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Abstract: After long-term electrodialysis, cleaning the membranes is crucial to extend 
their lifetime. In this work, we evaluate the effects of a three-stage chemical cleaning on 
electrochemical and structural properties of anion- and cation-exchange membranes. 
Membranes used in the electrodialytic treatment of a synthetic effluent from the cyanide-
free brass electrodeposition were cleaned using 0.1, 0.5 and 1.0 mol·L−1 NaOH solutions. 
The electrochemical behavior of the membranes was evaluated after each cleaning step 
by chronopotentiometry. Additionally, changes in the membrane structure and 
composition were analyzed by FTIR-ATR and SEM/EDS. While the membranes undergo 
a decline in some electrochemical features after the electrodialysis process, the cleaning 
with 0.1 mol·L−1 NaOH showed to be the most effective in recovering the properties 
characteristic of the virgin membranes: the limiting current density increased by 84% 
after the cleaning, whereas the ohmic and overlimiting resistances decreased by 47% and 
55%, respectively. In contrast, the 0.5 and 1.0 mol·L−1 NaOH solutions degraded the 
membranes and reduced their fraction of conductive area, especially for the anion-
exchange one. This favored fouling/scaling occurrence, as noticed by a prominent 
increase in the potential drop of the anion-exchange membrane. FTIR-ATR and 
SEM/EDS analyses confirmed fouling/scaling, as well as degradation of the ion-exchange 
membranes. 
 

Keywords: Membrane fouling; Membrane cleaning; Ion-exchange membranes; Alkaline 
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1. Introduction 

Electrodialysis (ED) is mostly used to produce drinking water. Additionally, this 

technology also finds application in other areas; such as the food industry [1,2], the 

treatment of industrial effluents [3,4] and the production of ultrapure water [5]. In the 

recent years, ED has been evaluated as a clean alternative to conventional techniques 

applied in the treatment of spent electroplating baths, like chemical precipitation or the 

use of ion-exchange resins [6]. Compared with conventional treatments applied in the 

management of effluents containing metallic ions, ED involves several advantages: (a) it 

is operated in continuous mode, (b) it does not need from regeneration steps neither 

involves the addition of further chemicals and, (c) it minimizes the generation of large 

volumes of waste sludge [7,8]. Instead of that, the products of the process are two liquid 

streams: one free of ionic species and the other one concentrated in valuable metals, which 

can be recycled into the electroplating process. 

Within electroplating operations, cyanide-free electroplating has been intensively 

evaluated in the search for environmentally friendly alternatives that do not imply using 

highly toxic cyanide compounds. Recently, we assessed the replacement of cyanide by 

EDTA as complexing agent in the brass electroplating industry, and demonstrated that 

uniform, crack-free, and bright electrodeposits could be obtained [9]. Although cyanide 

is not present, the wastewaters generated during the brass electroplating still contain 

metallic impurities that need to be removed. In our previous work, the transport through 

heterogeneous anion-exchange membranes of complexes present in the spent 

EDTAbased brass electroplating effluent was evaluated [10]. In a subsequent study, a 

synthetic solution emulating the spent rinse baths generated in the cyanide-free brass 

electrodeposition was treated by electrodialysis operated in galvanostatic mode at current 

levels below and above the limiting current density [11]. One of the principal concerns 

identified from the previous works was the formation of precipitates at the membrane 

surface and the degradation of the membrane properties after long-term use. Thus, to 

ensure the sustainability of the overall process, an optimum strategy regarding membrane 

cleaning and maintenance is needed. 

After long-term ED operations, cleaning the membranes is crucial to restore their 

features and to extend their lifespan. Fouling, scaling and membrane degradation result 



in an increase of the electrical resistance and a decrease of the membrane permselectivity 

[12–14]. In general, authors use some well-known protocols to study the influence of 

artificial ageing on various membrane properties [15,16]. García-Vasquez et al. evaluated 

the effects of acidic and alkaline cleanings on the properties of homogeneous and 

heterogeneous anion-exchange membranes; they identified that, in the case of 

heterogeneous anion-exchange membranes, the membrane structure is more resistant 

against alkaline conditions, while it undergoes severe degradation after cleaning with 

strong acidic solutions [17]. In their study, the membranes were aged via soaking in 

concentrated HCl and NaOH solutions. However, to our knowledge, studies investigating 

the cleaning of ion exchange membranes after long-term electrodialysis treatments 

involving the application of current and, consequently, the passage of metallic species 

through the membrane structure is scarce. Especially interesting is the case of fouling 

involving complex species that are present in effluents coming from hydrometallurgical 

processes. The concentration of the cleaning agents is another factor that is commonly 

overlooked. 

In this work, we investigate the effects of a three-stage chemical cleaning on the 

performance recovery and the structure integrity of ion-exchange membranes used in the 

treatment of synthetic wastewaters emulating spent cyanide-free brass electroplating 

baths. An alkaline cleaning procedure with solutions of 0.1, 0.5 and 1.0 mol·L−1 NaOH 

was tested for the used anion- (AEM) and cation-exchange membranes (CEM), following 

an order of increasing concentrations. The chemical cleaning efficiency in terms of 

membrane electrochemical performance was checked after each stage by conducting 

chronopotentiometric measurements, from which the dynamic response of the 

membranes was monitored. The steady-state behavior of the membrane systems was also 

evaluated from current-voltage curves (CVC), from which the evolution of important 

membrane properties such as the limiting current density (ilim), the ohmic resistance (R1) 

and the overlimiting resistance (R3) was assessed. After the complete three-stage 

cleaning, the presence of foulants and the stability of the structure was also evaluated via 

FTIR-ATR and SEM/EDS analyses. 

 

 

  



2. Materials and methods 

2.1.Electrodialysis 

 

The membranes used in the present investigation were subject of a prior study, which 

involved the conduction of chronopotentiometric measurements and use of the 

membranes in an electrodialysis process [11]. The electrodialysis test was carried out in 

a five-compartment cell over 344 h, where 4 L of a synthetic wastewater emulating the 

composition of effluents generated in the brass electroplating industry were treated. Two 

membrane pairs, consisting each of a cation-exchange membrane (HDX100) and an 

anion-exchange membrane (HDX200), separated the five compartments of the 

electrodialysis setup. The membranes had an active area of 16 cm2. Electrodes made of 

titanium coated with ruthenium and titanium oxides (70RuO2/30TiO2) were used as 

cathode and anode. The applied current density was 1.2 mA·cm−2, which corresponds to 

70% of the limiting current density of the membranes/electrolyte system. This limiting 

current density was determined prior to the electrodialysis operation, by registering 

current- voltage curves for the cation- and anion-exchange membranes in the 

electrodialysis cell filled with the synthetic wastewater. For this, platinum wires were 

placed at the interfaces of the AEM and CEM facing the solutions to be diluted and 

concentrated in ED. Voltmeters were connected directly to the platinum wires to measure 

the potential drop across both membranes when successive current densities were applied 

to register the current-voltage curves. The ilim of the membranes in the electrodialysis 

system was determined from the obtained CVCs using the same methodology employed 

for determining limiting current densities in the chronopotentiometric evaluations, as will 

be presented in detail in Section 2.6. 

After the 344 h of electrodialysis operation, the ion-exchange membranes were 

evaluated, by chronopotentiometry, and cleaned using the procedure described in Section 

2.4; their properties were reevaluated according to the methods described in Sections 2.5, 

2.6 and 2.7. 

 

 

2.2.Working solution 

The working solution used in the chronopotentiometric tests after each cleaning step 

was the same solution previously treated by electrodialysis. The solution was prepared 



using CuSO4·5H2O, ZnSO4·7H2O, EDTA disodium salt and NaOH as reagents. The 

composition of the working solution resembles that of the rinse effluents generated in the 

cyanide-free brass electroplating of metallic pieces [9]. Table 1 presents the initial 

composition of the working solution used in the present study, along with its pH and 

conductivity. 

Table 1 - Initial composition of the working solution of the chronopotentiometric tests. 
 

 

 

2.3.Ion-exchange membranes 

The anion- and cation-exchange membranes evaluated in the present study are the 

commercial HDX200 and HDX100 membranes, respectively. Both were supplied by 

Hidrodex. The membranes have a heterogeneous structure with reinforcing fabrics at both 

surfaces to enhance their mechanical resistance. The HDX200 presents quaternary amine 

as fixed groups, whereas the HDX100 presents sulfonic acid functional groups. The 

characteristics of both membranes are presented in Table 2. 

Table 2 - Main characteristics of HDX 100 and HDX 200 membranes provided by the 

supplier. 

 
 

2.4.Cleaning procedure 

After the electrodialysis and chronopotentiometric tests performed in our previous work 

[11], the membranes were forwarded to the three-stage cleaning procedure, which is 

described as follows: 



1. Both cation- and anion-exchange membranes used in the electrodialysis operation 

were rinsed with distilled water and immersed in the cleaning solution of NaOH 

(0.1 mol·L−1) for 72 h. 

2. Then, the membranes were rinsed with water for 24 h to remove any trace of the 

cleaning solution, immersed in the working solution (brass electrodeposition 

synthetic rinse effluent – Table 1) for 24 h and analyzed via chronopotentiometry. 

Ion transport through the membranes in the state reached after the first chemical 

cleaning was evaluated from the chronopotentiometric and current-voltage 

curves. 

3. The membranes were rinsed, and the cleaning procedure was repeated twice, for 

72 h in each cleaning stage, using higher concentrations of the NaOH cleaning 

solutions (0.5 mol·L−1 and 1.0 mol·L−1). After each cleaning stage, ion transport 

through the membranes was analyzed again by means of chronopotentiometry, 

using the working solution described in Table 1. The cleaned membranes were 

also analyzed by means of FTIR-ATR and SEM/ EDS in order to find possible 

alterations in their structure. 

The chronopotentiometric results obtained after each cleaning step were compared 

with the results obtained after the electrodialysis process (before the cleaning procedure) 

and with those obtained with the virgin membranes. The FTIR-ATR and SEM/EDS 

results were also compared with those obtained with the virgin membranes. For a better 

understanding of the cleaning and chronopotentiometric steps, the procedure is detailed 

in Fig. 1. 

 

 
Figure 1 - Cleaning and chronopotentiometric procedures performed after 

electrodialysis. 



2.5.Chronopotentiometric measurements 

Chronopotentiometric tests were conducted using a three-compartment reactor with a 

cation- and an anion-exchange membrane that separated the central compartment from 

the cathode and anode, respectively. Two graphite bars were used as electrodes and were 

connected to a potentiostat/galvanostat (Autolab, PGSTAT 20). Two Ag/AgCl reference 

electrodes immersed into two Luggin capillaries were installed at each side of the 

membranes under study, to measure the evolution of the potential drop of the 

membrane/electrolyte system over time. All tests were conducted in duplicate, at room 

temperature and without stirring. The estimated relative error between the values of the 

transport properties (see Section 2.6) was below 5%. 

For the chronopotentiometric measurements, current pulses at different values of 

constant current were applied for 300 s. During the application of a constant current 

density, cations move towards the cathodic compartment and anions towards the anodic 

one, while the membranes act as selective barriers allowing the transport of their 

respective counter-ions and impeding the transport of their respective coions. As a 

consequence of the membrane selective transport, concentration gradients are formed in 

the diffusion boundary layers adjacent to the membranes' surface. Therefore, the potential 

drop measured between the reference electrodes can be considered as an indicator of the 

progress of concentration polarization taking place in the system. In addition to this, the 

initial potential drop registered in each chronopotentiogram after switching on the current 

can be considered as a measure of the system's ohmic resistance, including that related to 

the membrane structure. Once the current is switched off, concentration profiles 

generated in each diffusion boundary layer dissipate and the bulk solution concentration 

is reestablished along the electrolyte compartments during the relaxation of the system. 

This process is registered during 100 additional seconds before the application of the next 

pulse. For each membrane system, several chronopotentiograms were registered by 

applying successive current pulses at increasing values of current density. A schematic 

representation of the chronopotentiometric system can be found elsewhere [18]. 

 

2.6. Determination of transport properties  

Current-voltage curves were obtained by plotting the steady state value of the 

potential drop registered in each chronopotentiogram against the corresponding value of 



applied current density. The transport properties of the membranes/electrolyte system 

were determined from the current–voltage curves. A typical current-voltage curve 

consists of three differentiated regions: 

(a) an initial region of quasi-ohmic behavior at low values of current density, where 

current and voltage follow a linear relationship,  

(b) a second region where the so-called limiting current density (ilim) is reached and 

the curve flattens, showcasing an abrupt increase in the system's resistance 

because the electrolyte concentration approaches zero next to the depleting 

membrane surface; and 

(c) a third region of overlimiting current transfer (i > ilim), where ion supply to the 

membrane surface is again activated and current density rises again with the 

transmembrane voltage.  

Typical curves including the three regions of membrane-electrolyte behavior were 

obtained in the present work (as shown in Fig. 2). Limiting current densities (ilim) were 

determined from the intersection of the tangential lines of the first and second regions of 

the CVC. The ohmic resistances (R1) were calculated as the inverse of the slope (α1) of 

the tangential line of the first region of the CVC (ohmic region), and the electrical 

resistance of the overlimiting region (R3) was calculated similarly to the ohmic one, i.e., 

from the inverse of the slope (α3) corresponding to the overlimiting region of the CVC. 

 

Fig. 2. Representation of a typical current-voltage curve. 

 



3. Results and Discussion 

The alkaline cleaning procedure was evaluated for the anion- and cation-exchange 

membranes used in electrodialysis. After each cleaning step (with 0.1, 0.5 and 1.0 mol·L−1 

NaOH solutions), chronopotentiograms and current-voltage curves were registered and 

analyzed.  

 

3.1.  Evaluation of current-voltage curves 

The current-voltage curves obtained after the electrodialysis process and after 

each cleaning step are shown in Fig. 3, whereas the limiting current densities, ohmic 

resistances and overlimiting resistances determined from the curves are shown in Table 

3. The results obtained for the virgin membranes, without being exposed to electrodialysis 

or to the cleaning procedure, are also shown. Note that the shapes of the curves obtained 

with the virgin membranes are considerably different from those obtained with the 

membranes after being used in the electrodialysis and after the subsequent cleaning 

procedures. This evolution in the membrane response suggests structural changes 

happening in the membranes as a consequence of their use. The changes in membrane 

behavior entail a change in their transport properties, as shown below. 

 

 
Figure 3 - Current-voltage curves of the a) AEM and b) CEM after electrodialysis and 

after the 1st, 2nd and 3rd cleaning steps, besides the virgin membranes. 
 



Table 3 - Limiting current density and electrical resistances (R1 and R3) of both 
ion-exchange membranes after electrodialysis and the cleaning steps. 

 
According to Fig. 3 and Table 3, the first cleaning (0.1 mol NaOH·L−1) seems to 

be the most suitable to recover the original features of the anion-exchange membrane. 

After the first cleaning, the ilim increased by 84% in relation to its value after 

electrodialysis, whereas the ohmic and overlimiting resistances decreased by 47% and 

55%, respectively. Despite the decrease in R3 of the AEM (69%) after the 2nd cleaning 

(0.5 mol NaOH·L−1), R1 did not change significantly. Moreover, the 2nd cleaning caused 

a decrease in ilim, which was not expected. This may have occurred due to the degradation 

of the AEM, since all chronopotentiometric tests were conducted using the same 

electrolyte. This will be discussed in detail below. 

The 3rd cleaning (1.0 mol NaOH·L−1) caused an inversion in the behavior of the 

properties of the AEM: a great increase in R1 and R3 occurred, if compared to the 2nd 

cleaning; and a decrease in the limiting current density was observed. This may have also 

occurred due to the degradation of the AEM. Sata et al. [19] showed that AEMs 

deteriorate from three parts: the mechanical support (backing fabric), the polymer matrix, 

and the anion-exchange groups fixed on it. Besides, Merle et al. [20] verified that 

quaternary ammonium sites, present in the HDX200 membrane, are unstable under 

alkaline conditions and can be degraded following two main pathways: elimination and/or 

nucleophilic substitution [21]. Hence, the degradation of the AEM by the 1 mol·L−1 

NaOH solution may have reduced its fraction of conductive area (ε), which will be 

confirmed by SEM/EDS. This caused the decrease in the limiting current density after the 

2nd and, mainly, the 3rd cleaning step. 

The increase in R1 of the AEM after the 3rd cleaning (in relation to the 2nd one) 

supports the suggestion regarding the decrease of ε, since the increase in the 

inhomogeneity contributes to increase the membrane resistance due to the more tortuous 

counter-ion pathway [18]. In other words, a loss of ion conducting sites entails a 

decreased connectivity between ion-exchange sites in the membrane matrix, resulting in 

longer effective distances to be crossed by the current carriers. Besides, the degradation 



of the quaternary ammonium sites reduces the attraction between membrane and ions, 

which also increased the ohmic resistance [22]. 

The increase in R3 of the AEM after the 3rd cleaning (in relation to the 2nd one) is 

also in agreement with the reduction of ε, since Choi and Moon [23] verified that the 

conversion of quaternary amines into their tertiary and neutral forms leads to an increase 

in the plateau length. As this property represents the energy required to disrupt the 

diffusion boundary layer involving a change of the main mass transfer mechanism from 

diffusion and migration to electroconvection [24], the increase in plateau length denotes 

a hindered onset of overlimiting phenomena. Therefore, the overlimiting resistance, R3, 

increased when the inhomogeneity degree of the membrane increased. Similar results 

were obtained by Ibanez et al. [25]. 

Concerning the cation-exchange membrane, the cleaning steps led to similar 

results on the ohmic resistance. The overlimiting resistances did not show significant 

differences, except after the 1st cleaning, where the lowest R3 value was obtained. The 

ilim increased after the 1st cleaning compared to its value after electrodialysis, remained 

practically constant after the 2nd cleaning, and increased again after the 3rd one. Although 

the 3rd cleaning was the most efficient to recover the ilim and the ohmic resistance to their 

initial values observed with the virgin membrane, the application of this third cleaning 

stage is not recommended, since the 1st cleaning showed similar results and should be less 

harmful for the membrane chemical structure. 

The differences between the values of transport properties after each cleaning are 

less evident for the CEM than for the AEM; this occurred since anion-exchange 

membranes are more susceptible to degradation than cation-exchange ones [26]. Hence, 

the NaOH solutions were not able to degrade the CEM so intensively as the AEM. These 

results are discussed further in the FTIR-ATR and SEM/EDS evaluations. 

 

3.2. Evaluation of the chronopotentiograms 

Chronopotentiograms were registered for evaluating the influence of each 

cleaning step on the concentration polarization and the tendency of precipitates formation. 

The potential drop shown in the chronopotentiograms is the total one (measured). Hence, 

it also shows the influence of the cleaning procedure on the ohmic resistance of the system 

and provides a global measure of the membranes' performance in electrodialysis 

operations. Differently, some authors represent the “reduced potential drop” by excluding 



the ohmic potential drop for comparing different membranes [27]. In our article, we 

would like to emphasize that, the ohmic potential drop can also be significantly altered 

by changes in the membrane structure, such as those resulting from a reduction in the 

fraction of conducting regions. 

 

3.2.1. Chronopotentiograms of the anion-exchange membrane 

Chronopotentiograms of the anion-exchange membrane under three applied 

current densities after each cleaning step are presented in Fig. 4.  

 
Figure 4. Chronopotentiograms for the anion-exchange membrane after each 
cleaning step (1st, 2nd, 3rd). Each color represents an applied current density. 
 

For the AEM, interesting behaviors have been verified with the increase in the 

current density. Under 1.9 mA·cm−2, the curves showed a constant behavior over time, 

without inflection points. Therefore, under this condition, migration and diffusion are the 

main mass transfer mechanisms. 

Under application of current densities above the limiting one, an inflection point 

related to the occurrence of intense concentration polarization can be noted. For 9.6 

mA·cm−2, the curves obtained after the 1st and 2nd cleaning steps are very close to each 

other, especially at the steady-state condition. However, the curve registered after the 3rd 

cleaning under 9.6 mA·cm−2 is quite distant from the others and presents a greater value 

of potential drop. The same behavior can be seen for 11.5 mA·cm−2; the final potential 

drop of the curve obtained after the 1st cleaning is similar to that obtained after the 2nd one 



(values of Um around 6 V), whereas the final potential drop of the curve registered after 

the 3rd cleaning is considerably higher than the others. This occurred, in part, because of 

the greater jump in potential drop at the beginning of the chronopotentiogram of the 3rd 

cleaning. This initial jump, registered immediately when the current is switched on, is 

related to the ohmic potential drop (UΩ - shown in Fig. 4) over the membrane and two 

adjacent solutions, where the concentrations are not yet affected by concentration 

polarization [27,28]. The greater UΩ value after the 3rd cleaning indicates an increase in 

the resistance of the non-polarized DBL [29] and, consequently, in the overall cell 

voltage. This may be related to the degradation of the membrane, as suggested by the 

current-voltage curves. In electrodialysis, the ohmic drop must be minimized, since 

energy inputs and electricity costs are directly affected by the cell voltage [8]. 

Another feature can be seen in the chronopotentiograms: an unexpected and very 

sharp increase in the potential drop in the curve of the 3rd cleaning under application of 

11.5 mA·cm−2 and the achievement of the maximum potential drop supported by the 

potentiostat/galvanostat (10 V). This is a typical response observed when precipitate 

formation takes place on the surface of the membrane or inside it [30]. Since all the 

chronopotentiograms were registered using the same electrolyte (Table 1), this behavior 

supports the suggestion of the membrane degradation by the NaOH in 1.0 mol·L−1. As 

mentioned previously, quaternary amines are unstable at alkaline pH values and can be 

converted into tertiary ones, which have higher catalytic activity towards water 

dissociation than the quaternary amines [17,31]. Hence, the 3rd cleaning may have led to 

the decrease of quaternary ammonium groups in favor of tertiary amines [32,33] and, 

during chronopotentiometry, intense water dissociation may have occurred at the AEM. 

This led to the intense migration of hydroxyl ions through the membrane, whereas protons 

accumulated on its cathodic side, causing a pH decrease. According to the speciation 

diagram constructed with the composition of the working solution of electrodialysis (Fig. 

5), CuO is present in the initial state of the solution (pH 12.25) and under lower pH values. 

Hence, this insoluble species may have been responsible for the non-expected increase in 

the potential drop after the 3rd cleaning. These results indicate that the cleaning step with 

1.0 mol·L−1 NaOH is not recommended for the anion-exchange membrane.  

 

 
 

  



 

 
Figure 5. Speciation diagram constructed with the composition of the working 

solution. The dashed line indicates the initial solution pH (12.25). 

 

3.2.2. Chronopotentiograms of the cation-exchange membrane 

Fig. 6 shows chronopotentiograms obtained for the cation-exchange membrane 

after each cleaning step. 

 
Figure 6. Chronopotentiograms for the cation-exchange membrane after each 
cleaning step (1st, 2nd, 3rd). Each color represents an applied current density. 
 

Under application of 1.6 mA·cm−2 (i < ilim), migration and diffusion control ion 

transfer since the membrane system is in underlimiting condition, i.e., intense 

concentration polarization did not occur. Under current densities above the limiting one 

(3.5 and 4.8 mA·cm−2), the behavior of the curves of the 1st and 2nd cleaning steps are 



very similar, as well as their values of final potential drop. However, lower values of 

potential drop were obtained after the 3rd cleaning. The same trend was verified for the 

UΩ values. These results are in accordance with the R1 values presented in Table 3, which 

were calculated from the slope of the CVCs. 

For the cation-exchange membranes, atypical behaviors, such as an unexpected 

increase in potential drop, were not verified in the chronopotentiograms. As mentioned, 

anion-exchange membranes are more susceptible to degradation than cation-exchange 

ones. Besides, anionexchange membranes are more susceptible to the occurrence of water 

dissociation than the cation-exchange ones [23], which also explains the absence of 

precipitates on its surface during chronopotentiometry. 

 

3.3. FTIR-ATR analysis 

A FTIR-ATR analysis was performed for evaluating the modifications on the 

AEM and CEM structure after the cleaning procedure. Both membranes exhibit 

modifications on their spectral profile after electrodialysis and the cleaning procedure, 

especially in the frequency region between 1750 and 750 cm−1. 

 

3.3.1. Anion-exchange membrane  

Fig. 7 presents the infrared spectra for the virgin and cleaned anion-exchange 

membranes after the electrodialysis test. 

 
Figure 7. IR spectra of the virgin anion-exchange membrane and after 344 hours of 

electrodialysis + three cleaning steps. 
 

 



In Fig. 7, the peaks at 2916 and 2848.5 cm−1 correspond to νas,sCH2, respectively 

[33], where indexes “as” and “s” refer to asymmetric and symmetric vibrations, 

respectively. Both peaks are present in the used AEM with lower intensity, which means 

that it could have been degraded by electrodialysis or by the cleaning procedure. 

A new peak at 1600.7 cm−1 appeared after the membrane use and, as showed by 

Kołodyńska et al. [34], this may be due to the presence of [Cu(EDTA)]2−. Besides, 

Sawyer and Mckinnie [35] found a peak at 1605 cm−1 that corresponds to the -COO− 

present in the complex formed by EDTA and copper ions. Hence, this indicates that the 

cleaning procedure was not able to completely remove these species from the anion-

exchange membrane or that these ions were deposited on the membrane surface after the 

last chronopotentiometric evaluation. 

The peaks at 1463.8 and 1365.4 cm−1 are present in both spectra and are related to 

the -CH2- [33,36,37]. A decrease in the intensity of the peak at 1463.8 cm−1 can be noted 

after the membrane use, which occurred due to its degradation. Conversely, the intensity 

of the peak at 1365.4 cm−1 increased. This may be a consequence of the presence of a 

species composed of EDTA. In line with our results, Esteban et al. [38] found a band 

assigned to N-H+ deformation at 1364 cm−1 in the solid sample of EDTA disodium salt. 

From 1365.4 to 750 cm−1, all the bands showed higher intensity after the 

membrane use, which may be attributed to fouling occurrence. At 1261.3 cm−1, a new 

band was observed. In general, this peak is attributed to the C-O [39] or C-N stretching 

vibrations [40]. However, this may also be related to the deposition of any species with 

EDTA, since Lanigan and Pidsosny [41] evaluated a sample of EDTA and found a peak 

at 1262 cm−1 related to -COO−. At 1224.7 cm−1, there is a peak for both anion-exchange 

membranes and this corresponds to the N-C stretching vibrations from the quaternary 

ammonium functional sites [42]. 

A peak is present at 1091.6 cm−1 only for the used membrane. Lanigan and 

Pidsosny [41] found a peak at 1109 cm−1 associated with the Cu-EDTA complex. Besides, 

the authors verified that the complexation of EDTA with Cu2+ or Zn2+ leads to a shift in 

the bands, and the shift degree depends on the ionic or covalent character of the complex 

formed. As the peak obtained at 1091.6 cm−1 is close to that found by Lanigan and 

Pidsosny [41] (1109 cm−1), the appearance of this band may be a consequence of the 

formation of a complex of EDTA with copper or zinc ions. Besides, the results from 

Esteban et al. [38] support this suggestion, since they found a peak at 1090 cm−1, which 

corresponds to the C-N asymmetric stretching of an EDTA disodium salt sample. 



At 1033.7 cm−1 the band is present in the virgin membrane and in the used one, 

but its intensity is greater in the latter. For the virgin membrane, this peak is related to the 

ν(N-C) stretching vibrations from the quaternary ammonium functional sites [43], 

whereas for the used one, this is also related to the fouling occurrence. Lanigan and 

Pidsosny [41] found a peak at 1020 cm−1 related to the δOH(COOH) present in a sample 

of EDTA disodium salt. Sawyer and Mckinnie [35] found a peak at 1025 cm−1 that 

corresponds to the -COO- of the complex of EDTA with copper ions. Hence, the greater 

intensity of the band at 1033.7 cm−1 in the used membrane may be due to a complex with 

metals and EDTA, besides the ν(N-C) stretching vibrations from the quaternary 

ammonium.  

The bands at 975.9, 889.1 and 858.2 cm−1 are present in both AEMs and are 

associated with the C-H presence [34,44,45]. The peak at 827.4 cm−1 also corresponds to 

the C-H and is present only in the virgin membrane, which suggests its degradation after 

its use. Lastly, the peak at 802.3 cm−1, in general, is also related to the C-H, but as it is 

present only in the used membrane, this may be related to the deposition of insoluble 

species or metal complexes. 

 

3.3.2. Cation-exchange membrane  

The infrared spectra for the virgin and cleaned cation-exchange membrane after 

electrodialysis is shown in Fig. 8.  

 

 
Figure 8. IR spectra of the virgin cation-exchange membrane and after 344 hours of 

electrodialysis + three cleaning steps. 
 



The peak at 3623.8 cm−1 corresponds to the OH stretching [46] and is present only 

in the virgin membrane, since it was degraded after being used. The bands at 2916 cm−1 

and 2848.5 cm−1 correspond to the νas,sCH2, respectively [33]. For the CEM, these peaks 

did not show lower intensities after the membrane usage, as verified for the AEM. This 

may be explained by the lower degradation of the CEM than the AEM due to the different 

species that crossed each membrane. Besides, the higher degradation of the fixed groups 

of the AEM may be a consequence of the current induced membrane discharge (CIMD) 

effect. In this case, the hydroxyl ions may have caused the decomposition of the 

quaternary groups [23,47], and this phenomenon does not occur at CEMs. These results 

are in accordance with the chronopotentiometric curves shown in Section 3.2. 

The peak at 2349 cm−1 is related to the CO2 present in the air [40]. The band at 

1739.6 cm−1 corresponds to the C=O stretching [48,49] and for the used membrane, a 

decrease in its intensity was verified. Both CEMs showed a peak related to the bending 

of -CH2- at 1463.8 cm−1, whereas only the virgin membrane presented a peak related to 

the CH2 group at 1436.8 cm−1 [36,42]. A peak at 1365.4 cm−1 was observed for both 

membranes and this corresponds to δC-H [37]. 

The first peak that appeared only for the used CEM can be seen at 1261.3 cm−1. 

Sawyer and Mckinnie [35] found a peak at 1260 cm−1, which was associated with the -

COO- group or C-N bond present in a sample of EDTA disodium salt. Besides, the 

authors found a peak at 1255 cm−1 that was related to the -COO− group present in a Cu-

EDTA complex. Hence, the peak at 1261.3 cm−1 found in the present work suggests 

fouling/scaling occurrence. 

At 1170.7 cm−1, a peak that corresponds to the –SO3 – functional groups was 

verified for the virgin and used CEM with the same intensity. At 1097.4 cm−1, another 

band was obtained only for the used membrane, which also suggests fouling/scaling. 

Sawyer and Mckinnie [35] found a peak at 1110 cm−1 associated with the C-N present in 

a complex of Zn-EDTA and a peak at 1120 cm−1 related to the C-N present in a sample 

of EDTA disodium salt. As discussed for the AEM in Section 3.3.1, the complexation of 

EDTA with Cu2+ or Zn2+ ions leads to a shift in the bands, and the shift degree depends 

on the ionic or covalent character of the complex formed [41]. Hence, the peak at 1170.7 

cm−1 may be related to any insoluble species, probably with EDTA. 

The bands at 1037.6 cm−1 and 1008.7 cm−1 correspond to the –SO3 functional 

groups [42,44] and are present in the spectra of both CEMs, but with higher intensity for 

the used membrane. These peaks may be related to the fouling/scaling occurrence, since 



Wang et al. [50] found a peak at 1043 cm−1 assigned to the νas(C-N) present in a sample 

of EDTA, whereas Lanigan and Pidsosny [41] found a peak at 1008 cm−1 assigned to νC-

C(CH2COOH). The peaks at 902.6 cm−1 and 800.4 cm−1 are present only in the used 

CEM, which may be also associated with the agglomeration of complex species with 

EDTA. This is supported by the work of Lanigan and Pidsosny [41], since they found a 

peak at 915 cm−1 related to the νC-C(CH2COO−) present in a sample of EDTA disodium 

salt. 

Finally, the bands at 833.2 cm−1 and 773.4 cm−1 are present only in the spectra of 

the virgin CEM, indicating its degradation after its use. Both peaks correspond to the C-

H bending [51–53]. In general, the AEM showed more peaks related to degradation and 

fouling occurrence than the CEM, which is in accordance with the results from 

chronopotentiometry. 

 

3.4. SEM/EDS analysis 

 

Scanning electron microscopy (SEM) analysis was conducted after the cleaning 

procedure for evaluating modifications in the structure of the anion- and cation-exchange 

membranes. Energy dispersive spectroscopy (EDS) analysis was also performed through 

point scan for qualitatively characterizing the samples. The SEM images are present in 

Fig. 9 for the anion-exchange membrane HDX200 and in Fig. 10 for the cation-exchange 

membrane HDX100.  

 

     
Figure 9. SEM images of the a) virgin anion-exchange membrane HDX200 (655 μm) 

and after 344 h of electrodialysis + three cleaning steps at b) 653 μm and c) 
108 μm. 

 



    
Figure 10. SEM images of the a) virgin cation-exchange membrane HDX100 (655 μm) 

and after 344 h of electrodialysis + three cleaning steps at b) 659 μm and c) 
107 μm. 

 

Both membranes have their structure characterized by clearly distinct conductive 

and nonconductive regions, since there are dispersed agglomerates of ion-exchange 

particles typical of heterogeneous membranes. Nonconductive regions are shown at point 

1 of Figs. 9(a,b,c) and 10 (a,b,c), whereas conductive regions with functional groups are 

presented at point 2 of Figs. 9a and 10a. Point 2 of Figs. 9b and 10b also show conductive 

regions in the membranes after electrodialysis but, in this case, the EDS analysis showed 

the presence of some species agglomerated on the fixed charges. The results on EDS 

analyses are provided in the Supplementary Information. 

For the AEM, the species agglomerated can be clearly seen in Fig. 9c (point 2) 

and are composed mainly of zinc, which may be present as an oxide (ZnO) or complexed 

with EDTA [Zn(EDTA)2− or Zn(EDTA) OH3−]. The presence of an agglomerate of zinc 

at the AEM is a consequence of the inefficiency of the cleaning procedure for removing 

the scaled/fouled species or due to the last chronopotentiometric test performed after the 

3rd cleaning. These results support those presented in the FTIR-ATR analysis. 

For the cation-exchange membrane, the agglomeration of species at the fixed 

charges is shown in Fig. 10c; at point 2, the functional group can be seen, whereas at point 

3 an agglomerate of sodium is shown. Sodium was attracted to the fixed charges since the 

membrane cleaning was conducted with NaOH solutions. 

Lastly, the degradation of the polymer structure was also observed; points 3 of 

Figs. 9b and 10b show some cavities, which appeared because of the exposure of the 

membranes to the extremely alkaline solutions [54]. These cavities are present exactly on 

the fixed charges, which means that the concentration of active functional groups was 

reduced in both membranes. The presence of these cavities finally confirms the results 



obtained in the evaluation of current-voltage and chronopotentiometric curves, since a 

decrease in the fraction of conductive area of the membranes was suggested. Some 

authors reported that membrane ageing affects the polymeric chains more than the ion-

exchange groups, which leads to the loss of permselectivity [55,56]. Hence, the use of 1.0 

mol NaOH·L−1 solution is not recommended for the cleaning of ion-exchange membranes 

used in electrodialysis for treating wastewaters from electroplating industries. 

 

4. Conclusions 

In this work, we evaluated the effects of a three-stage chemical cleaning on the 

properties of heterogeneous cation- and anion-exchange membranes previously used in 

the treatment, by electrodialysis, of synthetic effluents of the electroplating industry. The 

membranes were used to treat alkaline solutions containing zinc, copper and EDTA, and 

were cleaned afterwards in successive stages using increasing concentrations of NaOH 

(0.1 mol·L−1, 0.5 mol·L−1 and 1.0 mol·L−1). 

Alterations in the membrane structure and changes in ion transport through the 

membranes as a result of the chemical cleaning were evaluated by means of 

chronopotentiometry, FTIR-ATR and SEM/EDS. The electrochemical measurements 

reveal a general decrease in the performance of both membranes as a consequence of the 

long-term electrodialysis process: ilim values decrease, while the ohmic resistances 

increase notoriously. These results demonstrate the relevance of the cleaning strategy to 

ensure a satisfactory performance over long-term membrane usage. 

Regarding the AEM, the 1st cleaning step conducted with mild NaOH solutions 

(0.1 mol·L−1) was the most useful in restoring the initial ilim, since the ilim of the virgin 

membranes was practically recovered. 

The 1st cleaning caused a decrease of the ohmic and overlimiting resistances, 

which reached values 47% and 55% lower than those of the used membranes, 

respectively. Nonetheless, the values of R1 after the cleaning were still far from those 

obtained with the virgin membranes. Contrariwise, the second (0.5 mol·L−1) and mainly 

the third cleaning step (1.0 mol·L−1) caused an increase in the ohmic resistance and a 

decline in limiting current density. The registration of high values of ohmic potential drop 

after the 2nd and 3rd cleaning supports the hypothesis that de-activation of ion-exchange 

sites by the alkaline solutions takes place. Besides, the degradation of quaternary amine 

groups into tertiary ones may favor water dissociation at the surface of the AEM. 



The electrochemical characterization of the CEM after the successive treatments 

evidence that degradation of this membrane is not of the same magnitude as that observed 

for the AEM. In this case, the results were similar after cleaning with the three NaOH 

solutions. Although the values of ilim were substantially recovered after the cleaning with 

0.1 mol·L−1 NaOH, the decrease in membrane resistance was very slight. These results 

may reveal that OH− ions are not able to penetrate into the inner membrane structure and 

remove internal fouling efficiently, which can be explained by the exclusion of membrane 

co-ions by the sulfonic groups. Further cleanings with more concentrate solutions do not 

improve membrane performance and could increase material degradation. 

FTIR-ATR spectra showed several peaks related to degradation and 

fouling/scaling occurrence especially for the AEM. In general, the peaks are related to 

the deposition of complexes composed of EDTA with copper and zinc ions. Lastly, SEM 

images and EDS analysis confirmed the degradation of the membranes and agglomeration 

of metallic species, mainly at the AEM. The presence of cavities on the fixed charges 

confirmed the reduction of active functional groups of the membranes and, consequently, 

their fraction of conductive area. The cleaning with mild alkaline solutions (0.1 mol·L−1 

NaOH) provides the most satisfactory balance between high degree of performance 

recovery and low risk of membrane degradation. 
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