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Abstract 10 

Ion exchange membranes represent the main core of a number of separation processes such as electrodialysis, 11 

diffusion dialysis and Donnan dialysis, among others, at which the key role of these membranes is to control the 12 

transport of ionic species and their selective separation simultaneously. However, the ion exchange capacity, 13 

selective separation, stability and durability of ion exchange membranes in separation processes are especially 14 

limited under the use of natural feedwaters due to their heterogeneous and multivalent ionic composition, which 15 

leads to several fouling issues. This effect provokes a clear undesirable evolution with time in the initial 16 

membrane properties and characteristics, thus significantly decreasing the overall process performance in 17 

several applications. As a consequence, not only a further understanding of the fouling mechanisms and the 18 

interactions between foulant(s) and membrane(s) is crucial, but also development of adequate membrane 19 

cleaning protocols to alleviate the fouling impact after prolonged operations. Therefore, the aim of the present 20 

review is to define efficient membrane cleaning strategies to control and mitigate the impacts of fouling 21 

phenomena on ion exchange membranes in separation processes, paying special attention to the type of 22 

membrane, its characterization (before and after cleaning) and the target application. Herein, promising 23 

membrane cleaning approaches reported in the recent years are summarized and discussed. Alternative 24 

physical, chemical and mechanical cleanings (or their combination) can be considered, even though the control 25 

of the number of cleaning cycles, cleaning conditions and combination of cleaning approaches seem to be 26 

essential to achieve an optimum global cleaning efficiency. To sum up, although further research in 27 

understanding the role of fouling in material stability and degradation after cleaning is still needed, this review 28 

provides novel insights into the definition of the most appropriate membrane cleaning strategy in different ion 29 

exchange membrane separation processes. 30 
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1. Background 33 

The current worldwide water, energy, materials, food and environmental issues has made 34 

evident that the main challenge of the XXI century is to secure human health and social welfare 35 

through sustainable perspectives [1]. For instance, one of the most important issues affecting human 36 

health is not only the accessibility of safe drinking water, but also its quality, which is responsible for 37 

different life-threatening diseases [2]. Furthermore, the continuous increase of the worldwide 38 

energetic demand as well as the uninterrupted burning of fossil fuels to produce energy has led to 39 

the investigation and development of alternative environmentally friendly and renewable power 40 

sources [3]. In this respect, the high energy demand can be satisfied, and the impact of global 41 

warming due to the continuous increase of CO2 levels in the atmosphere might be decreased 42 

simultaneously [4]. Therefore, the study of deeper comprehensive analyses about water, energy, 43 

materials and food nexus is essential to find opportunities and solutions in order to reach synergetic 44 

beneficial objectives for sustainable development [5,6].  45 

In this context, ion exchange membrane separation processes (IEMSPs) represent sustainable 46 

approaches to provide effective alternatives in several interesting application contexts. According to 47 

Strathmann [7], seven different IEMSPs can be identified, namely i) electrodialysis (ED), ii) ED with 48 

bipolar membranes (EDBM), iii) continuous electrodeionization; iv) electrolytic processes (i.e., 49 

chemical synthesis such as the chlor-alkali electrolysis), v) diffusion dialysis, vi) Donnan dialysis, and 50 

vii) energy conversion and storage systems (e.g., fuel cells). The first four IEMSPs are externally 51 

electrically driven approaches (i-iv), whereas the last three are not (v-vii), as represented in Fig. 1. 52 

The process driving force in both diffusion dialysis and Donnan dialysis is a concentration gradient 53 

between two aqueous solutions separated by an ion exchange membrane (IEM). In fuel cell-based 54 

systems, a fuel (mainly hydrogen gas) and an oxidizing agent (usually oxygen) are used as external 55 

chemical inputs. Furthermore, although Reverse Electrodialysis (RED) does not represent a 56 

separation process, since its experimental setup is comparable to that of ED systems [8], this 57 

technology has also been considered in the discussion of the present review. The dominant factor 58 

affecting IEM fouling in separation processes is the feeding solution composition (highlighted in Fig. 59 

1), whose effect on fouling tendency is much larger compared to that of the IEMSP itself. For example, 60 
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food containing solutions (e.g., wine or juice making industries) would tend to foul much more 61 

compared to drinking water stream, whatever the ion-exchange membrane assisted process is. In 62 

this context, similar feed solution compositions can also be used in different IEMSPs for the same 63 

application, such as the recovery of organic acids. In this framework, ED and Donnan dialysis are 64 

both used [9], but ED will be much more prone to fouling due to the presence of electrodes. In this 65 

light, electrodialysis reversal (EDR) mode is often considered.       66 

 67 
Fig. 1. Overall scheme of IEMSPs and alternative IEM-assisted processes: classification, main applications 68 

and fouling issues. Colourful boxes indicate the main application(s) of each IEMSP: water (blue), energy 69 

(green), materials (orange) and food (pink). 70 

The main key elements of the above-mentioned processes are the IEMs, whose main role is to 71 

control the transport of ionic species, including their selective separation. In general, the most desired 72 

properties of IEMs in separation processes are: a) high permselectivity, b) low electrical resistance, 73 

and c) remarkable mechanical, form, chemical and thermal stability [7,10]. As a result, several IEMs 74 

of different nature have been developed and investigated since the early 1900s, as schematically 75 

shown in Fig. 2. It is worth mentioning here that the first IEMSP (at industrial operation) was developed 76 

in the late 1950s and early 1960s, when an ED setup was proposed as an economic method for the 77 

desalination of brackish water [7]. Nevertheless, the principle of ED desalination was firstly presented 78 

in 1890 by Maigrot and Sabates [11]. Since the year 2000, innovative and sustainable IEMs have 79 

continuously been under development for industrial applications [12].  80 
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 81 
Fig. 2. Development of IEMs over the years. Adapted from [12]. 82 

With respect to the applications derived from IEMSPs, the environmentally friendly production of 83 

clean water represents one of the main objectives of 2030 Agenda for Sustainable Development 84 

[3,13]. Thus, the use of monovalent IEMs in ED configurations has been considered for the removal 85 

of fluoride and arsenic from water streams [14,15]. Although ED is mainly used to generate drinking 86 

water [16], the treatment of polymer flooding produced water derived from oil industry has also been 87 

investigated [17]. Water-energy hybrid systems have also been proposed as a cost-effective and 88 

sustainable strategy for water desalination with simultaneous wastewater treatment and energy 89 

harvesting through bio-electrochemical devices [18]. Moreover, electrolytic processes such as the 90 

chlor-alkali technology (commercially proposed in 1975 [19]) represents one of the most important 91 

applications of IEMSPs [20], at which IEMs based on Nafion® are mainly utilized [12]. By contrast, 92 

the costly Nafion® membranes, the low chlorine quality reached, and the high thermal energy 93 

consumption symbolize the main handicap of this separation process [21,22]. On the other hand, 94 

diffusion dialysis strategies are used to purify and recover acids and bases through the application of 95 

anion exchange membranes (AEMs) and cation exchange membranes (CEMs), respectively [7,23]. 96 

The recovery of valuable toxic heavy metal ions from industrial effluents is, by contrast, the main 97 

application of Donnan dialysis experiments, even though the investigation and monitoring of 98 

(bio)fouling on the surface of IEMs has also been proposed through Donnan dialysis studies [24,25]. 99 

Furthermore, among the available energy conversion and storage separation processes, PEM 100 

(Polymer Electrolyte Membrane) fuel cell technologies seem to be attractive options for power 101 

generation due to their high efficiencies and low emissions [26]. However, the high cost of Nafion® 102 

membranes has led to the development of alternative approaches such as alkaline anion exchange 103 
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membrane fuel cell (AAEMFC) configurations [27–29]. Carbon dioxide electro-conversion methods, 104 

however, have been investigated to store intermittent renewable energy, otherwise wasted, in 105 

chemical bonds [30–32]. In this approach, a CEM is mainly required to assure an efficient transport 106 

of protons. 107 

To sum up, since the main core of IEMSPs is the membrane/s, an efficient and stable 108 

performance of IEMs is crucial to achieve an optimum continuous process operation. However, the 109 

behavior of IEMs is still strongly limited by different fouling and scaling phenomena, which represents 110 

the attachment of specific substances to the surface and/or in the interior of the membrane structure 111 

[33]. This phenomenon therefore leads to a significant decrease in the process efficiency and to 112 

increased overall costs [33,34]. In this context, membrane cleaning protocols must be defined to 113 

decrease the negative fouling impact on the behavior of IEMs in separation processes to allow for 114 

their prolonged (re)use.  115 

Hence, the aim of the present review is to identify and present appropriate and prospective 116 

membrane cleaning protocols to control and mitigate the undesirable impacts of fouling on IEMs, 117 

which is required to move forward into the implementation of several IEMSPs at a larger scale. This 118 

review focuses mainly on the cleaning of IEMs used in ED, which represents the most important 119 

IEMSP, although prospective cleaning strategies applied in other ion-exchange membrane assisted 120 

processes are also considered. The available effective cleaning strategies reported so far are 121 

discussed as a function of the membrane type and target application, paying special attention to 122 

membranes characterization and process performance before and after cleaning.  123 

In this respect, the fundamental knowledge about membrane types and characteristics, fouling 124 

mechanisms and the foulant(s)-membrane(s) interactions is indispensable to define cleaning decision 125 

criteria for an improved IEM durability in separation processes. 126 

2. Ion exchange membranes in separation processes and fouling-derived issues 127 

IEMs can be firstly classified into homogeneous or heterogeneous materials, depending on their 128 

physical structure and fabrication method [35]. The usage of homogeneous membranes is often 129 

limited by their high cost compared to that of heterogeneous IEMs [24,36]. As a consequence, since 130 

the up-to-date high cost of commercial homogeneous IEMs is hampering the large-scale 131 

implementation of IEMSPs [37], trade-offs between membrane properties and costs must be taken 132 

into account. Secondly, according to the charge and distribution of fixed ionic groups, IEMs can also 133 
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be classified into five different categories [38], namely AEMs, CEMs, bipolar membranes [39], 134 

amphoteric samples [40] and mosaic membranes [41], even though the first three membrane types 135 

are the most commonly structures applied in IEMSPs.  136 

Depending on the target application, different membrane properties are sought by research 137 

community to improve process performance. For example, membranes with effective separation of 138 

cations from anions are required in ED systems [42], whereas IEMs with lower voltage drop and 139 

decreased electrical resistance are needed to reduce the overall electricity consumption of electrolytic 140 

approaches (e.g., chlor-alkali) [43]. In alternative IEMSPs such as diffusion dialysis and Donnan 141 

dialysis, high selectivity between ions of the same electrical charge represents a key aspect to 142 

achieve an optimum process performance, even though IEMs with low thicknesses are also 143 

preferrable to obtain moderate fluxes [7]. On the other hand, high chemical and stable proton 144 

conductive polymers is essential for PEM fuel cell applications [44], while AEMs with extraordinary 145 

thermal stability and excellent alkaline resistance are required to improve the performance of 146 

AAEMFC [28]. In CO2 conversion processes, high proton conductive membranes with low water 147 

transmission rates are necessary for improved gas-phase CO2 electroreduction performance [45,46]. 148 

By contrast, IEMs with monovalent permselective, hydrophilic and ion conductive properties are 149 

required to maximize the obtainable net power density in RED techniques [47–49].  150 

As already stressed above, the main limitation of IEMSPs is related to fouling issues. In general, 151 

the different types of membrane fouling can be classified into the following four categories [50]: i) 152 

particulate/colloidal fouling (physical interaction), causing pore blocking and/or a fouling surface layer; 153 

ii) organic fouling, such as dissolved organic substances that can be attached to the membrane via 154 

adsorption; iii) inorganic fouling/scaling or, in other words, precipitation of dissolved components due 155 

to pH alterations or oxidation; and iv) biofouling, in which different microorganisms might be joined to 156 

the membrane surface forming a biofilm. These negative phenomena lead to significant alterations in 157 

specific essential characteristics of IEMs. In particular, decreased membrane durability/stability and 158 

raised pressure drops in the systems used are commonly observed. Besides, important membrane 159 

properties in IEMSPs such as hydrophilicity, ion exchange capacity, counter-ion membrane 160 

permselectivity and electrical resistance are also significantly influence by (bio)fouling and scaling 161 

conditions [33,51]. With respect to the relation between the type of membrane and fouling behavior, 162 

AEMs are generally more prone to organic fouling in comparison with CEMs owing to the negatively 163 

charged nature of natural organic matter (NOM) presented in real water streams [52]. As a 164 
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consequence, different strategies, especially surface modification techniques [53–58] have been 165 

applied to reduce the impact of fouling on AEMs in applications involving such feedwaters.  166 

Although more comprehensive and dedicated studies on both fouling mechanisms and the 167 

interactions between different foulants and IEMs after prolonged operations are still needed, different 168 

methods have been proposed to follow and study the effect of fouling on IEMs in a simple and 169 

economic way, such as the two-dimensional fluorescence spectroscopy technique [59] and 170 

electrochemical impedance spectroscopy measurements [60]. Also, both approaches can be used to 171 

study the degree of recovery of the initial membrane properties after cleaning.  172 

The correct selection of the membrane cleaning strategy is, therefore, crucial to reduce (in an 173 

effective way) the fouling impact in IEMSPs. In this context, physical and chemical cleaning methods 174 

have been mainly proposed in literature to mitigate IEM fouling [61]. However, although the 175 

development of efficient and prospective IEM cleaning protocols may also involve a significant 176 

decrease in the overall process cost (that is essential in terms of process implementation at a large 177 

scale), its clear definition is still missing in literature. In this respect, the membrane requirements for 178 

each specific application should be taken into account to develop dedicated and prospective cleaning 179 

methods.  180 

Thus, the following section of this review focuses on the discussion of several IEM cleaning 181 

strategies reported so far as a function of membrane characteristics and target application. Special 182 

emphasis is also paid to membrane characterization and process performance before and after 183 

cleaning, in an attempt to better understand the chemical behavior of fouling on IEMs in different 184 

separation processes.     185 

3. Available ion exchange membrane cleaning strategies in separation processes  186 

The cleaning of IEMs affected by fouling, scaling or degradation phenomena represents an 187 

essential step that must be taken into consideration in different separation processes, especially after 188 

long-term operations. The main purpose of the cleaning step is to restore the initial membrane 189 

properties and characteristics (e.g., permselectivity, ion exchange capacity, electrical resistance or 190 

hydrophilicity) to improve membrane durability and its re-use [16]. The available membrane cleaning 191 

methods can be classified into the following two main groups [61]: a) physical/mechanical procedures 192 

and b) chemical approaches. The first group involves physical processes, such as hydraulic, 193 

sonication, pneumatic, or mechanical steps, among others. By contrast, the chemical strategies 194 
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involve the use of different chemical agents depending on their nature, such as alkaline/acid 195 

approaches and enzymatic strategies, as shown in Table 1. For instance, the combination of air 196 

sparging and hydraulic backflush is commonly utilized as a physical approach to alleviate and reduce 197 

the biofouling, while the clean-in-place (CIP) approach represents the most suitable chemical method 198 

to combat or avoid fouling issues [61]. However, although chemical methods are most frequently 199 

considered for IEM(s) cleaning than physical techniques, their application must be controlled due to 200 

the possibility of membrane damage (usage of large quantities of chemicals) and waste generation, 201 

among others [62]. Besides, it is essential to understand how the selected cleaning agent may affect 202 

the foulants presented on the membrane surface according to the following key questions: i) can the 203 

foulants be removed? ii) can the membrane morphology be modified (e.g., swelling)? and/or iii) can 204 

the surface chemistry (hydrophobicity or charge) of the foulant(s) be altered? [63].  205 

Table 1. Classification of agents used for IEM chemical cleaning  206 

Chemical cleaning type Main chemical agent used 

Acid HCl, HNO3, H2SO4 

Alkaline NaOH 

Surfactant sodium dodecyl sulfate (SDS), sodium dodecyl benzene 
sulfonate (SDBS) 

Enzymatic Combination of enzyme-based solutions (e.g., Corolase and 
Tyrosinase in a potassium phosphate buffer solution) 

Other alternatives NaCl (saline), O3 (disinfectant), H2O2 and KMnO4 (oxidants), 
EDTA (sequestration agent), and metal chelating agents 

The importance of the membrane nature in the ion-exchange sample deterioration using oxidant 207 

agents has been clearly demonstrated [64,65]. For instance, the response of homogeneous 208 

(Neosepta CMX-SB and AMX-SB, Astom, Japan) and heterogeneous (cationic MK-40 and anionic 209 

MA-41, Shchekinoazot, Russia) IEMs under strong oxidizing conditions was studied using sodium 210 

hypochlorite (NaClO) [65]. The ageing protocol consisted of soaking the samples in 400 ml of the 211 

ageing solution (pH adjusted from 11 to 8 using HCl) for 20, 60, 100, 200, 300, and 700 h. The 212 

membranes were afterwards rinsed with ultrapure water and immersed in three different solutions (1 213 

M NaCl, 0.5 M NaCl and 0.1 M NaCl for 24 h in each solution) and kept in 0.1 M NaCl solution before 214 

analysis. The authors concluded that the ageing mechanisms are different as a function of membrane 215 
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nature (i.e., AEMs and CEMs). In this respect, the oxidizing agent provoked a degradation of the 216 

quaternary ammonium sites of AEMs (while sulfonate sites of CEMs were not degraded) and chain 217 

scission of the poly(styrene-co-divinylbenzene) backbone of both AEM and CEM through chain 218 

radical oxidation. However, similar findings were reached in the degradation of homogeneous and 219 

heterogeneous membranes of the same nature (AEM or CEM). The differences in their 220 

physicochemical membrane properties were not significant. Besides, both type of polymer binders 221 

(i.e., polyvinyl chloride (PVC) and polyethylene for homogeneous and heterogeneous IEMs, 222 

respectively) were observed to be resistant under NaClO environments. 223 

In the following lines, different available IEM cleaning methods reported so far are presented and 224 

discussed, paying special attention to the cleaning protocol adopted as well as to the operating 225 

conditions, membrane characterization and target application, including the polymer stability and 226 

degradation after cleaning. The discussion is mainly focused on IEMs applied in ED systems, since 227 

this technology represents the most important separation process with the involvement of IEMs. 228 

However, IEM cleaning studies in alternative IEMSPs and electro-membrane processes are also 229 

included.   230 

 231 

3.1. Cleaning of IEMs in electrodialysis-based applications 232 

The importance of IEM cleaning in ED applications has been continuously shown to be essential 233 

in terms of membrane durability and process performance. For example, the effect of the type of 234 

membrane in different cleaning strategies was investigated through the application of a traditional 235 

chemical cleaning approach (using 2 M HCl and 2 M NaOH solutions) on homogeneous (Neosepta 236 

AMX-SB, Astom, Japan) and heterogeneous (MA-41, Shchekinoazot, Russia) AEMs for 50, 100, 200, 237 

300 and 700 h at room temperature. Besides, cleaning cycles of HCl-NaOH (0.1 M each for 30 min 238 

from 100 to 400 h) were also analyzed in order to simulate the chemical CIP method commonly used 239 

in industrial ED processes [66]. The heterogeneous AEM suffered severe degradation in strong acid 240 

conditions, while the homogeneous AEM did not. However, the heterogeneous AEM was more 241 

resistant than the homogeneous AEM in strong alkaline conditions. In this regard, the authors 242 

observed transformation of the binder of homogeneous samples (i.e., PVC) into polyene structure 243 

owing to dehydrochlorination. In addition, although the HCl-NaOH cleaning cycles involved changes 244 

in both membranes, strong modifications in the polymer network of the homogeneous structure were 245 
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observed due to the constant change of cleaning solution nature, which led to decreased membrane 246 

toughness. This work, therefore, clearly demonstrates that the effect of OH- is not the only cause of 247 

AEMs ageing in industrial ED configurations. The following membrane cleaning discussion is 248 

classified as a function of the target application in ED-based approaches.  249 

3.1.1. ED: wastewater treatment  250 

Different chemical cleaning strategies have been reported in wastewater treatment-based 251 

applications. For instance, a three-stage chemical cleaning protocol was developed and applied to 252 

commercial heterogeneous CEMs (HDX200, Hidrodex, Brazil) and AEMs (HDX100, Hidrodex, Brazil), 253 

which were used in the treatment of electroplating industry effluents through ED [16]. The cleaning 254 

steps were as follows: i) rinsing step with deionized water and immersion in 0.1 M NaOH solution for 255 

72 h; ii) rinsing with water to remove traces of the first cleaning solution, and immersion in the effluent 256 

for 24 h; and iii) immersion (72 h each) in 0.5 M and 1 M NaOH alkaline solutions. The membrane 257 

integrity as well as its performance recovery after cleaning were investigated by chronopotentiometric 258 

measurements (limiting current density), current-voltage curves (ohmic resistance), Attenuated Total 259 

Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR), and Scanning Electron 260 

Microscopy (SEM) equipped with Energy Dispersive x-ray Spectroscopy (EDS). The SEM images of 261 

the AEM and the CEM before and after cleaning are represented in Fig. 3 and Fig. 4, respectively, at 262 

which a color sorting has been considered to show interesting regions, characteristics and 263 

agglomerates. The SEM images of the AEMs show non-conductive regions (yellow) before and after 264 

cleaning, whereas conductive sites with functional groups (blue) are displayed in Fig. 3a. Conductive 265 

regions with species agglomerated on the fixed charges (green) can also be seen in Fig. 3b. In this 266 

respect, the SEM picture with higher magnification (Fig. 3c) clearly shows the agglomerates (green), 267 

which are mainly composed of Zn (as an oxide or complexed with EDTA). This fact therefore denotes 268 

the inefficacy of the selected cleaning method for the removal of scaling on AEMs, in accordance with 269 

the ATR-FTIR observations. Furthermore, the SEM images of the CEMs also display non-conductive 270 

(yellow) and conductive (blue) regions, due to their heterogeneous structure. The agglomeration of 271 

species at the fixed charges (orange) is clearly shown in the high-magnification SEM image of the 272 

CEM (Fig. 4c), in which high density regions of the element Na can be observed. This finding is 273 

explained by the authors through the attraction of Na to the fixed charges of the membrane, since an 274 

alkaline cleaning was conducted. Finally, the cavities observed in Fig. 3b and Fig. 4b (shown in black) 275 

clearly demonstrate the polymer degradation of both membranes under severely alkaline cleaning 276 
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treatments, which involves a decrease in the conductive area of the membranes. As a result, high 277 

alkaline concentrations (up to 1 M NaOH) are not recommended for the cleaning of IEMs used in ED 278 

stacks for the above-mentioned application, whereas mild alkaline conditions (0.1 M NaOH) seem to 279 

provide the best trade-off in terms of performance recovery and polymer degradation.       280 

 281 
Fig 3. SEM images of: a) pristine AEM; b) AEM after 344 h of electrodialysis + three cleaning steps; c) higher 282 

magnification of used and cleaned AEM. Color sorting: non-conductive regions (yellow), conductive sites with 283 

functional groups (blue), conductive regions with species agglomerated on the fixed charges (green), cavities 284 

(black). Adapted from [16]. 285 

  286 

Fig. 4. SEM images of: a) pristine CEM; b) CEM after 344 h of electrodialysis + three cleaning steps; c) 287 

magnification of used and cleaned CEM. Color sorting: non-conductive regions (yellow), conductive sites with 288 

functional groups (blue), conductive regions with species agglomerated on the fixed charges (orange), cavities 289 

(black). Adapted from [16]. 290 

The development of IEM cleaning protocols is also crucial on the treatment of oily wastewater 291 

streams via ED due to the undesirable effect of fouling phenomena on membrane performace, which 292 

deteriorates the membranes lifetime as well as their initial properties. Although studies on the cleaning 293 

of IEMs fouled by oily wastewaters have scarcely been reported yet, the chemical cleaning effect 294 

(and its mechanisms) on heterogeneous CEMs and AEMs has been assessed at plant-scale in 2015 295 
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[67]. The desalination performance was evaluated in an ED stack consisting of 400 cell pairs that 296 

operated at 280 V. Before starting the cleaning protocol, the fouled IEMs were rinsed with deionized 297 

water to remove the loosely bonded foulants on membrane surface. The chemical cleaning was 298 

carried out by soaking the samples into alkaline (0.1 M NaOH) or acidic (0.1 M HCl) solutions at room 299 

temperature for 24 h. Finally, the cleaned IEMs were rinsed with deionized water to eliminate possible 300 

residual cleaning agents and stored in a 0.5 M NaCl solution. The authors clearly demonstrated that 301 

the acidic cleaning was much more effective for both membranes than the alkaline cleaning procedure 302 

in terms of global cleaning efficiency. However, NaOH solutions were preferred for the removal of 303 

APAM fouling on the CEMs, while the removal of these compounds on AEMs was improved by acidic 304 

cleaning. This fact denotes that the deprotonation effect of NaOH enhanced the electrostatic APAM-305 

CEM repulsion, whereas the protonation of HCl involved the reduce of the electrostatic APAM-AEM 306 

attraction. With respect to the treatment of oil-based fouling, NaOH cleaning was preferable. Besides, 307 

ATR-FTIR and SEM-EDX measurements (performed before and after cleaning) suggested possible 308 

inorganic fouling aggravations under alkaline cleaning conditions, thus denoting than acidic cleanings 309 

are preferrable to alleviate the effect of inorganic foulants. Therefore, this study clearly highlights the 310 

importance of identifying the governing fouling and cleaning mechanisms in order to determine the 311 

optimal cleaning protocols for long-term IEMs based operations in separation process using natural 312 

feedwaters.  313 

3.1.2. ED: food industry 314 

The importance of membrane cleaning in food industry ED-based applications has been recently 315 

reported in literature. For example, an interesting cleaning approach was investigated on CEMs 316 

(confidential characteristics, but based on polystyrene-co-divinylbenzene copolymer, with sulfonic 317 

functional sites) used in ED for the above-mentioned application [68]. Two different chemical solutions 318 

were considered as an ex-situ and non-aggressive cleaning strategy: a) low-cost saline solutions 319 

such as 35 g L-1 NaCl or reconstituted seawater); and b) water-ethanol mixtures (12 %v ethanol 320 

acidified with sulfuric acid). The cleaning procedure was based on immersing the CEMs in 200 ml of 321 

the selected cleaning solution during 120 h, followed by 30 min in deionized water and finally, 24 h in 322 

0.1 M NaOH solution. The effect of the cleaning protocol was evaluated by several membrane 323 

characterization measurements such as IEC, thickness, conductivity, water contact angle, water 324 

content, FTIR, SEM and tensile strength. The saline-based treatments were only effective for surface 325 

cleaning (water contact angle decreased by 12 %), even though part of the active sites were 326 
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unavailable for cation exchange due to irreversible interactions between free functional sulfonic sites, 327 

the polyphenol (contained in the food industry effluent) and divalent ions of the reconstituted 328 

seawater. On the other hand, the behavior of the CEMs treated with the acid hydro-alcoholic mixtures 329 

as the cleaning agent was improved in terms of membrane electrical conductivity, IEC and volume 330 

fraction of the “inter-gel” solution. However, from economic and environmental viewpoints, the ethanol 331 

should be recovered (e.g., by distillation) and then re-used in alternative treatments. 332 

The same authors have also studied the cleaning and characterization of AEMs in the same 333 

application framework for the sake of comparison [69]. The confidential anion-exchange samples 334 

were based on polystyrene-co-divinylbenzene copolymer with quaternary ammonium functional sites, 335 

and provided by industrial ED units used in food processing. Since the authors were interested in 336 

applying chemical agents with environmentally friendly, low-cost and non-aggressive characteristics, 337 

the same cleaning solutions used in the previous work were herein applied. The same cleaning 338 

protocol (shown above) was adopted, even though the effect of the immersion time into the cleaning 339 

solution (as the first cleaning step) was also evaluated from 3 h up to 120 h. The physicochemical 340 

characterization of the samples after cleaning showed that the AEMs were more easily fouled with 341 

organic acids and aromatic polyphenol compounds in comparison with CEMs. The saline solutions 342 

were only efficient for surface cleaning (decreased contact angle). Nevertheless, neither the NaCl 343 

solution nor the reconstituted seawater (RSW) were able to remove colloid nanoparticles from the 344 

membrane pores. On the other hand, the acidified water-ethanol mixture (EtOH) allows a significant 345 

recovery of the IEC (up to 33 %), including a significant increase in the membrane conductivity after 346 

120 h of treatment. The recovery of the conductivity was more significant in AEMs because of the 347 

higher expansion of the pores of these structures. The evolution of the IEC of the AEMs under study 348 

(including the comparison with a CEM) as a function of the chemical cleaning duration is represented 349 

in Fig. 5, which clearly shows that the use of acidified water-ethanol strategies represents the most 350 

suitable method for both external and internal membrane cleaning. Therefore, this strategy can be 351 

recommended for industrial in-situ cleaning processes, even though the total duration of the treatment 352 

can be reduced up to 12 or 24 h in dynamic cleaning operations. The ethanol recovery, however, 353 

should also be taken into account for its further reuse.  354 
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 355 
Fig. 5. Evolution of the IEC of different IEMs as a function of chemical cleaning duration: a) 35 g L-1 NaCl; b) 356 

reconstituted seawater (RSW), and c) hydro-alcoholic solution (12 %v ethanol, pH = 3.5). The script “u” 357 

represents used membranes, while “n” is referred to new samples. Reproduced with permission from [69].   358 

The application of enzymatic cleaning agents has also been considered in ED configurations for 359 

the treatment of red wine as a promising and innovative procedure, which demonstrates the 360 

experimental applicability of enzymes for the cleaning of IEMs [70]. In this respect, homogeneous 361 

CEMs (CMX-Sb, Astom, Japan) were evaluated after 2738 h of operation, and three different 362 

enzymatic agents were considered according to their properties, namely Rohalase® BXL (beta-363 

glucanase), Corolase® 7089 (neutral protease) and Tyrosinase® (polyphenol oxidase). The authors 364 

highlighted that the optimum pH in terms of specific enzymatic activity and temperature (30-50 ºC) 365 

must be maintained to avoid activity losses. Firstly, two different concentrations of each enzyme were 366 

considered (0.1 and 1 g L-1) to prepare, separately, one component-based enzymatic solutions. Thus, 367 

the membranes were soaked into 10 ml of each enzymatic solution to determine the optimal cleaning 368 

operation conditions. Besides, 10 ml of a mixture of two or three enzymes in a potassium phosphate 369 
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buffer at pH 6.8 was also considered as the cleaning solution. The optimal enzyme concentration was 370 

found to be 0.1 g L.1, whereas the most appropriate temperature was observed to be 50 ºC. Higher 371 

enzyme concentration levels (i.e., 1 g L-1), however, may imply that enzymes and proteins act as 372 

foulants. The membrane characterization results after cleaning show effective internal and external 373 

membrane cleanings with recoveries of 25 %, 14 % and 12 % in the electrical conductivity, IEC and 374 

contact angle values, respectively. The authors finally demonstrated a possible improvement of the 375 

global cleaning efficiency by combining different enzyme-based solutions while reducing cleaning 376 

durations simultaneously.  377 

Due to the high importance of the cleaning agent nature and concentration, the American Water 378 

Works Association (AWWA) has recommended an optimum concentration range (Table 2) for acid, 379 

alkaline and chlorine chemical cleanings on IEMs in typical separation processes such as ED and 380 

EDR, which are commonly considered in several industrial applications. 381 

Table 2. American Water Works Association (AWWA) recommendations for the chemical cleaning 382 

of IEMs in ED and EDR [71] 383 

Chemical 
cleaning type  Chemical agent  Recommended 

concentration 

Acid HCl 2-5 % 

Alkaline NaCl 3-5 % (adjusted to pH 
8-10 using NaOH) 

Chlorine Chlorine solution 10-50 mg L-1 

 384 

In this context, Talebi et al. studied the fouling and in-situ cleaning of IEMs during the ED 385 

operation of fresh acidic and sweet whey with the aim of partially removing lactic acid (LA) and 386 

minerals from feedstreams received from a dairy plant in Australia containing LA, proteins, K, Na, Ca, 387 

Mg and P [72]. With the purpose of evaluating the efficiency of applying the AWWA recommendations, 388 

the authors investigated the effect of the proposed cleaning agents (Table 2) on Neosepta CMB CEMs 389 

and Neosepta AHA AEMs (Astom, Japan). The membrane cleaning protocol began with a <2 % HCl 390 

solution (with pH 1.0 ± 0.2) for two days. Although an HCl concentration between 2-5 % is 391 

recommended, a less concentrated solution was utilized to ensure the membrane pH tolerance 392 

provided by the manufacturer. Subsequently, the samples were soaked in 3 % NaCl solution first at 393 
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pH 9.2 ± 0.2 and then at 5.5 ± 0.5 (adjusted using NaOH) for two days each. The results displayed 394 

that the acid cleaning was effective for in-situ removal of mineral deposits. In this regard, increasing 395 

the solution flowrate and reducing the current density during the ED experiments may be helpful to 396 

reduce the mineral fouling. By contrast, the recommended alkaline cleaning method (3 % NaCl at pH 397 

9.2) was ineffective in removing the strongly bound protein deposits. As a consequence, the authors 398 

propose to operate with a concentrate stream at an acidic pH to avoid calcium phosphate precipitation 399 

and to achieve strong removal of lactate ions, which is essential in industrial applications. Besides, 400 

the combination of the proposed ED system with EDR or pulsed electric field approaches should be 401 

considered in future perspectives in order to diminish the protein fouling at the same time. 402 

Overall, acid-base cleaning cycles seem to be effective in ED-food industry applications. 403 

Nevertheless, prolonged chemical contacts with the membranes might involve significant structural 404 

and mechanical membrane matrix alterations, which has led to the use of enzymatic cleaning 405 

approaches in order to decrease the high number of required chemical cleaning cycles. In this 406 

approach, the enzymes must be carefully chosen taken into account foulants and membranes 407 

material natures [73]. 408 

3.1.3. ED: desalination  409 

The desalination capacity in different applications has also been significantly affected by fouling 410 

and/or scaling of IEMs after long operation periods in ED systems, which denotes the requirements 411 

of developing efficient cleaning methods to increase the lifespan of the membranes involved.  412 

One of the first works related to the cleaning of IEMs in water desalination applications was 413 

carried out in 1977, when Kishi et al. developed an electrodialyser composed of heterogeneous IEMs 414 

to desalinate the river water of Shatt Al Arab in Iraq [74]. The prepared membranes consisted of 415 

powdered ion-exchange resin dispersed in polypropylene matrix. The effects of a wide variety of 416 

cleaning procedures were investigated every 200 – 300 h. Among the chemical strategies, alkaline 417 

solutions (NaOH) were firstly evaluated as a function of cleaning temperature and agent 418 

concentration, followed by HCl rinses (time and concentration effect). Besides, sulfuric acid (5 %) 419 

solutions were also considered as acid cleaning. Finally, physical/mechanical approaches such as air 420 

bubbling or back wash flushing with water were also studied, including polarity reversal approaches. 421 

The best results were achieved under chemical cleaning conditions with NaOH (3 %) at 40 ºC for 1 h 422 

and HCl rinse (30 min). Under this cleaning protocol, the membranes were completely cleaned and 423 
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their performance capacities were fully recovered and maintained during 6000 h of operation. By 424 

contrast, different agent concentrations and cleaning temperatures, as well as alternative acid 425 

cleaning (H2SO4) and physical approaches led to decreased desalination ratio recoveries. 426 

More recently, seven different in-situ cleaning procedures were investigated in the treatment of 427 

polymer flooding produced water with homogeneous IEMs made from polyphenylene (Shandong 428 

Tianwei Membrane Technology Co., Ltd., China) in order to ensure the desalination capacity of the 429 

IEMs during ED [17]. Different feed solutions were prepared in order to evaluate the effect of a wide 430 

variety of foulants (and their combination) such as hydrolyzed polyacrylamide (HPAM) as organic 431 

fouling, CaCl2 + NaHCO3 as inorganic fouling, HPAM + inorganic fouling, oil emulsions, and oil + 432 

HPAM + inorganic fouling. The following cleaning methods were studied for 30 min: 1) distilled water; 433 

2) acid cleaning (0.1 M HCl); 3) base cleaning (0.1 M NaOH); 4) surfactant sodium dodecyl benzene 434 

sulfonate (SDBS, 0.3 wt%); 5) acid-base cleaning (0.1 M HCl, followed by 0.1 M NaOH); 6) base-acid 435 

(0.1 M NaOH, followed by 0.1 M HCl); and 7) acid-base-SDBS. The indicators utilized to follow the 436 

behavior of the fouled and cleaned IEMs were the desalination rate, the membrane electrical 437 

resistance and the water contact angle. The authors demonstrated higher membrane resistance 438 

values and lower desalination rates when inorganic components were combined with HPAM to foul 439 

the IEMs (intensified fouling with oil emulsion), in comparison with individual inorganic and HPAM 440 

fouling. With respect to the cleaning investigations, the removal of the HPAM-inorganic fouling was 441 

effective with acid-base strategies. Moreover, the use of SDBS was efficient to recover the figures of 442 

merit against oil emulsion, whereas the acid-base-SDBS cleaning method was clearly beneficial for 443 

oil-HPAM-inorganic fouling, thus increasing the desalination performance by 36.45 % in terms of 444 

desalination rate. By contrast, the AEMs were more severely affected by organic fouling (i.e., oil 445 

and/or HPAM) and, therefore, the application of chemical cleaning was not straightforward. Finally, 446 

the authors proposed the fouling routes as well as the cleaning mechanisms, as displayed in Fig. 6, 447 

showing that the AEMs were commonly fouled by HPAM and oil emulsion at the ED dilute side due 448 

to electrostatic interactions. On contrary, the CEMs were more prone to inorganic scaling, even 449 

though the oil emulsion also had a negative effect on the concentrate side of these membranes.  450 
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 451 
Fig. 6. Proposed fouling route and cleaning mechanisms of IEMs used in the treatment of polymer flooding 452 

produced water. Reproduced with permission from [17]. 453 

Besides, in order to understand better the effects of long-term alkaline cleanings in the 454 

desalination rate recovery of IEMs, Xia et al. investigated the behavior (after cleaning) of commercial 455 

homogeneous IEMs based on polyphenylene oxide polymer backbones (Shandong Tianwei 456 

Membrane Technology Co., Ltd., China) in a six-cell ED-based configuration under anion 457 

polyacrylamide (APAM) foulant conditions [75]. In this context, 0.1 M NaOH solutions were used for 458 

1, 3, 6, 20, 40 and 60 days at room temperature. In addition, in some experiments the membranes 459 

after the alkaline cleaning step were immersed in a 0.1 M HCl solution for 6 h. The authors reported 460 

minor alterations in CEMs after aging them in the alkaline solution, whereas a significant degradation 461 

was observed in AEMs in terms of lower IEC, higher membrane electric resistance, hydrophilicity 462 

losses, weak mechanical strength and lower desalination performance, among others, which might 463 

be associated with degradation of the quaternary ammonium functional groups of the AEMs into 464 

tertiary amines (ylide-formation route) in alkaline solution, as represented in Fig. 7 (pink box) as one 465 

of the possible degradation routes of the tested AEM. However, the desalination rates were restored 466 

by using the acid solution as the last step of the cleaning procedure for the AEMs, because the 467 

generated tertiary amine groups were transformed from OH- into a Cl- form (see Fig. 7 – blue box). 468 

The authors suggested that this alteration led to an improved anion-exchange capacity and, thus, to 469 

a significant desalination performance recovery. Therefore, it can be clearly concluded that alkaline 470 
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cleanings are only effective for CEMs, while an additional acid-cleaning solution is required for the 471 

efficient cleaning of AEMs in the presence of polyacrylamide-based foulants.  472 

 473 
Fig. 7. Schematic representation of AEM degradation and transformation of functional groups under alkaline 474 

and acid (as a final step) cleaning strategies. Adapted from [75].  475 

Powerful characterization techniques, such as electrochemical impedance spectroscopy (EIS), 476 

have also been proposed to study and monitor the fouling and cleaning efficiency (in-situ) of IEMs in 477 

electro-membrane desalting ED applications. For instance, the performance recovery of a 478 

homogeneous AEM with quaternary ammonium fixed groups and a CEM with fixed sulfonate groups 479 

(both provided by Beijing Tingrun Membrane Technology Development Co., Ltd., China) was 480 

investigated by different cleaning approaches [76]. Two different cleaning strategies were proposed 481 

for the treatment of the IEMs after being fouled with sodium dodecyl sulfate (SDS), SDBS and bovine 482 

serum albumin (BSA) in a home-made ED device. The polarity of the electrical potential applied on 483 

the electrodes was inverted for 30 min at the same voltage of that applied in the fouling experiments, 484 

and, on the other hand, a low-cost and harmless chemical cleaning based on the use of ultrapure 485 

water solutions at room temperature for 48 h (the solution was substituted every 12 h by fresh 486 

ultrapure feedwaters) was also evaluated. The results showed that the chemical cleaning strategy 487 

was clearly superior to the polarity inversion of the applied electrical potential approach in terms of 488 

ion flux recovery. 489 
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Interestingly, the effect of ultrapure water as the cleaning agent has been previously proved to 490 

be similar to that of HCl-based solutions for the cleaning of AEMs in desalination applications [77]. In 491 

this study, a commercial Neosepta AMX AEM (Astom, Japan) was fouled with SDS (50-200 ppm) 492 

and cleaned through three different methods. The fouled AEM was soaked into ultrapure water, 0.28 493 

M HCl or 0.25 M NaOH solutions at room temperature. The cleaning efficiency of the SDS fouling 494 

layer was comparable for ultrapure water and acid cleaning solutions, while the use of NaOH involved 495 

a lower cleaning efficacy. In all cases, the effect of the cleaning time analyses showed that the 496 

electrical resistance (measured by EIS) of the AEMs decreased gradually as the cleaning time 497 

increases. However, this value was still larger than the pristine membrane resistance after 498 

considering a cleaning operation time of seven days, which denotes that part of the SDS fouling layer 499 

was irreversible. In addition, higher SDS concentrations (> 100 ppm) led to a severe restriction of the 500 

counter ion migration through the membrane, as well as to desalination performance decreases. As 501 

a result, controlling the cleaning time seems to be essential to improve the cleaning efficiency in terms 502 

of ion transport through the membranes and the desalination performance in IEM-based water 503 

desalting processes, even though high foulant concentrations may negatively affect the cleaning 504 

effectiveness. As a consequence, pretreatment of the feedstreams is highly recommended to ensure 505 

an optimum membrane operation.   506 

3.1.4. ED and EDBM: value-added products recovery 507 

An adequate long-term membrane operational performance is also vital in the recovery and 508 

concentration of important value-added products through ED configurations. Thus, membrane 509 

cleaning represents an attractive option to increase the lifespan of the IEMs involved. As an example, 510 

the restoration of the initial properties of homogeneous Neosepta AMX and Neosepta CMB 511 

membranes (Astom, Japan) used for the recovery/concentration of ammonia from swine manure via 512 

ED, have been investigated by developing two-step cleaning protocols under agitation [78], since 513 

processing ten batches of swine manure involved a clear decrease in both the electrical conductivity 514 

and the IEC of the membranes. The first cleaning step consisted of immersing membrane samples 515 

into NaOH (0.5 %) for 20 min, followed by rinsing with water. Then, the samples were immersed into 516 

1 % HCl solution for 20 min, including a final water rinsing step. After the two-step cleaning protocol, 517 

the CEM conductivity and IEC were almost completely restored; however, although the deposit 518 

visually observed on the AEM surface was successfully removed, its electrical conductivity was only 519 



  

 21 

partially recovered, as shown in Table 3. The authors attributed this finding to partial irreversible 520 

organic fouling, manifested by the dark coloration of the AEM surface observed after cleaning.  521 

Table 3. IEM conductivity alterations before and after a two-step cleaning protocol in an ED system 522 

for the recovery and concentration of ammonia from swine manure. Results based on data 523 

presented in [78]   524 

Neosepta IEMs 
(Astom, Japan)  

Loss of electrical 
conductivity related to 

the initial value (%) 

AMX fouled -31.2 ± 0.5 

AMX cleaned once -20.0 ± 0.0 

AMX cleaned twice -19.1 ± 0.9 

CMB fouled -6.9 ± 1.2 

CMB cleaned once -3.3 ± 1.0 

CMB cleaned twice +0.6 ± 1.6 

 525 

Another more recent example is the extraction of lignin from the electrochemical acidification of 526 

kraft black liquor through EDBM [79]. In this specific system, a series of five CEMs and four bipolar 527 

membranes (BPMs) were utilized. Four commercial CEMs capable of working at severe alkaline 528 

conditions were evaluated, namely FKB (FuMA-Tech GmbH, Germany), Neosepta CMB (Astom, 529 

Japan), Ralex CM(H)-PES (Mega a.s., Czech Republic), and NafionTM 324 (DuPont, USA). However, 530 

due to the limited availability of commercial BPMs, only a FBM BPM (FuMA-Tech GmbH, Germany) 531 

was tested. The effect of a dynamic chemical cleaning protocol on the IEMs integrity was therefore 532 

studied by using NaOH (2.5 wt%, pH 12.5) and fresh diluted black liquor (BL, total dissolved solids = 533 

10 % and pH 12.5) as the cleaning agents, which were introduced through the EDBM setup for 30 534 

min after disconnecting the power supply. The colloidal fouling was successfully suppressed after 535 

cleaning, either with caustic soda or fresh diluted BL solutions. The CMB and Nafion 324 CEMs were 536 

the most chemically stable membranes under alkaline conditions. The initial properties of CMB, 537 

Nafion 324 and BPM samples, were recovered after the cleaning cycle. Finally, although the use of 538 

NaOH involved better results in terms of property reestablishments and surface cleaning, the authors 539 

finally suggested the utilization of in-situ BL solutions taken into account sustainability and eco-540 

efficiency perspectives.  541 
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Similarly, Wang et al. also studied the EDBM process to regenerate ammonium and sulfuric acid 542 

from industrial glutamate production stream containing ammonium, sulfate, LA, protein, calcium, 543 

magnesium, etc. (previously filtered by ceramic membrane to remove the bacteria) [80]. The EDMB 544 

process was carried out in five consecutive batches using four JCM-15 CEMs (Huanyu Lida Co., Ltd., 545 

China), four RMAX-7 AEMs (Guangya Co., Ltd., China) and five Neosepta BP-1 BPMs (Astom, 546 

Japan). Different fouling deposits (calcium hydroxide, calcium carbonate and magnesium hydroxide) 547 

were observed by SEM and elemental analysis mapping. Due to the fact that the presence of 548 

precipitates of Ca and Mg salts may cause significant CEM fouling, the authors focused on evaluating 549 

the foulant removal efficiency by physical and chemical methods (or their combination), such as 550 

ultrasonic application, deionized water solution, acid cleaning approach (1 wt% HCl for 3 h under 551 

agitation at 20 ºC), and ultrasonic-acid cleaning. This last cleaning strategy was found to be the best 552 

method to remove both the internal and the external (surface) fouling. Thus, after sonicating the 553 

sample in a beaker containing HCl (1 wt%) at 50 KHz, 0.25 W cm-2 and 20 ºC for 1 min, the initial 554 

physical and chemical properties of the cleaned CEM were almost completely restored. Additionally, 555 

a plane and clean surface of the cleaned sample was clearly observed by SEM, denoting the 556 

efficiency of the acid-ultrasonic cleaning approach. 557 

3.1.5. EDR strategies 558 

The use of EDR approaches as a membrane self-cleaning operation mode can also be 559 

considered since ED-based separation processes are expected to be more prone to fouling because 560 

of the presence of electrodes [81]. However, the foulants are not only present on the surface of IEMs, 561 

but also in the channels and spacers used in the EDR setup [82]. As a consequence, ex-situ and in-562 

situ membrane cleaning procedures are needed to maintain stable process performance. The ex-situ 563 

chemical cleaning should be considered when irreversible internal fouling is observed, even though 564 

the dismantling of the EDR stack to carry out manual cleaning is a time-consuming and costly 565 

procedure. On the other hand, the in-situ CIP cleaning strategies did not involve dismantling steps to 566 

remove foulants [83]. In particular, the application of CIP methods are widely considered to overcome 567 

reversible fouling issues, in which the foulants are physically adsorbed onto the IEM surfaces [84]. In 568 

this context, acidic solutions mainly based on HCl are often used to eliminate precipitated salts such 569 

as CaCO3, CaSO4, and MgSO4, whereas alkaline agents (most often NaOH) are usually applied to 570 

remove organic foulants, such as different proteins. Strong oxidants (NaClO and Cl2), by contrast, 571 

are used to prevent biological growth via degradation of protein functional groups present in bacteria 572 
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[81]. Besides, salt-based solutions (e.g., NaCl) may be helpful to destabilize the foulant-membrane 573 

electrostatic interactions. The combination of the above-shown cleaning protocols could also be 574 

considered in EDR applications. For example, a two-step cleaning method based on salt (5 wt% NaCl 575 

at pH from 8 to 10.5) and acid (5 wt% HCl, pH<1.2) solutions was found to be effective in the removal 576 

of organic foulants, while ensuring an optimal EDR performance in desalting a brackish water stream 577 

[82]. 578 

 579 

3.2. Cleaning of IEMs in Donnan dialysis and diffusion dialysis-based applications 580 

The effect of IEM cleaning in Donnan dialysis approaches has also been studied with the purpose 581 

of improving the membrane(s) lifespan, thus reducing the operating cost of the IEMSP 582 

simultaneously. For instance, as shown in some AEMs used in ED experiments, AEM surface 583 

coloration was also observed in our previous Donnan dialysis studies [25], in which a biofouled Ralex-584 

AMH-polyester (PES) AEM (Mega a.s., Czech Republic) was cleaned by 1 % NaOH aqueous 585 

solutions for 30 min in order to alleviate the membrane biofouling effect in an IEM bioreactor for the 586 

treatment of drinking water contaminated with nitrate and perchlorate. It was demonstrated that the 587 

original membrane properties, such as the membrane density and the IEC were completely restored 588 

after applying the above-mentioned chemical cleaning strategy. In this respect, the initial properties 589 

of the Ralex AEMs were shown to be unaffected for, at least, 10 consecutive alkaline washing cycles. 590 

This idea was further supported by evaluating the membrane surface coloration before and after 591 

cleaning, as represented in Fig. 8. A significant surface coloration alteration was observed, which 592 

denotes the effectiveness of the alkaline cleaning strategy to reduce the biofouling effect on Ralex-593 

PES AEMs. Thus, it has become evident that defining IEM cleaning protocols is required in Donnan 594 

dialysis operations to improve the performance of the process, especially after prolonged 595 

experiments. 596 



  

 24 

 597 
Fig. 8. Membrane surface coloration in an IEM bioreactor for the treatment of drinking water, a) before 598 

cleaning, and b) after alkaline cleaning. Adapted from [25]. 599 

The microbial biofouling formation was also investigated in several commercial CEMs and AEMs 600 

of homogeneous and heterogeneous nature in order to analyze the undesirable effect of biofouling 601 

on IEMs as a function of their membrane type and characteristics, using a Pseoudomonas aeruginosa 602 

PAO1 Gram-negative bacterium in a FC 821-PC transmission flow cell [85]. The microbial biofilm 603 

formation was observed to be higher on CEMs in comparison with AEMs, due to the antimicrobial 604 

properties of the AEM surfaces associated with the presence of quaternary ammonium moieties. The 605 

authors also highlight the importance of the IEM surface roughness effect on the interactions between 606 

the bacteria and the samples, thus demonstrating that this interaction is strong on heterogeneous 607 

IEMs than on homogeneous structures. Besides, the effect of biofouling on the transport properties 608 

of the pristine and biofouled membranes was also studied through Donnan dialysis analyses in terms 609 

of sulfate and potassium passage through the IEMs. The counter-ion transport was clearly decreased 610 

with time due to microbial biofouling, especially in heterogeneous samples. This effect was also more 611 

pronounced for AEMs than for CEMs, owing to the adsorption of the negatively charge extracellular 612 

polymeric substances to the positively charged surfaces of the AEMs, which led to a reduced counter-613 

ions passage. Consequently, this novel study evidences the strong interest of developing IEM 614 

cleaning protocols to diminish the biofouling impact on the behavior and performance of IEMs in 615 

Donnan dialysis approaches. 616 

Furthermore, the inorganic scaling has been demonstrated to represent a key factor in the 617 

performance of IEMs during Donnan dialysis applications in terms of counter-ion flux decline and 618 

changes in the potential difference across the scaled-membrane [86,87]. Initially, homogeneous 619 
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(AMV, Asahi Glass, Japan) and heterogeneous (MA-40, Shchekinoazot, Russia) AEMs were 620 

evaluated under scaling conditions in a Donnan cell with optical characteristics for in-situ analysis, 621 

using a receiving CaCl2 solution (Na2SO4 aqueous solution as the feed), which leads to the formation 622 

of gypsum (CaSO4·2H2O) scaling, since sulfate ions move from the feed to the receiver, thus 623 

interacting with calcium ions to cause the inorganic scaling [86]. On the one hand, surface scaling 624 

deposits were observed in the homogeneous IEMs, which involves a moderate decrease in the 625 

counter-ion flux during Donnan dialysis. However, a more severe flux decline was observed in 626 

heterogeneous IEMs, owing to internal precipitation that leads to complete membrane clogging. This 627 

fact, on the other hand, involved an increase in the membrane potential after operating under scaling 628 

conditions, whereas the potential difference in the case of the homogeneous AMV membrane was 629 

not significantly increased.  630 

Moreover, the same authors investigated the effect of gypsum scaling on homogeneous (CMV, 631 

Asahi Glass, Japan) and heterogeneous (MK-40, Shchekinoazot, Russia) CEMs during Donnan 632 

dialysis for the sake of comparison [87]. As observed in the behavior of AEMs under scaling 633 

conditions, surface precipitation was identified in the homogeneous CEMs, while membrane interior 634 

scaling was predominant in the heterogeneous CEMs, as confirmed by SEM analyses (Fig. 9). The 635 

internal gypsum inorganic crystals on the heterogeneous surfaces can be seen in Fig. 9b and Fig. 9c, 636 

whereas the preferential crystal growth on the surface of the homogeneous membranes can be clearly 637 

identified in Fig. 9e and Fig. 9f. The effect of internal inorganic scaling (MK-40 CEMs) was clearly 638 

larger than the surface scaling phenomenon (CMV CEMs), since earlier flux declines as well as larger 639 

potential differences were observed in the heterogeneous structure. Finally, this investigation shows 640 

that the studied CEMs are less prone to inorganic scaling in comparison with the behavior of AEMs 641 

(previous study) under similar Donnan dialysis conditions, which evidences the key role of the 642 

membrane matrix composition (chemical nature and structure) in the undesirable inorganic scaling 643 

formation with time on IEMs.  644 
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 645 
Fig. 9. SEM images of: A) Pristine heterogeneous MK-40 CEM; B and C) CaSO4 scaling in MK-40 CEM; D) 646 

Pristine homogeneous CMV; E and F) CaSO4 scaling in CMV CEM after scaling experiments under Donnan 647 

dialysis conditions. Reproduced with permission from [87]. 648 

Finally, it is essential to point out here that fouling/scaling phenomena is not a quite important 649 

issue in diffusion dialysis-derived applications, due to the use of strong acids or bases [23], which can 650 

be considered as the cleaning agents themselves.   651 

 652 

3.3. Cleaning of IEMs in alternative IEM-assisted processes 653 

In this section, different IEM cleaning approaches reported in literature in alternative electro-654 

membrane processes are summarized and discussed. The sustainable and eco-friendly production 655 

of clean water through the membrane capacity deionization (MCDI) technology, initially proposed in 656 

2006 [88], has also been continuously studied for the desalination of (mainly) brackish water by 657 

means of selective IEMs, thus allowing the transport of counter-ions toward carbon electrodes. 658 

However, fouling and scaling phenomena usually hamper the efficiency of this process and increase 659 

its operating costs at the same time [3]. Therefore, the development of dedicated membrane cleaning 660 

strategies are clearly needed for the practical implementation of this emerging energy efficient 661 

technology [62]. In this context, physical cleaning methods, such as air sparing or vibration, have 662 

been demonstrated to be effective in pressure-driven process, but not in the case of dense non-663 
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porous IEMs like those applied in MCDI systems [80]. As a result, chemical cleaning is considerably 664 

preferred in MCDI applications in order to weaken the bonds between the foulants and the membrane 665 

surface [89]. It is important to emphasize here that the type of chemical approach should be selected 666 

based on the nature of the foulant, the compatibility of the chemical with the processing equipment, 667 

chemical availability, cost, and safety [79,89]. Thus, alkaline cleaning should be applied to remove 668 

organic foulants, such as peptides and proteins, whereas acidic solutions and chlorinating agents are 669 

likely to reduce mineral deposits and biofouling, respectively. The use of sequestrating agents such 670 

as EDTA; however, might involve a loss of charged ions from the membrane structure [62]. The 671 

membrane type under investigation also represents a key factor to be taken into consideration. In this 672 

regard, Langevin and Bazinet demonstrated that CEMs were doubly more prone to peptide fouling in 673 

comparison with AEMs [90]. The authors showed that 2 % and 5 % aqueous NaCl solutions were 674 

effective to remove larger foulants (with molecular mass > 900 Da) on CEMs, whereas the elimination 675 

of smaller particles was significantly less efficient under these cleaning conditions. Finally, 676 

pretreatment strategies must be applied to the brackish water inlet stream in order to decrease the 677 

amount of dissolved organic matter with the purpose of reducing the electrode fouling owing to the 678 

blocking of the activated carbon pores. Besides, the presence of Fe seems to have a significantly 679 

higher effect on this type of fouling in comparison with that observed for Ca or Mg [91]. 680 

Moreover, the presence of charged foulants in river water streams represents the worst IEM 681 

fouling scenario in RED systems for energy harvesting in terms of process performance (i.e., power 682 

density) [8]. Accordingly, cleaning strategies must be explored to diminish the fouling impact in RED 683 

approaches, especially in the river water compartments. In this context, two-phase cleaning 684 

approaches have also been demonstrated to be efficient to mitigate fouling in RED configurations, 685 

whose IEMs arrangement is similar to that of ED stacks. Relatively cheap liquid-gas combinations 686 

can be applied to reduce IEM fouling, which is essential to improve the obtainable net power density, 687 

as shown Moreno et al. [92]. In this study, two different cleaning approaches (water/air sparging and 688 

CO2 saturated water injection) were investigated. Natural seawater and river water were the 689 

feedstreams of a RED stack located in the Netherlands operated for 60 days, and the homogeneous 690 

CEMs and AEMs utilized were Neosepta CMX and Neosepta AMX (Astom, Japan), respectively. The 691 

generated power density was decreased by up to 50 % due to fouling phenomena during the 692 

operation of the system before cleaning. The comparison of the two cleaning strategies results 693 

showed a significant improvement in terms of obtained net power density (0.18 W m-2) when using 694 
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CO2 saturated water, whereas the stacks equipped with air sparging could only produce an average 695 

net power density of 0.04 W m-2. These findings were associated with an increased stack resistance 696 

(measured by an EIS technique) due to the presence of bubbles during air sparging. On the contrary, 697 

the use of CO2/water strategies decreased the solution pH, thus introducing an additional cleaning 698 

effect to the stack, which is appealing in order to avoid the continuous use of environmentally 699 

unwanted cleaning agents. To support this hypothesis, several representative SEM images of 700 

different RED stack elements in contact with the seawater compartment were obtained, as displayed 701 

in Fig. 10. This compartment was selected because fouling issues were strongly observed in that 702 

place of the stack. Less fouling deposits were clearly observed on the CEMs (Fig. 10a) with respect 703 

to those presented on the AEMs (Fig. 10c and Fig. 10d), denoting that the AEMs are much more 704 

prone to fouling than the CEMs, which can be attributed to the adsorption of humic acids on AEM 705 

surfaces. Besides, Fig. 10a clearly shows the location of the foulants in the spacer filaments, as 706 

further demonstrated in Fig. 10b. With respect to foulant-cleaning interactions, CaCO3 and MgCO3 707 

(detected by EDX analyses) were only observed with water/air sparging treatments (Fig. 10d). 708 

However, a precipitation of Ca or Mg carbonate crystals was not observed for the CO2 saturated water 709 

cleaning approach (Fig. 10c), which demonstrates that the carbonates are successfully dissolved due 710 

to the pH drop in the feed after applying this strategy.  711 

 712 
Fig. 10. SEM images of different elements of the RED stack in contact with seawater after 60 days of 713 

operation: a) CEM - CO2 saturated water; b) Net spacer – water/air sparging; c) AEM - CO2 saturated water; d) 714 

AEM – water/air sparing. Reproduced with permission from [92].  715 
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Interestingly, the combination of surface modification and cleaning approaches during RED 716 

operation represents an interesting strategy to improve the performance of IEMs in RED stacks with 717 

the purpose of controlling fouling phenomena, and thus the obtainable gross power density, as 718 

proposed by Pintossi et al. [93]. Since fouling of AEMs is more critical than fouling of CEMs due to 719 

the negative charge of most foulants, the authors chemically modified the surface of commercial 720 

Fujifilm AEMs type I (Fujifilm Manufacturing Europe BV, The Netherlands) with zwitterionic monomers 721 

or zwitterionic brushes, which led to increased membrane hydrophilicities. The fouling analyses were 722 

carried out in a cross-flow RED stack as a function of AEM type (i.e., pristine and modified samples) 723 

using artificial seawater (30 g L-1 NaCl) and river water (1 g L-1 NaCl) feedwaters, including 100 ppm 724 

of SDBS as the model foulant in the river water feedstream. Firstly, both feedstreams were used 725 

without foulant content for 8 h, followed by clean seawater and river water (containing the foulant) 726 

solutions for 16 h. Finally, new clean NaCl-based feedstreams (without SDBS) were employed as the 727 

cleaning agents (fouling recovery) for 3 h to evaluate the membrane fouling reversibility. Although the 728 

modified AEMs with zwitterionic monomers were able to delay the fouling onset, the zwitterionic 729 

brushes-based AEMs also decreased the fouling layer growth simultaneously, which can be 730 

associated with their more hydrophilic nature. Consequently, the zwitterionic brushes-based 731 

modification approach is efficient in decreasing the power density losses during fouling, while the 732 

cleaning approach has been demonstrated to be useful on the recovery of the gross power density, 733 

especially for the modified membranes. Therefore, combining membrane modification and cleaning 734 

strategies represents an interesting tool to enhance the performance of AEMs in RED applications, 735 

even though validation tests under real conditions are required. In addition, recent fouling propensity 736 

studies of IEMs (Fujifilm Manufacturing Europe B.V., The Netherlands) in RED apparatus operated 737 

with seawater and hypersaline brine have also revealed a higher sensitivity of CEMs to scaling 738 

(through CaCO3 precipitation tests), which denotes that IEM fouling (both on AEMs and CEMs) 739 

represents the bottleneck of the process in RED applications for blue energy generation from salinity 740 

gradients [94]. 741 

 742 

3.4. Ion exchange membrane cleaning overview  743 

Overall, several studies about IEM cleaning in several separation processes have been widely 744 

reviewed and discussed. Among the available possibilities, the authors of the present review would 745 
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like to recommend the most appropriate cleaning procedures as a function of the membrane type 746 

(including its nature and characteristics) and the final target application, as shown in Table 4. Up to 747 

date, the use of chemical cleanings seems to be the most effective strategy to diminish the negative 748 

fouling impact on different IEMs. Thus, their initial properties will be restored at the same time, and 749 

the membrane lifetime would be considerably increased. However, further research is still required in 750 

order to optimize the membrane cleaning protocols in different applications. As a consequence, 751 

different cleaning parameters must be further studied, such as the number of cleaning cycles, the 752 

dosage of the cleaning agents, their environmentally friendly properties, the contact time, the volume 753 

(immersion), pH, temperature and the optimal combination of approaches, among others, taken into 754 

account the foulant nature and its interaction with the membrane surface under investigation. To sum 755 

up, the selection of the most efficient chemical cleaning procedure is not always simple, as a number 756 

of factors are usually involved in the determination of the global cleaning efficiency. Therefore, a 757 

deeper understanding on the interaction between the foulants (including fouling mechanism analyses) 758 

and the IEM surface are highly required to move forward into the development of more efficient 759 

membrane cleaning strategies. 760 

It is also worth noting that different physical procedures such as sonication, hydraulic flushing, 761 

pneumatic and mechanical approaches (effectively proven in membrane pressure-driven processes) 762 

could also be adopted and considered to be applied over several IEMs used in separation processes. 763 

In this regard, efficient hybrid physico-chemical cleaning methods might improve the current state-of-764 

the-art on IEM cleaning efficiencies.  765 

Last but not least, it is of outmost importance to remark that fouling phenomena is not necessarily 766 

an undesirable effect, even though is always thought to be a disadvantage aspect in the performance 767 

of membranes during different IEMSPs. In this context, the fouling deposition concept has also been 768 

proposed as an efficient approach for the surface modification of IEMs with the purpose of improving 769 

the monovalent permselectivity of the membranes [95]. In this novel strategy, a Neosepta AMX AEM 770 

was modified by fouling deposition of sulfonated poly(2,6-di-methyl-1,4-phenylene oxide) (SPPO) 771 

through an ED setup under different supplied current densities. The highest permselective coefficient 772 

(P Cl-/SO42- = 52.44) was reached at 10 mAcm-2, which was larger than the unmodified membrane, 773 

as well as to commercial permselective ACS membranes. In a similar approach, the surface of 774 

commercial heterogeneous Ralex AEMs (Mega a.s., Czech Republic) were modified by direct contact 775 

with poly(acrylic acid), previously considered as a model foulant [96], for enhanced monovalent 776 
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permselectivity [24]. Significantly improved sulfate rejection and hydrophilicity results were reported 777 

without compromising the electrical resistance of the modified IEMs.   778 

4. Conclusions and future prospects 779 

The presence of foulants in natural feedstreams is leading to a significant decrease in the 780 

performance of ion exchange membranes in separation processes, especially after prolonged uses. 781 

Consequently, the definition of cheap, efficient and sustainable membrane cleaning protocols is 782 

crucial to increase membrane durability and stability in the long term. Hence, this review summarizes 783 

the wide variety of ion exchange membrane cleaning methods available so far, paying special 784 

attention to electrodialysis-based approaches, which represent the most important ion exchange 785 

membrane separation process. However, alternative ion exchange membrane separation processes 786 

(e.g., Donnan dialysis) and different electro-membrane process (e.g., reverse electrodialysis) are also 787 

discussed. In this respect, the use of chemical cleaning procedures (both ex-situ and in-situ) 788 

represents the best strategy for the cleaning of IEMs, even though the type of membrane, foulants 789 

nature and target application must be taken into consideration for the selection of the most appropriate 790 

cleaning agents. Alternatively, enzymatic approaches have been shown to be promising to remove 791 

foulants in food industry applications through electrodialysis configurations. Lately, physical strategies 792 

such as sonication in combination with chemical procedures represent hybrid alternatives that could 793 

also be considered to increase membrane durability. After summarizing and discussing the up-to-794 

date membrane cleaning research, we present here for the first time several cleaning 795 

recommendations as a function of the membrane type, target application and foulants nature, among 796 

others. Therefore, this study represents a step forward into providing dedicated novel cleaning 797 

perspectives about one of the most important challenges in the membrane fouling field. It is also worth 798 

noting the requirement to carry out a pretreatment step of the natural feedstreams in those cases 799 

where the concentration of foulants is extremely high, which might be particularly helpful for improving 800 

the overall membrane cleaning efficiency.  801 

However, further investigations are still required to optimize the global cleaning efficiency in 802 

different ion exchange membrane separation processes, which is essential to improve the process 803 

performance and to reduce several operating costs. Accordingly, the authors would also like to 804 

recommend the study of the following remaining key challenges with the aim of enhancing membrane 805 

cleaning decision criteria: i) a more comprehensive understanding of the fouling mechanisms is 806 
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extremely necessary to understand the effect of different foulants (as a function of their nature, 807 

concentration, etc.) on the external and internal surfaces of different ion exchange membranes; ii) the 808 

interactions between the foulants and the ion exchange membranes should also be studied to 809 

determine the optimum cleaning agent to remove/alleviate fouling phenomena; iii) in-depth 810 

investigations are required to evaluate the effect of several cleaning parameters (i.e., the 811 

concentration of the cleaning agent, the amount of cleaning cycles, the pH, the temperature and the 812 

contact time) on the global cleaning efficiency to determine the optimum cleaning protocol in each 813 

case; iv) the use of real feedstreams rather than mimicking natural streams is required, in order to 814 

examinate the membrane behavior and its performance under real conditions; v) the combination of 815 

cleaning and surface modification strategies must be further considered in natural streams that 816 

contain a wide variety of foulant types in order to provide an useful tool to reduce the global fouling 817 

impact; vi) environmental impact analyses about membrane cleaning from cost and eco-friendly 818 

perspectives are clearly missing and should be therefore developed to analyze the most effective 819 

cleaning possibility.     820 

All in all, this review provides help and support into the definition of the optimum membrane 821 

cleaning strategy as a function of the ion exchange membrane separation process, membrane type 822 

and target application, while deepening the knowledge about the removal of the negative fouling effect 823 

in ion-exchange surfaces with different properties and characteristics at the same time. 824 
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Table 4. Summary of prospective ion exchange membrane cleaning strategies proposed in the literature  825 

IEM-assisted 
process 

Target  
application Model solutions Membrane  

type 
Membrane  

role 
Membrane cleaning  

recommendation 
Cleaning 

alternatives  Referen  

ED 
Membrane ageing  

(whey 
demineralization) 

- 

Homogeneous AEMs 
(AXM-SB, Astom, Japan) Efficient counter-

ions mobility 

Acid conditions (< 2 M HCl) Controlled 
acid-base 

cycles (0.1 M) 
[66] 

Heterogeneous AEMs 
(MA-41, Shchekinoazot, Russia) Alkaline cleaning (< 2 M NaOH) 

ED 

Wastewater 
treatment 

(electroplating 
industry) 

Synthetic wastewater 
effluent: CuSO4·5H2O, 
ZnSO4·7H2O, EDTA 
disodium salt, NaOH  

Heterogeneous AEMs 
(HDX200, Hidrodex, Brazil) Permselective 

properties  
Mild alkaline conditions  

(0.1 M NaOH) 

Strong 
conditions 

(< 1 M NaOH) 
[16] 

Heterogeneous CEMs 
(HDX100, Hidrodex, Brazil) 

ED Wastewater 
treatment  

Oily wastewater feed 
solution in plant-scale ED 

Heterogeneous CEMs 
Desalination rate 

APAM fouling: alkaline 
NaOH  

(oil fouling) [67] 
Heterogeneous AEMs APAM fouling: acid 

ED Food industry Confidential industrial ED 
modules   

CEMs 
(confidential) Ion exchange 

capacity and 
permselectivity 

Water-ethanol (12 %v) mixtures1  
Saline 

solutions 
(NaCl): 
surface 
cleaning 

[68,69  
AEMs 

(confidential) Water-ethanol (12 %v) mixtures2 

ED 
Food industry  

(red wine 
production) 

Treated red wine, brine 
solution (KCl or KNO3, etc) in 

ED stack 

Homogeneous CEMs 
(CMX-Sb, Astom, Japan) 

To reduce the 
concentration of 

potassium 
hydrogen tartrate 

(KHT) in wine  

Enzymatic cleaning (0.1 g L-1) at 
50 ºC 

Combining 
enzymatic 
solutions3 

[70] 

ED 

Food industry  
(removal of LA 
and minerals in 
dairy industries) 

Real streams received from 
a dairy plant containing LA, 
proteins, K, Na, Ca, Mg and 

P 

Homogeneous IEMs 
(Neosepta AHA and CMB, 

Astom, Japan) 

To remove 
(partially) LA and 

minerals 

Acid cleaning + alkaline cleaning 
(pH importance). Higher alkaline 

pH (9.2) is ineffective for 
proteins removal 

- [72] 
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ED Desalination  River water of Shatt Al Arab 
(Irak) 

Heterogeneous IEMs 
(home-made; polypropylene 

matrix) 

Resistance 
against organic 

pollutants 

Alkaline-acid strategy:  
NaOH (3 %) at 40 ºC and HCl 

rinse 
- [74] 

ED Desalination  

Artificial solutions (NaCl + 
inorganic compounds, HPAM 
and oil emulsions) mimicking 

the treatment of polymer 
flooding produced water 

Homogeneous CEMs and AEMs 
(Shandong Tianwei Membrane 
Technology Co., Ltd., China) 

Desalination rate Acid-base-SDBS combination4 

Depending on 
fouling: acid-
base (organic 
and inorganic 

fouling); SDBS 
(oil fouling) 

[17] 

ED Desalination  

Artificial mixed solution of 
NaCl (0.01 M) and different 
foulants (SDS, SDBS and 
BSA) in a home-made ED 

device for in-situ EIS 
analyses  

Homogeneous AEMs 
(Beijing Tingrun Membrane 

Technology Development Co., 
Ltd., China) 

Membrane 
resistance against 
different foulants 

Chemical cleaning with ultrapure 
water5 

Inverted 
electrodes 

(less efficient) 
[76] 

ED Value-added 
products recovery  

Filtered effluent of swine 
manure to recover and 
concentrate ammonia 

through ED  

Homogeneous IEMs6 
(Neosepta AMX and CMB, 

Astom, Japan) 

Membrane fouling 
characterization 
after 10 batches 

and ion-exchange 
capacity 

Alkaline + water rinsing + acid + 
water rinsing - [78] 

EDBM Value-added 
products recovery 

 Prefiltered Kfraft BL 
(Canadian pulp mill) for its 

acidification and 
subsequently extraction of 

lignin 

CEMs: Neosepta CMB (Astom, 
Japan) and NafionTM 324 

(DuPont, USA) 

Colloidal fouling 
effect on 

membrane 
integrity 

Colloidal fouling: NaOH (2.5 
wt%, pH 12.5) 

Diluted black 
liquor solutions [79] 

EDBM Value-added 
products recovery  

Filtered industrial glutamate 
production wastewater 
containing ammonium, 

sulfate, glutamate, alanine, 
LA and protein  

(to regenerate ammonium 
and sulfuric acid) 

JCM-15 CEMs 
(Huanyu Lida Co., Ltd., China) 

Fouling deposits 
analyses during 
EDBM process 

Acid solution (HCl, 1 wt%)  
+ ultrasounds (50 KHz, 0.25 W 

cm-2, 20 ºC)  

Hydraulic 
cleaning [80] 
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EDR Desalination  
(drinking water) 

Raw water with, inorganic, 
biological and organic matter 

content  
(EDR treatment) 

IEMs (in general) Efficient 
permselectivity 

Cationic salts: acid (HCl); 
organic foulants: alkaline 

(NaOH); biofouling: strong 
oxidants (NaClO, Cl2); 

Destabilization of electrostatic 
interactions: saline (NaCl)  

Combination 
of approaches 

(e.g., NaCl-
NaOH + HCl) 

[81,82  

Donnan dialysis 
Wastewater 
treatment  

(drinking water) 

Synthetic polluted water (tap 
water from Lisbon public 

network, adding 600 ppm of 
nitrate and 100 ppb of 

perchlorate)  

Heterogeneous AEMs  
(Ralex-AMH-PES, Mega a.s., 

Czech Republic) 

Efficient transport 
of charged anionic 

micropollutants  

Alkaline cleaning (1 % NaOH 
aqueous solution)7 - [25] 

MCDI Desalination  
Mainly brackish water 
in membrane capacity 
deionization (MCDI) 

IEMs8 (in general) 

Transport of 
counter-ions 

toward carbon 
electrodes 

Organic foulants (i.e., peptides): 
alkaline cleaning. 

Mineral deposits: acid method. 
Biofouling: chlorinating agents. 

Larger foulants (>900 Da) in 
CEMs: NaCl solutions 

Combination 
of approaches 
depending on 
brackish water 

composition 

[62,89,9  

RED Energy harvesting  
Seawater (Wadden Sea) and 
river water (Ijsselmeer), The 

Netherlands 

Homogeneous IEMs 
(Neosepta AMX and CMX, 

Astom, Japan) 

Monovalent 
permselectivity 

Two phase cleaning: CO2 
saturated water 

Two-phase  
water/air 
sparging 
approach 

[92] 

RED Energy harvesting 

Artificial NaCl aqueous 
solutions mimicking 

seawater and river water 
(with SDBS as the model 

foulant) 

Pristine and modified Fujifilm 
AEMs type I (Fujifilm 

Manufacturing Europe BV, The 
Netherlands) 

Monovalent 
permselectivity NaCl cleaning - [93] 

Notation: 1 Ethanol should be recovered (i.e., by distillation); 2 Higher membrane conductivity recovery in AEMs due to a larger expansion of the pores in the cleaning solution; 3 The 826 
combination of different enzymes in the same solution seems to be appealing to increase the global cleaning efficiency; 4 Highly efficient for the removal of oil, organic and inorganic 827 
fouling; 5 Ultrapure water has a similar effect compared to HCl (0.28 M); 6 Irreversible organic fouling in AEMs (conductivity partially recovered); 7 Biofouling treatment; 8 The cleaning 828 
type is highly dependent on the foulant nature. 829 
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	The cleaning of IEMs affected by fouling, scaling or degradation phenomena represents an essential step that must be taken into consideration in different separation processes, especially after long-term operations. The main purpose of the cleaning st...
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	The importance of the membrane nature in the ion-exchange sample deterioration using oxidant agents has been clearly demonstrated [64,65]. For instance, the response of homogeneous (Neosepta CMX-SB and AMX-SB, Astom, Japan) and heterogeneous (cationic...
	In the following lines, different available IEM cleaning methods reported so far are presented and discussed, paying special attention to the cleaning protocol adopted as well as to the operating conditions, membrane characterization and target applic...
	3.1. Cleaning of IEMs in electrodialysis-based applications
	The importance of IEM cleaning in ED applications has been continuously shown to be essential in terms of membrane durability and process performance. For example, the effect of the type of membrane in different cleaning strategies was investigated th...
	3.1.1. ED: wastewater treatment
	Different chemical cleaning strategies have been reported in wastewater treatment-based applications. For instance, a three-stage chemical cleaning protocol was developed and applied to commercial heterogeneous CEMs (HDX200, Hidrodex, Brazil) and AEMs...
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	Fig. 4. SEM images of: a) pristine CEM; b) CEM after 344 h of electrodialysis + three cleaning steps; c) magnification of used and cleaned CEM. Color sorting: non-conductive regions (yellow), conductive sites with functional groups (blue), conductive ...
	The development of IEM cleaning protocols is also crucial on the treatment of oily wastewater streams via ED due to the undesirable effect of fouling phenomena on membrane performace, which deteriorates the membranes lifetime as well as their initial ...
	3.1.2. ED: food industry
	The importance of membrane cleaning in food industry ED-based applications has been recently reported in literature. For example, an interesting cleaning approach was investigated on CEMs (confidential characteristics, but based on polystyrene-co-divi...
	The same authors have also studied the cleaning and characterization of AEMs in the same application framework for the sake of comparison [69]. The confidential anion-exchange samples were based on polystyrene-co-divinylbenzene copolymer with quaterna...
	Fig. 5. Evolution of the IEC of different IEMs as a function of chemical cleaning duration: a) 35 g L-1 NaCl; b) reconstituted seawater (RSW), and c) hydro-alcoholic solution (12 %v ethanol, pH = 3.5). The script “u” represents used membranes, while “...
	The application of enzymatic cleaning agents has also been considered in ED configurations for the treatment of red wine as a promising and innovative procedure, which demonstrates the experimental applicability of enzymes for the cleaning of IEMs [70...
	Due to the high importance of the cleaning agent nature and concentration, the American Water Works Association (AWWA) has recommended an optimum concentration range (Table 2) for acid, alkaline and chlorine chemical cleanings on IEMs in typical separ...
	Table 2. American Water Works Association (AWWA) recommendations for the chemical cleaning of IEMs in ED and EDR [71]
	In this context, Talebi et al. studied the fouling and in-situ cleaning of IEMs during the ED operation of fresh acidic and sweet whey with the aim of partially removing lactic acid (LA) and minerals from feedstreams received from a dairy plant in Aus...
	Overall, acid-base cleaning cycles seem to be effective in ED-food industry applications. Nevertheless, prolonged chemical contacts with the membranes might involve significant structural and mechanical membrane matrix alterations, which has led to th...
	3.1.3. ED: desalination
	The desalination capacity in different applications has also been significantly affected by fouling and/or scaling of IEMs after long operation periods in ED systems, which denotes the requirements of developing efficient cleaning methods to increase ...
	One of the first works related to the cleaning of IEMs in water desalination applications was carried out in 1977, when Kishi et al. developed an electrodialyser composed of heterogeneous IEMs to desalinate the river water of Shatt Al Arab in Iraq [74...
	More recently, seven different in-situ cleaning procedures were investigated in the treatment of polymer flooding produced water with homogeneous IEMs made from polyphenylene (Shandong Tianwei Membrane Technology Co., Ltd., China) in order to ensure t...
	Fig. 6. Proposed fouling route and cleaning mechanisms of IEMs used in the treatment of polymer flooding produced water. Reproduced with permission from [17].
	Besides, in order to understand better the effects of long-term alkaline cleanings in the desalination rate recovery of IEMs, Xia et al. investigated the behavior (after cleaning) of commercial homogeneous IEMs based on polyphenylene oxide polymer bac...
	Fig. 7. Schematic representation of AEM degradation and transformation of functional groups under alkaline and acid (as a final step) cleaning strategies. Adapted from [75].
	Powerful characterization techniques, such as electrochemical impedance spectroscopy (EIS), have also been proposed to study and monitor the fouling and cleaning efficiency (in-situ) of IEMs in electro-membrane desalting ED applications. For instance,...
	Interestingly, the effect of ultrapure water as the cleaning agent has been previously proved to be similar to that of HCl-based solutions for the cleaning of AEMs in desalination applications [77]. In this study, a commercial Neosepta AMX AEM (Astom,...
	3.1.4. ED and EDBM: value-added products recovery
	An adequate long-term membrane operational performance is also vital in the recovery and concentration of important value-added products through ED configurations. Thus, membrane cleaning represents an attractive option to increase the lifespan of the...
	Table 3. IEM conductivity alterations before and after a two-step cleaning protocol in an ED system for the recovery and concentration of ammonia from swine manure. Results based on data presented in [78]
	Another more recent example is the extraction of lignin from the electrochemical acidification of kraft black liquor through EDBM [79]. In this specific system, a series of five CEMs and four bipolar membranes (BPMs) were utilized. Four commercial CEM...
	Similarly, Wang et al. also studied the EDBM process to regenerate ammonium and sulfuric acid from industrial glutamate production stream containing ammonium, sulfate, LA, protein, calcium, magnesium, etc. (previously filtered by ceramic membrane to r...
	3.1.5. EDR strategies
	The use of EDR approaches as a membrane self-cleaning operation mode can also be considered since ED-based separation processes are expected to be more prone to fouling because of the presence of electrodes [81]. However, the foulants are not only pre...
	3.2. Cleaning of IEMs in Donnan dialysis and diffusion dialysis-based applications
	The effect of IEM cleaning in Donnan dialysis approaches has also been studied with the purpose of improving the membrane(s) lifespan, thus reducing the operating cost of the IEMSP simultaneously. For instance, as shown in some AEMs used in ED experim...
	Fig. 8. Membrane surface coloration in an IEM bioreactor for the treatment of drinking water, a) before cleaning, and b) after alkaline cleaning. Adapted from [25].
	The microbial biofouling formation was also investigated in several commercial CEMs and AEMs of homogeneous and heterogeneous nature in order to analyze the undesirable effect of biofouling on IEMs as a function of their membrane type and characterist...
	Furthermore, the inorganic scaling has been demonstrated to represent a key factor in the performance of IEMs during Donnan dialysis applications in terms of counter-ion flux decline and changes in the potential difference across the scaled-membrane [...
	Moreover, the same authors investigated the effect of gypsum scaling on homogeneous (CMV, Asahi Glass, Japan) and heterogeneous (MK-40, Shchekinoazot, Russia) CEMs during Donnan dialysis for the sake of comparison [87]. As observed in the behavior of ...
	Fig. 9. SEM images of: A) Pristine heterogeneous MK-40 CEM; B and C) CaSO4 scaling in MK-40 CEM; D) Pristine homogeneous CMV; E and F) CaSO4 scaling in CMV CEM after scaling experiments under Donnan dialysis conditions. Reproduced with permission from...
	Finally, it is essential to point out here that fouling/scaling phenomena is not a quite important issue in diffusion dialysis-derived applications, due to the use of strong acids or bases [23], which can be considered as the cleaning agents themselve...
	3.3. Cleaning of IEMs in alternative IEM-assisted processes
	In this section, different IEM cleaning approaches reported in literature in alternative electro-membrane processes are summarized and discussed. The sustainable and eco-friendly production of clean water through the membrane capacity deionization (MC...
	Moreover, the presence of charged foulants in river water streams represents the worst IEM fouling scenario in RED systems for energy harvesting in terms of process performance (i.e., power density) [8]. Accordingly, cleaning strategies must be explor...
	Fig. 10. SEM images of different elements of the RED stack in contact with seawater after 60 days of operation: a) CEM - CO2 saturated water; b) Net spacer – water/air sparging; c) AEM - CO2 saturated water; d) AEM – water/air sparing. Reproduced with...
	Interestingly, the combination of surface modification and cleaning approaches during RED operation represents an interesting strategy to improve the performance of IEMs in RED stacks with the purpose of controlling fouling phenomena, and thus the obt...
	3.4. Ion exchange membrane cleaning overview
	Overall, several studies about IEM cleaning in several separation processes have been widely reviewed and discussed. Among the available possibilities, the authors of the present review would like to recommend the most appropriate cleaning procedures ...
	It is also worth noting that different physical procedures such as sonication, hydraulic flushing, pneumatic and mechanical approaches (effectively proven in membrane pressure-driven processes) could also be adopted and considered to be applied over s...
	Last but not least, it is of outmost importance to remark that fouling phenomena is not necessarily an undesirable effect, even though is always thought to be a disadvantage aspect in the performance of membranes during different IEMSPs. In this conte...
	4. Conclusions and future prospects
	Table 4. Summary of prospective ion exchange membrane cleaning strategies proposed in the literature
	Notation: 1 Ethanol should be recovered (i.e., by distillation); 2 Higher membrane conductivity recovery in AEMs due to a larger expansion of the pores in the cleaning solution; 3 The combination of different enzymes in the same solution seems to be a...
	References

