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Abstract: The structural degradation of an anion-exchange membrane used on the separation 17 

of phosphate from sulfate ions at overlimiting current density conditions was investigated. To 18 

this, the chemical structure changes, apparent counterion transport number, limiting current 19 

density, the apparent fraction of surface conductive regions, degree of hydrophobicity, 20 

membrane resistance and conductivity, morphology and thermal degradation profile were 21 

studied for the original and used samples of the anion-exchange membrane. The results showed 22 

that the degradation of the membrane fixed ion groups and structural polymer backbone 23 

affected the ionic transport conditions, reducing its apparent permselectivity and fraction of 24 

conductive regions. Also, the increase in the hydrophobicity degree together with the formation 25 

of cavities observed in the membrane surface may be responsible for the alteration of membrane 26 

conductivity, leading to a higher limiting current density value and a decrease in the plateau 27 

length.  28 

 29 

Keywords: phosphate recovery, overlimiting conditions, ion-exchange membrane 30 

characterization, ionic transport properties, membrane deterioration 31 

 32 

Highlights:  33 

• Anion-exchange membrane was investigated before and after the separation process.  34 

• Degradation of the membrane functional groups and polymer backbone was reported. 35 

• The degraded membrane exhibited a lower counterion transport number. 36 

• The plateau length was shortened by surface hydrophobization and cavities formation. 37 

• The involvement of co-ions may cause an increase in water content in used membrane.38 
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1. Introduction 39 

 40 

The imminent phosphate rocks scarcity has fostered the need to remove and recover 41 

phosphorus from alternative sources, such as municipal wastewater [1,2]. In addition to 42 

controlling eutrophication, it is estimated that 15 to 20 % of global phosphate rock demand 43 

could be met through phosphorus recovery from municipal wastewater [3]. A well-studied and 44 

accepted technique for that purpose is precipitation/crystallization, in which the reaction 45 

between phosphate and calcium or magnesium compounds forms, respectively, hydroxyapatite 46 

[Ca5(OH)(PO4)
3
] or struvite [MgNH4PO4∙6H2O] [4]. However, its application is still 47 

challenging, since municipal wastewater usually reports a low P concentration, between 4 to 40 48 

mg L-1, together with the presence of coexisting ions, which may affect the induction time [5,6]. 49 

Electrodialysis can be considered an emerging alternative to overcome these limitations 50 

[7]. With little or no use of chemical reagents, this technology may allow the recovery of 51 

phosphate through the use of different experimental arrangements [8] and membranes with 52 

special characteristics [9,10]. Recently, a phosphate concentrated solution was obtained by an 53 

electrodialysis setup with 5 compartments operated in two stages [11]. In the first stage, the 54 

phosphate and coexisting ions of a solution simulating a municipal wastewater were 55 

concentrated up to a factor of 9.7 using a current density smaller than the limiting one (i < ilim). 56 

Then, the phosphate ions were separated from sulfate and sodium ions by the usage of 57 

overlimiting conditions, in which the promoted intensive coupled effects of concentration 58 

polarization were able to suppress the transport of phosphate ions through the anion-exchange 59 

membrane by the formation of phosphoric acid (H3PO4) or PO4
3- ions. This process was able to 60 

obtain a solution with a phosphate concentration higher than 100 mg L-1 and a low 61 

sulfate/phosphate ratio (approximately 2) – considered adequate by Liu et. al. [6].  However, 62 

this separation process conducted to significant alterations in the functional groups of the anion-63 
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exchange membrane, with a transformation of the quaternary ammonium groups into tertiary 64 

amines.  65 

Along with this, other membrane structure alterations may be reported, affecting its 66 

ionic transport conditions. Aging experiments with sodium hypochlorite [12] reported 67 

degradation of the quaternary ammonium groups of the membrane, together with a chain 68 

scission of its polymeric backbone throughout 700 h. After 2 years, Ghalloussi et. al. [13] 69 

observed the loss of functional sites of the anion-exchange membrane, decreasing its specific 70 

electrical conductivity. With experiments under intense current density regimes, Zabolotskiy 71 

et. al. [14] stated that the conversion of quaternary ammonium to tertiary/secondary amine 72 

groups promoted the water splitting reaction, altering the transport conditions of OH- and salt 73 

ions. Also, it was observed a change in membrane resistance and permselectivity, and in the 74 

length of the plateau in polarization curves [15]. 75 

With the clarification of the mass transfer phenomena and mechanisms at i > ilim [16], 76 

the use of an intense current density value may enhance the transfer of ions [17] together with 77 

a decrease in the treatment time [18] and the effective area of the membrane, as well as promote 78 

the separation of ions with the same charge, such as phosphate and sulfate [11]. However, as 79 

mentioned before, it may affect the ion-exchange membrane attributes. In this context, the 80 

objective of this work is to evaluate the structural alterations of a commercial anion-exchange 81 

membrane subjected to the separation of phosphate and sulfate ions promoted at overlimiting 82 

conditions. Characterization techniques were conducted, and the properties of the original and 83 

used anion-exchange membrane were compared. From this, it is expected that a better 84 

understanding of the degradation process, as well as its influence on mass transport 85 

mechanisms, may help on the application and/or development of anion-exchange membranes 86 

that make viable the separation of phosphate from sulfate ions at overlimiting conditions, 87 

allowing the recovery of this important nutrient from municipal wastewater. 88 
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 89 

2. Experimental 90 

 91 

The experiments to separate phosphate from sulfate ions were carried out with the same 92 

methodology used in Rotta et. al. [11]. A 5-compartment electrodialysis cell was employed, 93 

with 2 pairs of Chinese membranes with 16 cm2 of effective area, supplied by Hidrodex®, 94 

alternately arranged to separate the compartments. The anion-exchange membrane, IONSEP-95 

HC-A, contains quaternary ammonium groups as fixed ion-exchange sites, while the cation-96 

exchange membrane, IONSEP-HC-C, has SO3
- as attached sites. Both membranes have a 97 

heterogeneous structure, in which an ion-exchange resin containing the functional groups and 98 

fixed in a polymeric polyethylene matrix is pressed into a film form, reinforced by two nylon 99 

meshes [18,19]. As the anode and cathode of the cell, commercial Ti/70TiO230RuO2 electrodes 100 

were used. Three reservoirs with 0.5 L were employed to feed the cell: the diluted reservoir 101 

received a solution with 0.116 g L-1 Na2HPO4‧7H2O, 0.085 g L-1 NaH2PO4‧H2O, and 5.2 g L-1 102 

Na2SO4; the concentrated and electrode reservoirs were filled with Na2SO4 solutions with 5.2 g 103 

L-1 and 8.0 g L-1, respectively. The experiments were done in triplicate, at room temperature 104 

and galvanostatic mode for 4 h, applying a current density value of 25.0 mA cm-2 105 

(corresponding to 125 % of the ilim, previously obtained by polarization curves). 106 

After this, the original and used anion-exchange membranes were characterized. 107 

Chemical structure changes, apparent counterion transport number, limiting current density and 108 

mass transport mechanisms, the apparent fraction of surface conductive regions, degree of 109 

hydrophobicity, membrane resistance and conductivity, morphology and thermal degradation 110 

profile were analyzed and compared.  111 

To identify possible structural changes in the membrane, FTIR-HATR spectra were 112 

obtained. The sample preparation was similar to previous studies [11], where the membrane 113 
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was dried at 40 °C under a vacuum of 400 mmHg for 5 h and then kept in a desiccator for at 114 

least 48 h. The FTIR spectra were recorded by a Perkin Elmer Spectrum 1000 115 

spectrophotometer after 32 scans between a wavenumber range of 4000-400 cm-1 and with a 116 

resolution of 4 cm-1.  117 

The apparent counterion transport number of the anion-exchange membrane was 118 

determined by the EMF method [20,21] using a 2-compartment electrodialysis cell at room 119 

temperature and in triplicate. Since this method also depends on the water transport across the 120 

membrane, the term “apparent counterion transport number” will be used to express the results. 121 

Before the analysis, a sample of the membrane with an effective area of 1 cm2 was equilibrated 122 

at a 0.01 M NaCl solution for at least 24 h. After this, the sample was placed between the two 123 

compartments of the cell – one filled with a 0.05 M NaCl solution (C1) and the other with a 124 

0.01 M NaCl solution (C2), both mechanically stirred. The membrane potential (𝐸𝑚) was 125 

recorded for 1 h using two Ag/AgCl reference electrodes immersed in luggin capillaries, 126 

installed at each side of the membrane and connected at an Autolab PGSTAT302 127 

potentiostat/galvanostat. The stationary value of 𝐸𝑚 was recorded and employed to calculate 128 

the apparent counterion transport number (𝑡𝑗
𝑚) using Equation (1).  129 

𝑡𝑗
𝑚 = (

1

2
) × (

(𝐸𝑚 × 𝐹)

𝑅𝑇 × ln (
𝐶1
𝐶2)

+ 1) (1)  

where: F is the Faraday constant (96485.3 C mol-1), R is the universal gas constant (8,314 J K-130 

1 mol-1) and T is the absolute temperature (298,15 K). 131 

The limiting current density value and mass transport mechanisms were evaluated 132 

through polarization and chronopotentiometric curves. To this, chronopotentiometry 133 

experiments were conducted using a circular electrodialysis cell with 3 compartments, similar 134 

to that previously described and presented by Marder et. al. [22]. Each compartment was filled 135 

with 220 mL of a 0.025 M NaCl solution to avoid additional concentration gradients. A 3.14 136 
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cm2 anion-exchange membrane was placed between anodic and diluted compartments. To 137 

minimize the effects of cathode reactions, a cation-exchange membrane separated the diluted 138 

and cathodic compartment. Both membranes were equilibrated with the 0.025 M NaCl solution 139 

for at least 24 h. The current was imposed by the potentiostat/galvanostat plugged between 2 140 

graphite electrodes in a range of 0.001 – 0.030 A, and the potential value of the anion-exchange 141 

membrane was monitored by the reference electrodes. A pre-established value of current (i) 142 

was applied for 120 s and the membrane potential value (Um) was automatically measured. 143 

After this, a system diffusion relaxation time (120 s) was carried out and recorded before the 144 

next value of current. The polarization curves were obtained by plotting each applied value of 145 

i versus Um, considering the value of membrane potential right before relaxation time. In turn, 146 

the chronopotentiometric curves were represented by Um versus experimental time for each 147 

value of current. 148 

The fraction of surface conductive regions was calculated using Equation (2). This is a 149 

Sand modified equation proposed by Choi and Moon [23,24] to include the heterogeneity of 150 

ion-exchange membranes, considering the current line perpendicular to the membrane surface 151 

and an infinitely large diffusion layer – normally not met. In heterogeneous surfaces, this 1D 152 

model may present some inconsistency, since it does not consider the deviations of current lines 153 

occurred [25], which may condense in the conductive regions and create a funneling effect [26]. 154 

Regarding the analysis of chronopotentiometric results, this model still gives valuable 155 

information. When high values of current density are applied (i > 1.5ilim for homogeneous 156 

membranes [25]), the solution mixing by convective vortices in the membrane/solution 157 

interface should comply with the Sand theory of infinitely large diffusion layer. In 158 

heterogeneous membranes, the appearance of a second transition time (attributed to the time 159 

when critically low values of concentration are reached at the whole surface of the membrane, 160 

i.e., conductive and non-conductive region) may be equivalent to the Choi-Moon transition time 161 
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[27]. Thus, the fraction of conductive area determined is called “apparent fraction of surface 162 

conductive area” (𝜀), and only the values of the second transition time for values of i > 1.5ilim 163 

are considered. The values were plotted versus i-2, obtaining a linear correlation passing through 164 

the origin (𝑦 = 𝛼 × 𝑥 + 𝛽, with 𝛽 = 0), where the slope of the curve was used to obtain 𝜀 when 165 

knowing the 𝑡𝑗
𝑚 values from Equation (1). 166 

τ = (
𝜋 × 𝐷

4
) × (

𝜀 × 𝑧 × 𝐹 × 𝐶0

𝑡𝑗
𝑚 − 𝑡𝑗

𝑠 )

2

× (
1

𝑖
)

2

 (2)  

where D is the diffusion coefficient of NaCl solution (1.609 × 10-5 cm2 s-1), z is the counterion 167 

charge, C0 is the salt concentration in the solution (0.025 M) and tj
s (0.604) is the transport 168 

number of Cl- ions in the solution phase [28]. 169 

The degree of hydrophobicity of the membrane was determined by measuring the 170 

contact angle by the sessile drop method. A drop of water of approximately 3 µL was deposited 171 

at a vertical distance of 0.7 cm using the Drop Shape Analyzer (Kruss®, DSA30). Before the 172 

analysis, excess water was removed from the membrane with filter paper [29], immobilizing it 173 

on a platform in the flat position.  The images of at least 8 depositions of droplets spread 174 

horizontally on the membrane surface were captured with a high-resolution camera and then 175 

imported in the Surftens software to determine the value of the contact angle [30]. The 176 

measurements were made at room temperature and in triplicate. 177 

The membrane resistance and conductivity were accomplished on an impedance 178 

analyzer (Solartron®, 1260), at a scan frequency range of 1 Hz and 10 µHz. Before the 179 

experiments, the membranes were equilibrated in a solution of 0.01 M NaCl for 24 hours. The 180 

membrane sample was fixed between two stainless steel electrodes, with a distance of 0.916 181 

cm, and inserted into the electrochemical cell at a temperature of 20 °C and relative humidity 182 

of 100%  [31]. With the Zplot® software, the data were represented in the Nyquist plot, where 183 

the value of membrane resistance (Rm) is obtained from the real impedance value when the 184 
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imaginary part is equal to zero [32]. Then, the membrane conductivity value (km, S cm-1) may 185 

be calculated with Equation (3), being a function of membrane area (A, cm2) and resistance 186 

(Rm, Ω), as well as the distance between both electrodes (d, cm).  187 

𝑘𝑚 =  
𝑑

𝑅𝑚 × 𝐴
 (3)  

The analysis of morphology and relief of the membrane was carried out using a scanning 188 

electron microscope (Phenon ProX), operated at 10 kV. To prevent any surface modification, 189 

the membrane was arranged in a sample holder without metallization.  190 

The thermal degradation profile of the anion-exchange membrane was obtained using a 191 

Thermogravimetric Analyzer (TA Instruments, Q50). The sample was heated from room 192 

temperature up to a maximum of 940 °C at a rate of 20 °C min-1 in a controlled N2 atmosphere. 193 

 194 

3. Results and Discussion 195 

 196 

The electrodialysis results presented a similar behavior to the observed in Rotta et. al. 197 

[11] and can be seen in the Supplementary Materials. As expected, the use of electrodialysis at 198 

overlimiting current density restricted the transport of phosphate ions through the ion-exchange 199 

membrane after the first hour of experiments (see Figure S1 and Figure S2), allowing its 200 

separation from sulfate ions. Such current density condition may boost coupled effects of 201 

concentration polarization at the interface between the anion-exchange membrane and diluted 202 

solution (evidenced by the increase in membrane potential, Figure S3), leading to the generation 203 

of H+ and OH- from water splitting, together with the protonation-deprotonation of phosphate 204 

species. However, this condition causes a degradation in the functional groups of the anion-205 

exchange membrane, as briefly presented by FTIR/ATR spectra in the previous study. 206 

 New spectra obtained in the presented work also indicated a possible deterioration of 207 

the structural mesh of the membrane. Divided into six main regions, Figure 1 presents the 208 
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FTIR/ATR spectra for samples of (a) original and (b) used anion-exchange membrane. The 209 

absorption peaks presented in regions (1), (3), and (6) are similar for both membrane samples. 210 

They may be attributed to the ν stretches (region 1, peaks at 2915 and 2845 cm-1) and δ 211 

deformations (peaks at 1465 cm-1 and 718 cm-1 in regions 3 and 6, respectively) of the C-H 212 

bonds of its polymeric polyethylene matrix. The absorption peak at 1715 cm-1 in the region (2), 213 

reported only for the original membrane, may refer to the ν(C=O) stretching vibrations present 214 

in the nylon meshes, used as structural reinforcement. The absence of this peak in the used 215 

membrane spectrum may indicate structural changes in this mesh resulting from hydrolysis 216 

reactions in the C-N-C bonds, catalyzed by the reduction of pH values in the membrane/diluted 217 

solution interface and/or the increase in pH in the solution presented in the concentration 218 

compartment [33] – as presented by Figure S4 of the Supplementary Materials. According to 219 

Garcia-Vasquez et. al. [34], this could explain the change in the coloration of the membrane 220 

after its usage to separate phosphate and sulfate ions, reported in Rotta et. al. [11]. 221 

 222 
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Figure 1. FTIR spectra for (a) original and (b) used anion-exchange membrane. Region (1), 

(3) and (6) are related to the ν stretches (peaks at 2915 and 2845 cm-1) and δ deformations 

(peaks at 1465 cm-1 and 718 cm-1) of the C-H bonds of membrane polymeric polyethylene 

matrix. Region (2) refers to the ν(C=O) stretching vibrations (peak at 1715 cm-1) of 

structural reinforcement nylon meshes. Region (4) with a peak at 1230 cm-1 is related to the 

quaternary ammonium groups. Region (5) may be associated with tertiary amine groups, 

peak at 1050 cm-1.  

 223 

The differences between the original and used membrane can also be noted in regions 224 

(4) and (5), associated with the membrane functional groups. The spectra of the original 225 

membrane presented a peak at 1230 cm-1 (region 4), related to the quaternary ammonium groups 226 

of the anion-exchange membrane [12]. For the used membrane, the peak at this wavelength was 227 

suppressed and a new peak at 1050 cm-1 in the region (5) was detected, indicating that original 228 

functional groups (–NR3
+) were partially transformed into tertiary amine groups in the 229 

membrane structure [15]. As mentioned before, the hydrolysis of the functional groups was also 230 

observed in Rotta et. al. [11], and may be due to the direct action of OH- ions produced in the 231 
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water splitting reaction and protonation/deprotonation of phosphate species. Although it is 232 

known that the protonation/deprotonation reaction may occur also at underlimiting current 233 

density conditions when working with ampholyte-containing solutions [35], the high electric 234 

field applied to successfully promote the separation of phosphate from sulfate ions may 235 

intensify this reaction, together with the coupled effects of concentration polarization (such as 236 

water splitting) [15,36,37], and indirectly affect the degradation of the functional groups. It is 237 

important to highlight that the uncertainties about the commercial anion-exchange membrane 238 

baseline materials, such as the ion-exchange resin of the IONSEP-HC-A, prevent the prediction 239 

of the specific degradation mechanism [38], which can be by the Hofmann elimination (or E2 240 

elimination), nucleophilic substitution (SN2 mechanism), E1 elimination as well as other 241 

degradation routes [38–41].  242 

As discussed before, these structural changes may significantly influence the conditions 243 

of ionic transport through the membrane. To complement this information, the apparent 244 

counterion transport number was firstly evaluated. This parameter may be defined as the total 245 

current density fraction carried by the counterions crossing the membrane [42], ideally equal to 246 

1. Using Eq. 1, the apparent counterion transport number (𝑡𝑗
𝑚) of the original membrane 247 

reported an average value of 0.996 ± 0.001, whereas for the used membrane an average 𝑡𝑗
𝑚 = 248 

0.934 ± 0.001 was obtained. The reduction of this parameter for the used membrane may 249 

indicate an increase in the current density fraction carried by co-ions and an increase in water 250 

transport across the membrane. 251 

The presence of parallel reactions such as water dissociation in the membrane/solution 252 

interface may also affect counterion transport number values. According to Simons’ catalytic 253 

theory [43,44], weakly-based functional groups, such as tertiary amines, have a catalytic effect 254 

on water dissociation via reversible protonation and deprotonation reactions, presented in 255 

Equations (4) and (5), with B as a weak base.  256 
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𝐵 + 𝐻2𝑂 ↔ 𝐵𝐻+ + 𝑂𝐻− (4)  

𝐵𝐻+ + 𝐻2𝑂 ↔ 𝐵 + 𝐻3𝑂+ (5)  

Wang et. al. [45] point out that this is observed due to the lower ion-exchange capacity 257 

of these functional groups. As a result of an unsatisfactory current density conduction demand, 258 

the authors affirm that water dissociation takes place and lower limiting current density (ilim) 259 

values are reported. Choi and Moon [15] also state that the OH- ions generated in the water 260 

dissociation may neutralize the tertiary amine groups present in the internal solution of the 261 

membrane, contributing to the reduction of the ilim value and the extension of the plateau 262 

observed in polarization curves. 263 

A typical polarization curve can be divided into three well-defined regions [35]. The 264 

first region shows a linear dependence between current density and potential values in a quasi-265 

ohmic behavior, the second region is defined by an inclined plateau associated with a limiting 266 

state, and the third region is associated with overlimiting mass transfer mechanisms, such as 267 

water splitting and electroconvection. Despite presenting a conventional shape, the polarization 268 

curves (Figure 2) obtained in the present study showed different behavior in terms of ilim values 269 

and plateau length. As can be seen in Figure 2(a), the original membrane presented an ilim,AEM 270 

value of 2.142 mA cm-2, while the used membrane (Figure 2(b)) reported an ilim,AEM = 2.396 271 

mA cm-2. Also, a decrease in the plateau extension of the used membrane is observed, which 272 

means that mass transfer mechanisms related to the third region of the polarization curve are 273 

reached at a lower potential value, approximately 2.242 V, against 2.631 V of the original 274 

membrane. The catalytic effect of tertiary amine groups in the water dissociation may have a 275 

contribution in reducing the plateau length, but it would not explain the increase in the ilim 276 

values – discussed together with the results of chronopotentiometric curves. 277 

 278 
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Figure 2. Polarization curves for (a) original and (b) used anion-exchange membrane 

  279 

The chronopotentiometric curves for the original and used membrane are shown in 280 

Figure 3. For both membranes, at i < ilim, the chronopotentiometric curves presented a similar 281 

shape, characteristic of heterogeneous ion-exchange membranes [46]. With the increase of the 282 

applied current value, the appearance of inflection points as a result of the concentration 283 

polarization, characteristic of chronopotentiometric curves at i > ilim, can be observed. The 284 

presence of these inflection points occurred at different current values for both membranes, in 285 

agreement with the polarization curves data. For the original sample of the membrane, Figure 286 

3(a), an inflection point at current values ≥ 0.008 A (corresponding to 2.548 mA cm-2) can 287 
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already be noted, while for the used membrane (Figure 3(b)) this behavior is only observed for 288 

values ≥ 0.010 A (or 3.185 mA cm-2). 289 

 290 

 

Figure 3. Chronopotentiometric curves for (a) original and (b) used anion-exchange 

membrane 

 291 

The format of chronopotentiometric curves at i > ilim values may provide important 292 

information about the overlimiting mass transport mechanisms [47]. For both membrane 293 
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3(a)), decreasing its values along the time until reaching a stationary state. Gally et. al. [48] 295 

attributed this behavior to the formation of new ionic species at the membrane/solution 296 

interface, as well as to the transfer of co-ions across the membrane, indicating the presence of 297 

water splitting and loss of permselectivity. The absence of a plateau after the current switch off 298 

indicated no fouling and/or bipolar character of the membrane [22].  299 

From the transition time (τ) data of the obtained chronopotentiometric curves at 300 

overlimiting conditions, the apparent fraction of surface conductive regions (𝜀) was calculated 301 

from the linearizing curves shown in Figure 4.. Considering a slope (𝛼) value of 391.73, the 302 

original membrane presented an apparent fraction of conductive regions of 0.905, that is, one 303 

can consider that 90.50 % of the apparent membrane surface area is composed of ion-304 

exchanging sites. This value is consistent with the obtained by Nagarale et. al. [50], Kim et. al. 305 

[51] and Martí-Calatayud et. al. [52] for anion- and cation-exchange membranes with different 306 

degrees of functionalization. For the used membrane, the linearized curve presented a higher 307 

slope (𝛼 = 421.42), which may be translated to a reduction in the apparent degree of 308 

functionalization to values of approximately 79.01 %. This behavior may be associated with 309 

elimination mechanisms that may take place, as well as a possible neutralization of tertiary 310 

amine groups by OH- generated by water splitting, as already discussed.  311 

 312 
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Figure 4. τ × 𝑖−2 linearization curves for original (black line) and used (blue line) anion-

exchange membrane 

 313 

Ideally, a lower ɛ value would result in a reduction of the ilim and an extension in the 314 

plateau of polarization curves [45], which was not reported in this study. This behavior may be 315 

associated with three main factors related to the membrane [53–56]. The first is the loss of 316 

permselectivity (directly related to the reported decrease in the apparent transport number), with 317 

the diffusion and electromigration of co-ions across the membrane delaying the polarization 318 

limiting state and, consequently, increasing the ilim value. The second one, the degree of 319 

hydrophobicity, may influence the ionic transfer rate, since with higher degrees of 320 

hydrophobicity, there will be lower attraction forces between the solution and membrane, 321 

reducing the slow-down effect and facilitating the flow of ions [53,56]. The third is the 322 

formation of cavities or undulations in micrometric scales on the membrane surface, which may 323 

promote and/or intensify the formation of electroconvective vortices, responsible for renewing 324 

the scarce ion solution at the membrane/solution interface, at lower voltage values – 325 

diminishing the plateau length. It is important to note that possible water splitting at the 326 
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of these electroconvective vortices, given the formation of additional charge carriers (H+ and 328 

OH- ions) in this region [57]. 329 

To evaluate the degree of hydrophobicity of the membrane, contact angle (θ) 330 

experiments were conducted. As can be seen in Figure 5, the used membrane presented a higher 331 

hydrophobicity character, with an average contact angle value of (87.27 ± 1.13) °, compared to 332 

the original membrane, which reported an average θ = (80.81 ± 1.68) °. This change in the 333 

hydrophobicity degree may be related to the degradation of the functional conductive groups 334 

of the membrane, and the consequent removal of its surface by the solution flow [53]. Thus, the 335 

fraction of a relatively hydrophobic polymer on the membrane surface is increased together 336 

with the degree of hydrophobicity, facilitating the ionic flow as mentioned before.  337 

 338 

 

Figure 5. The contact angle of (a) original and (b) used anion-exchange membrane 

 339 

Regarding the formation of cavities on the membrane surface, scanning electron 340 

microscopy (SEM) images were obtained. Figure 6 shows different SEM images of the original 341 

and used membrane surface at 500x and 1000x of magnification, where can be observed its 342 

heterogeneity with the random distribution of conductive areas in a non-conductive polymeric 343 

matrix. In SEM images of the original membrane presented in Figure 6(a-b), small irregularities 344 

near the functional groups are observed, probably associated with the manufacturing process. 345 
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However, when the SEM images of the used membrane are analyzed (Figure 6(c-d)), it can be 346 

noted several holes and cavities on the membrane surface and the worsening of irregularities 347 

inherent to the fabrication process. This behavior may be associated with the exposure of the 348 

membrane to high current density values and a possible temperature increase at the 349 

membrane/solution interface [12,34,58]. Although is difficult to determine the temperature in 350 

this interface, Choi and Moon [15] affirm that an increase in the temperature solution is inherent 351 

to the electrodialysis treatment. Also, the authors report that this process may be intensified 352 

when operating at overlimiting current density conditions, considering the relation between the 353 

Joulean heat and the remarkably high field strength present in the membrane/solution interface.  354 
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Figure 6. Scanning electron microscopy images of the surface of (a-b) original and (c-d) 

used anion-exchange membrane 500x and 1000x of magnification  

 355 

The presence of these cavities can directly influence the ion-exchange membrane 356 

resistance and conductivity. Garcia-Vasquez et. al. [12] reported an increase in the value of 357 

conductivity of homogeneous anion- and cation-exchange membrane (AMX and CMX, 358 

respectively) and heterogeneous MK40 membrane after 100 h of exposure to a sodium 359 

hypochlorite solution. The authors attributed this behavior to the formation of cavities and holes 360 

due to the polymer chain scissions, which are a result of the subtraction of the polymer backbone 361 
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α-hydrogen by hydroxyl radicals. These imperfections may increase the intergel fraction of the 362 

membrane, allowing higher external electrolyte solution permeability and co-ions sorption, to 363 

the detriment of permselectivity and the Donnan Exclusion effect [59,60].  364 

The resistance (Rm) of the original and used IONSEP-HC-A membrane was determined 365 

by electrochemical impedance spectroscopy experiments, presented in Figure 7, and its 366 

conductivity (k) was calculated using Equation (3). The original anion-exchange membrane 367 

showed an average electrical resistance of (4.30 ± 0.03) kΩ, equivalent to an average electrical 368 

conductivity value (k) of (3.53 ± 0.04) mS cm-1 – value in accordance with the obtained by 369 

Bhadja et. al. [61]. In turn, the used membrane reported a relatively lower average electrical 370 

resistance value, Rm = (3.19 ± 0.13) kΩ and, consequently, a higher average conductivity, k = 371 

(4.40 ± 0.19) mS cm-1. This difference confirms the influence of cavities in the polymeric matrix 372 

of the membrane on its electrical conductivity behavior. Another hypothesis to the increase in 373 

membrane conductivity is the ampholyte nature of the solution, reported by Sarapulova et. al. 374 

[36]. With the increase in OH- in the internal solution of the membrane due to associated effects 375 

of concentration polarization, the singly charged phosphate species may be transformed to the 376 

double charged species in the membrane bulk solution, increasing its conductivity values.   377 

 378 
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Figure 7. Nyquist plots of original (black line) and used (blue line) anion-exchange 

membranes 

 379 

Also, the thermal-oxidative stability of the membrane was evaluated through 380 

thermogravimetric analysis (TGA). As can be seen in Figure 8, both membrane samples 381 

presented three mass-loss events. Concerning the original membrane (Figure 8(a)), the first 382 

event occurred at temperatures below 100 °C may refer to the evaporation of membrane water 383 

content [62], and represented an average mass loss of (32.50 ± 2.15) %. The second event, 384 

between a range of temperatures of 200 °C – 340 °C and with an average mass loss of (13.10 ± 385 

0.20) %, is related to the degradation of the functional groups of the ion-exchange membrane 386 

[12]. The third event, responsible for the main amount of mass loss, an average value of (50.24 387 

± 1.95) %, occurred at temperatures higher than 340 °C and may be linked to the degradation 388 

of the polymeric matrix [63]. The mass loss events of the used membrane were reported at 389 

similar temperature ranges, with (38.91 ± 1.06) % of average mass loss linked to water 390 
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evaporation, (11.51 ± 0.20) % to the functional group degradation and (43.62 ± 0.37) % related 391 

to the polymeric matrix. 392 

 393 

 

Figure 8. Thermogravimetric curves of (a) original and (b) used anion-exchange membrane. 

The first event (1) is related to the evaporation of membrane water content. The second 

event (2) may be linked to the degradation of functional groups. The third event (3) is 

associated to the degradation of the membrane polymeric matrix.  

 394 

Comparing both membranes, it can be noted slight changes in the values of TGA events. 395 

The increase in used membrane water content, despite presenting a higher degree of 396 

hydrophobicity, may be related to the involvement of co-ions [64]. The increase in intergel 397 

fraction with the presence of external electrolyte solution in cavities may impacts the 398 

permselectivity and Donnan Exclusion effect, as already reported, and the sorption of co-ions 399 

may contribute to increasing the water content and membrane thickness, which increased from 400 

(0.705 ± 0.002) mm to (0.758 ± 0.003) mm. Regarding the functional groups and polymeric 401 

matrix deterioration, the decrease in its values may be linked to the alteration of the structural 402 
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mesh of the used membrane, in addition to the formation of cavities on its surface. Also, it is 403 

important to note the presence of approximately 2 % of mass residues on the TGA curve of the 404 

original membrane, a condition that may be related to the presence of non-volatile inorganic 405 

ions in the membrane structure, probably due to the manufacturing process [65]. A simple 406 

equilibration of the membrane with the working solution can mitigate this effect. 407 

The degradation of the IONSEP-HC-A membrane structure hindered its performance 408 

and application in the separation of phosphate from sulfate ions at i > ilim. The stability at high 409 

pH values generally presented by anion-exchange membranes is a constant challenge also in 410 

AEM electrolyzer operation [41,66], and significant advances have already been achieved by 411 

studying different types of reinforcement materials, polymer backbone, and the use of inorganic 412 

nanocomposites in the membrane structure [67–69]. In this bias, future studies may focus on 413 

the application and/or development of alkali-resistant anion-exchange membranes suitable for 414 

the separation of phosphate and sulfate ions at overlimiting conditions.  415 

 416 

4. Conclusions 417 

 418 

Through the separation of phosphate and sulfate at overlimiting conditions, the results 419 

showed not only a degradation of the membrane functional groups, but also in its structural 420 

mesh and polymeric matrix. These events impacted the transport properties of the membrane, 421 

reducing its apparent permselectivity, as well as stimulating coupled effects of concentration 422 

polarization at the membrane/solution interface. The relation between apparent conductive 423 

region fractions, limiting current density value, and the length of the plateau of polarization 424 

curves presented a tendency contrary to the literature, which may be linked to an increase in the 425 

degree of hydrophobicity and the formation of holes/cavities in the polymeric matrix. These 426 
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events may restrict the anion-exchange membrane lifetime, as well as its applicability in 427 

phosphate/sulfate separation at overlimiting conditions. 428 
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