avenue for process 
intensification and system optimization. 

As the ED technology matures from laboratory-scale explorations to 
pilot-scale implementations, the scalability and economic viability of 
these systems come to the forefront. Addressing these challenges 

requires a concerted effort in innovative design, rigorous testing, and 
comprehensive economic analyses to ensure the transition of electro-
dialysis technologies from niche applications to mainstream separation 
processes. 

A strategic framework with targeted activities to enhance the ED 
process can be structured to increase ED performances:  

(i) Electrodes: One of the proposed activities involves exploring the 
use of new materials for electrodes, aiming to reduce polarization 
and enhance conductivity. By doing so, the current efficiency 
could be increased, alongside a reduction in energy consumption, 
especially in systems that utilize redox-mediated processes.  

(ii) Spacers: Another activity suggests designing spacers that induce 
turbulence while minimizing pressure drops, which could lead to 
improved mass transfer and reduced energy costs. This approach 
is critical for maintaining system efficiency without compro-
mising the flow dynamics within the ED cells.  

(iii) Gas separation: Further, addressing the challenges of gaseous 
ED separation, it is recommended to investigate novel reactor and 
spacer geometries to avoid gas accumulation and the screen- 
effect, which are known to impact system performance nega-
tively. By exploring these new geometries, the process could 
potentially see a reduction in energy consumption.  

(iv) IEM materials: Additionally, enhancing the mechanical strength 
of ion-exchange membranes (IEMs) is identified as a necessary 
improvement to facilitate gas separation at higher pressures, 
which could expand the applicability of ED in industrial settings. 
Meanwhile, improving membrane performance through ad-
vancements in nanotechnology and polymer chemistry—such as 
increasing rugosity and specific surface area—aims to enhance 
selectivity and conductivity while reducing permeability. 

The roadmap also highlights the need for finding alternative mem-
brane materials that do not rely on fluorinated compounds. This shift 
would improve the sustainability of the CEM life cycle and reduce 
pollution associated with PFAS.  

(v) Towards industrialization: Currently, most ED applications are 
reported as batch operations, with limited investigation into 
continuous operations due to the complexity of the wastewater 
matrix. This limitation could hinder the broader application of 
BMED and delay its large-scale industrialization.  

(vi) Integration of online-monitoring tools: As new tools for in situ 
process monitoring and control are developed, attention must be 
paid to their efficient incorporation into system designs and their 
scalability.  

(vii) Process electrification: It is encouraged a reevaluation of 
certain processes to see how ED could be integrated through the 
electrification of processes, promoting an atom economy via the 
promotion of this technology to the chemical engineering 
community  

(viii) Green chemistry: Lastly, incorporating the concept of atom 
economy into the ED approach emphasizes the efficient utiliza-
tion of all reactants, minimizing waste and enhancing the overall 
sustainability of chemical processes by ensuring that each atom in 
the feed materials is effectively used in the final products 
[538,539]. The evaluation of eco-efficiency of the ED process 
needs to be developed mainly through the exploitation of LCA. 
Moreover, the future of ED appears to be moving towards inte-
grating the technology with renewable electricity production 
methods, such as solar and wind power. 

By methodically addressing these activities, substantial improve-
ments in performance, efficiency, and applicability of ED systems are 
anticipated, steering the technology towards a future that is not only 
more sustainable but also economically viable. These efforts underscore 

Table 2 
Examples of large-scale applications of ED reactors.  

Industry 
domain 

Company 
example 

Application Parameter of 
interest1 

Ref. 

Food 
processing 

Eurosérum Lactoserum 
production 

> 20,000 tons 
per year 

[524] 

Juclas Wine stabilization 
by treating tartaric 
acid 

76,000 m3 per 
year 

[525] 

Suez WTS 
Systems USA 
Inc 

Demineralization 
of whey-based 
solution 

> 250 m3/h [526] 

Wastewater 
treatment 

(academic 
plants) 

Nutrient recovery 
from wastewater 

7.2 m2 [386] 

Production of 
potable water from 
brackish water 
sources 

> 1 m2 [527] 

General 
Electric 
Company 

Water purification 
needs 

Abrera, Spain: 
220,000 m3 

per day 
San Diego, 
USA: 25,000 
m3 per day 

[528] 

Metal 
recovery 

Lilac solutions 
Inc 

Extraction of 
lithium from brine 
resources 

200 m3 of 
concentrated 
LiCl product 
at 2.8 g/L 

[529] 

EnergyX LiOH production 500,000 tons 
per year [530] 

Electroplating (academic 
plants) 

Metal recovery in 
electroplating 
processes, creating 
a closed-loop 
system 

1.2 m2 [531] 

Organic acid 
production 

BASF Purification of an 
amino acid- 
containing 
solution 

Unknow [532] 

Process 
supplier 

PCCell GmbH Continuous 
downstream 
processing, 
demineralization 
& production of 
valuable 
components. 

160 m2 [533] 
MemBrain® 19 m2 [534] 
Ionics 
Electrodialysis 
− Veolia 

64 m2 [535] 

ASTOM Co. Ltd >40 m2 [536] 
Group Eurodia 
(EEDB, 
Ameridia, 
Oenodia, 
Chemistria) 

>10 m2 [537] 

1e.g., active surface area, production rate, etc. 
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a concerted push to refine and evolve ED technology in line with 
contemporary environmental and industrial demands. 

In conclusion, the ED process discussed has seen a growing trend 
towards industrialization, driven by a better understanding of local 
phenomena and improved energy management with considerable po-
tential for further advancement. To realize this potential, intensive 
collaboration between material scientists, electrochemists, and electro-
chemical engineers is highly desirable. Such close cooperation is 
essential for overcoming the challenges inherent in advancing this 
multidisciplinary field. Notably, new applications of ED in areas such as 
wastewater treatment and battery material recycling are emerging. 
These advancements are facilitating scale-up changes, with several start- 
ups or industrial pilots now developing ED technologies (e.g., REvivED 
water by FUJIFILM Manufacturing Europe B.V. [540], Eurodia group 
[541], AQUABATTERY [542], etc.). Finally, ED is a unit operation 
designed to be integrated into larger-scale processes. Therefore, it is 
essential to raise awareness of this separation technique among engi-
neers and researchers within the chemical engineering community to 
fully realize its potential and integration into broader industrial 
applications. 
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[483] M. Rakib, P. Moçotéguy, P. Viers, E. Petit, G. Durand, Behaviour of Nafion® 350 
membrane in sodium sulfate electrochemical splitting: continuous process 
modelling and pilot scale tests, J Appl Electrochem 29 (1999) 1439–1448, 
https://doi.org/10.1023/A:1003861413943. 

[484] Y. He, A. Gong, A. Osabutey, T. Gao, N. Haleem, X. Yang, P. Liang, Emerging 
electro-driven technologies for phosphorus enrichment and recovery from 

wastewater: A review, Water Res. 246 (2023) 120699, https://doi.org/10.1016/j. 
watres.2023.120699. 

[485] P. Devos, A. Filali, P. Grau, S. Gillot, Sidestream characteristics in water resource 
recovery facilities: A critical review, Water Res. 232 (2023) 119620, https://doi. 
org/10.1016/j.watres.2023.119620. 

[486] S.L. Aung, J. Choi, H. Cha, G. Woo, K.G. Song, Ammonia-selective recovery from 
anaerobic digestate using electrochemical ammonia stripping combined with 
electrodialysis, Chem. Eng. J. 479 (2024) 147949, https://doi.org/10.1016/j. 
cej.2023.147949. 

[487] J. de Paepe, L. de Pryck, A.R.D. Verliefde, K. Rabaey, P. Clauwaert, 
Electrochemically Induced Precipitation Enables Fresh Urine Stabilization and 
Facilitates Source Separation, Environ. Sci. Technol. 54 (2020) 3618–3627, 
https://doi.org/10.1021/acs.est.9b06804. 

[488] J. Yao, Y. Sun, P. Shi, Y. Liu, Phosphorous acid separation and recovery from 
glyphosate mother liquor by two-stage bipolar membrane electrodialysis, Sep. 
Purif. Technol. 341 (2024) 126700, https://doi.org/10.1016/j. 
seppur.2024.126700. 

[489] A.F.R. Silva, L.A. Ribeiro, M.C.S. Amaral, Efficiency of nutrients recovery from 
sugarcane vinasse treatment by different electrodialysis configurations and in 
sequential-batch operation, Sep. Purif. Technol. 311 (2023) 123295, https://doi. 
org/10.1016/j.seppur.2023.123295. 

[490] Y. Li, Z.-L. Ye, R. Yang, S. Chen, Synchronously recovering different nutrient ions 
from wastewater by using selective electrodialysis, Water Sci Technol 86 (2022) 
2627–2641, https://doi.org/10.2166/wst.2022.352. 

[491] H. Zhou, P. Ju, S. Hu, L. Shi, W. Yuan, D. Chen, Y. Wang, S. Shi, Separation of 
Hydrochloric Acid and Oxalic Acid from Rare Earth Oxalic Acid Precipitation 
Mother Liquor by Electrodialysis, Membranes (basel) 13 (2023), https://doi.org/ 
10.3390/membranes13020162. 

[492] M. Ali, M. Rakib, S. Laborie, P. Viers, G. Durand, Coupling of bipolar membrane 
electrodialysis and ammonia stripping for direct treatment of wastewaters 
containing ammonium nitrate, J. Membr. Sci. 244 (2004) 89–96, https://doi.org/ 
10.1016/j.memsci.2004.07.007. 

[493] B. Yuzer, M.I. Aydin, H. Yildiz, B. Hasançebi, H. Selcuk, Y. Kadmi, Optimal 
performance of electrodialysis process for the recovery of acid wastes in 
wastewater: Practicing circular economy in aluminum finishing industry, Chem. 
Eng. J. 434 (2022) 134755, https://doi.org/10.1016/j.cej.2022.134755. 

[494] N.V. Kovalev, T.V. Karpenko, N.V. Sheldeshov, V.I. Zabolotskii, Ion Transport 
through a Modified Heterogeneous Bipolar Membrane and Electromembrane 
Recovery of Sulfuric Acid and Sodium Hydroxide from a Sodium Sulfate Solution, 
Membr, Membr. Technol. 2 (2020) 391–398, https://doi.org/10.1134/ 
S2517751620060050. 

[495] C. Xue, Q. Chen, Y.-Y. Liu, Y.-L. Yang, D. Xu, L. Xue, W.-M. Zhang, Acid blue 9 
desalting using electrodialysis, J. Membr. Sci. 493 (2015) 28–36, https://doi.org/ 
10.1016/j.memsci.2015.06.027. 

[496] J. Lin, Q. Chen, X. Huang, Z. Yan, X. Lin, W. Ye, S. Arcadio, P. Luis, J. Bi, B. van 
der Bruggen, S. Zhao, Integrated loose nanofiltration-electrodialysis process for 
sustainable resource extraction from high-salinity textile wastewater, J. Hazard. 
Mater. 419 (2021) 126505, https://doi.org/10.1016/j.jhazmat.2021.126505. 

[497] B.M. An, S.L. Aung, J. Choi, H. Cha, J. Cho, B. Byambaa, K.G. Song, Behavior of 
solutes and membrane fouling in an electrodialysis to treat a side-stream: 
Migration of ions, dissolved organics and micropollutants, Desalination 549 
(2023) 116361, https://doi.org/10.1016/j.desal.2022.116361. 

[498] K. Arola, A. Ward, M. Mänttäri, M. Kallioinen, D. Batstone, Transport of 
pharmaceuticals during electrodialysis treatment of wastewater, Water Res. 161 
(2019) 496–504, https://doi.org/10.1016/j.watres.2019.06.031. 

[499] R. Guedes-Alonso, S. Montesdeoca-Esponda, J. Pacheco-Juárez, Z. Sosa-Ferrera, J. 
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