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Abstract 17 

We performed chlorination experiments to understand the impact of hypochlorite exposure on 18 

both cation exchange membranes (CEMs) and anion exchange membranes (AEMs) regarding 19 

their properties and performance in a reverse electrodialysis (RED) stack. Changes in 20 

membrane morphology, surface elemental composition and chemical bounding suggested the 21 

chlorine incorporation in the form of C-Cl bonds and side-chain cleavage of –SO3
- or –NR3

+ 22 

containing molecular fractions. These observations were further supported by observed 23 

increases in hydrophobicity and decreases in fixed charged groups of the membranes, 24 

respectively. Compared to CEMs, AEMs were less chlorine resistant such that the development 25 

of more extensive cracks in the membrane structure further increased water content and 26 

dramatically decreased membrane conductivity. The performance of both chlorinated CEMs 27 

and AEMs were tested in an RED stack and the results showed the reduced RED power density 28 

was largely attributed to the deteriorated electrical properties of AEMs.  29 

 30 

Keywords: Reverse electrodialysis (RED); Salinity gradient power (SGP); Ion exchange 31 

membrane; Sodium hypochlorite; Chlorination mechanism;   32 
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1. Introduction  33 

When 1 m3 of freshwater is mixed with seawater, a Gibbs free energy of approximately 0.8 34 

kWh is released [1-4]. This energy, arising from the salinity difference between the two aqueous 35 

solutions, is commonly known as osmotic energy or salinity gradient power (SGP) and is 36 

considered as an emerging form of renewable energy. One mainstream technology to harvest 37 

SGP is reverse electrodialysis (RED), in which ionic current formed under the concentration 38 

difference driving force is converted into electricity [2, 3, 5]. Recently, an RED pilot has 39 

demonstrated a power production of 330 W utilizing real saline solutions from saltworks [6]. 40 

With further development of membranes of high power density as well as novel RED processes 41 

[], SGP production can be potentially competitive against alternative renewable energy sources. 42 

 43 

Membrane fouling is a serious issue in RED. The use of seawater, river water, and/or treated 44 

wastewater in RED processes can cause colloidal fouling, organic fouling, and bio-fouling, 45 

resulting in a significant reduction in achievable power density [7-9]. Several anti-fouling 46 

strategies have been reported in the context of RED, including operational measures (e.g., 47 

feedwater reversal and air sparging [10]), improved water feed channels to achieve more 48 

uniform flow distribution [11], and membrane surface modification [12]. In addition, chemical 49 

cleaning can play an important role in restoring membrane performance. One of the most 50 

commonly used cleaning agents is hypochlorite. Although its use in RED has not been reported 51 

yet, hypochlorite has been widely used in removing biofouling and organic fouling in 52 
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membrane bioreactors [13] and membrane filtration processes [14-16]. The use of hypochlorite 53 

in cleaning electrodialysis (ED) membranes has also recently been studied [17]. Nevertheless, 54 

frequent cleaning of ion exchange membranes (IEMs) could alter the chemical structure of the 55 

membranes as well as adversely affect their electrochemical performance [17]. Studies in the 56 

context of ED have been focused on the membrane aging effect under chlorine exposure and 57 

the development of chlorine resistant IEMs [{Pretz, 1999 #2273}]. The lack of detailed studies 58 

on hypochlorite cleaning in RED calls for systematic investigations on the interaction 59 

mechanism of hypochlorite and IEMs and therefore the RED power performance. 60 

 61 

In this study, we investigated the effects of sodium hypochlorite exposure on the chemical 62 

structure and electrochemical properties of IEMs and their performance in RED. Our study 63 

may provide important insights into the underlying mechanisms of IEM chlorination. 64 

  65 

2.Materials and Methods 66 

2.1 Chemicals and Materials    67 

The commercial cation exchange membrane (CEM) and anion exchange membrane (AEM) 68 

used in the current study were SelemionTM CMV® and AMV® (AGC Engineering CO., LTD, 69 

Japan). Both CMV and AMV were homogeneous membranes. The molecular structures of 70 

these membranes are shown in Fig. 1. According to the manufacturer, CMV is made by cross-71 

linking polystyrene (PS) and divinylbenzene (DVB) on a substrate fabric of polyvinyl chloride 72 
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(PVC) cloth, followed by sulfonation in concentrated sulfuric acid. AMV is made by 73 

crosslinking PS, DVB and chloromethylstyrene (CMS) on a PVC cloth, followed by 74 

quaternization. Proprietary additives are also used during the membrane fabrication process. 75 

All the membranes were pre-soaked in deionized (DI) water for at least 24 h to remove any 76 

impurities from the manufacturing processes and stored in DI water at 4 °C. 77 

 78 

 79 

Fig. 1. Molecular structures of (a) virgin CEM with sulfonate functional group and (b) virgin AEM with quaternary 80 

ammonium functional group. 81 

 82 

All the chemicals used in this study were of analytical grade and were used as received. Sodium 83 

hypochlorite soaking solutions were prepared by diluting commercial concentrated 5% NaClO 84 

solution (Unichem Laboratories Ltd., Asia) with DI water. The total active chlorine 85 

concentration was determined through the standard iodometric titration method using sodium 86 

thiosulfate, and recorded as ppm of Cl equivalent [18].  87 

 88 
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2.2 Membrane chlorination protocol 89 

The chlorination procedures were adapted from Tang and coworkers [15, 19, 20]. Before each 90 

chlorination test, a membrane coupon with an area of 15×15 cm2 was dried with filter paper to 91 

remove access water on the membrane surface, and then pre-washed for about 1 min in a 92 

NaClO solution before being immersed into the chlorination solution. Both the pre-washing 93 

solution and chlorination solution had identical water chemistry (100, 1000 or 5000 ppm active 94 

chlorine at pH 7). Chlorination was performed in 1 L sealed bottle that was covered with 95 

aluminum foil to prevent chlorine degradation. The bottle was constantly shaken at room 96 

temperature (~ 25 °C) over the entire chlorination duration of 50 h. Both chlorine concentration 97 

and pH were monitored throughout the test, and NaClO was replenished accordingly to ensure 98 

that active chlorine concentration was at least 80 % of its initial value [20]. The chlorinated 99 

membrane coupon was rinsed with DI water thoroughly until the remaining chlorine 100 

concentration in the rinsed water was undetectable, avoiding any further reaction. Membrane 101 

electrochemical properties and swelling degree were examined on wet samples immediately 102 

after chlorination, while other chemical characterization (e.g., SEM, XPS, FTIR-ATR, contact 103 

angle) were performed on vacuum-dried samples.  104 

 105 

2.3 Membrane characterization 106 

2.3.1 Membrane surface morphology and chemistry characterization 107 

To obtain membrane surface and cross section morphology information, a field-emission 108 
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scanning electron microscope analysis (FE-SEM, Hitachi S-4800, Japan) was performed on 109 

dry membrane samples sputter-coated with a homogeneous layer of gold (SCD 005, BAL-TEC, 110 

NYC). The acceleration voltage of SEM micrographs was set at 5 kV. X-ray photoelectron 111 

spectroscopy (XPS) was employed to obtain elemental composition of the surface layer (top 1- 112 

5 nm thickness). XPS analysis was operated on PHI 5000C ESCA System (Physical electronics, 113 

Inc., U.S.) for 3 times per sample over a range of 0-1200 eV. Results were fitted using XPS 114 

Peak 4.1 software with background type of Linear. The information regarding membrane 115 

bonding chemistry was obtained by attenuated total reflection-fourier transform infrared (ATR-116 

FTIR) (Spectrometer 100, PerkinElmer Inc., U.S.). Each spectrum was averaged from 16 scans 117 

over a wave number range of 4000-500 cm-1. Water contact angle measurements were also 118 

conducted using a contact angle goniometer (Powereach, China). Each DI water droplet of 8 119 

μL was dripped on the membrane surface and stabilized for 10 s before measurement. At least 120 

5 parallel experiments were performed at different locations and the average value was reported.  121 

 122 

2.3.2 Membrane ion exchange capacity (IEC), swelling degree (SD) and fixed charge density 123 

(FCD) 124 

Most of the membrane properties and electrical performance are related to the type and 125 

concentration of fixed ionic groups in the membrane matrix and that of surrounding electrolytes. 126 

The transport of counter-ions (e.g., cations in terms of CEMs and anions in terms of AEMs) is 127 

realized by both of the counter-ions in electrical equilibrium with fixed charges and the free 128 
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counter-ions in excess to the membrane charge [21, 22]. The amount of counter-ions native to 129 

membrane inner surface is directly determined by the amount of fixed ionic charges attached 130 

to the membrane backbone, which can be evaluated as the IEC [22, 23]. Furthermore, the 131 

concentration and mobility of free counter-ions in the membrane matrix are influenced by the 132 

water uptake and swelling degree of membrane samples [24]. 133 

 134 

IEC can be evaluated as the milli-equivalents of functional groups per gram of dry membrane 135 

[24]. In this study, IEC was determined by titration of the counter-ions of the specific 136 

membranes (e.g. H+ for CMV and Cl- for AMV) [23, 24]. For CMV, membrane samples with 137 

an area of 3×3 cm2 were immersed in an excess amount of 1 M HCl over night at room 138 

temperature, with the soaking solution was refreshed at least two times to convert the 139 

membranes into H+ form. Afterwards, immersed membranes were thoroughly rinsed with DI 140 

water to remove the excess acid. Then the protons were exchanged into solution for titration 141 

by immersing the membranes in 2 M NaCl solution for 24 h (the soaking solution was refreshed 142 

two times to complete ion exchange). After collecting all the NaCl solutions, the acid titration 143 

was performed with 0.001 M NaOH solution. The mass of protons was directly related to the 144 

fixed charges in the ion exchange membranes. Finally, membrane samples were dried at 60 ºC 145 

overnight to measure their dry mass weight. Similarly, AMV samples were firstly immersed in 146 

an excess amount of 3 M NaCl (the solutions were changed for at least two times) overnight to 147 

turn the membranes into the Cl- form. Afterwards, membrane samples were rinsed in DI water 148 
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to eliminate access Cl-, and subsequently immersed in 3 M NaNO3 for 24 h (the solutions were 149 

replaced two times). The NaNO3 solutions were combined together and the corresponding 150 

chloride concentration was determined by ion exchange chromatography. The mass of chloride 151 

was used to determine the IEC of AMV. 152 

 153 

The water-uptake of an ion exchange membrane was evaluated in terms of swelling degree 154 

(SD), i.e., the ratio of the amounts of absorbed water to dry weight of the corresponding 155 

membrane samples (Eq. (1)): 156 

%100
−

=
dry

drywet

m

mm
SD                                                     (1)  157 

where m is the measured weight of membrane samples, the subscribe wet and dry indicates 158 

membrane state before and after drying. Before measuring SD values, membrane samples were 159 

pre-soaked in DI water for at least 48 h. Subsequently, they were wiped and pressed dried with 160 

filter paper. After measuring their wet weight (mwet), the membrane samples were dried in an 161 

oven at 40 °C overnight until a constant dry weight (mdry) was obtained.  162 

 163 

Fixed charge density (FCD) represents the charged groups concentration in terms of the water 164 

phase. It can be calculated from dividing IEC by SD as Eq. (2): 165 

SD

IEC
FCD =                                                               (2) 166 

 167 
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2.3.2 Membrane permselectivity 168 

The ability of ion exchange membrane to discriminate between counter-ions (i.e., cations for 169 

CEMs and anions for AEMs) and co-ions (i.e., anions for CEMs and cations for AEMs) can be 170 

quantified by permselectivity. Membrane permselectivity can be influenced by fixed charge 171 

groups density as the electrostatic exclusion of co-ions, as well as the water volume fraction 172 

due to the resulting dimensional structure (e.g., large water volume fraction denotes loose 173 

mechanical structure and lower cross-linking level) [23].  174 

 175 

The apparent permselectivity (α) can be measured from the ratio of electrical diffusion potential 176 

(Emeas) over the membrane sample separating solutions of different salinity and the 177 

corresponding theoretical value (Etheo) based on Nernst equation assuming a permselectivity of 178 

unity [24]: 179 

%100=
theo

meas

E

E


                                                         (3) 180 

 181 

As shown in the Fig. 2a, a characterization setup with two cells (each of 64 mL) was applied 182 

to measure the membrane permselectivity. A circular disk of membrane sample with an 183 

effective area of 3.14 cm2 was soaked in a 0.02 M NaCl solution overnight before being placed 184 

between the two cells. Two Ag/AgCl reference electrodes (CHI111, CH Instruments Inc.), 185 

located in Habber Luggin Capillaries filled with 3 M KCl, were applied for measuring the 186 
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voltage across the membrane. A concentrated solution of 0.6 M NaCl and a diluted solution of 187 

0.02 M NaCl were used in a high salinity (HS) and low salinity (LS) compartments, 188 

respectively. Each measurement was carried out for 5 min to obtain a steady state voltage 189 

reading.  190 

 191 

 192 

Fig. 2. Schematic diagram of an experimental setup for (a) membrane permselectivity characterization over a 193 

concentration gradient of HS and LS, (b) membrane resistance characterization in salt solution of specific 194 

concentrations. 195 

 196 
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2.3.4 Membrane resistance 197 

Membrane resistance was measured in solutions of constant concentration of 0.6 M or 0.1 M 198 

NaCl. The testing setup, in a six-compartment configuration (Fig. 2b), was adapted from the 199 

literatures [21, 24, 25]. A membrane sample of interest (circular disk of an active area of 3.14 200 

cm2) was installed in the middle of the reactor. Additional auxiliary CEMs (4 pieces, each of 201 

50.24 cm2) were used to separate the testing solution, buffer solution, and electrode solution in 202 

different compartments. The buffer solutions, which had identical composition to the testing 203 

solutions, were adopted to avoid the leakage of redox reaction products in the end 204 

compartments and to reduce the concentration fluctuation in the testing compartments. 205 

Platinum coated titanium electrodes (Magneto special anodes B.V. China) were situated in the 206 

two end compartments which were filled with 0.5 M Na2SO4 to avoid the formation of chlorine. 207 

All the solutions used in the reactor were circulated during operation at a constant flow rate of 208 

120 mL/min. During measurement, chronopotentiometry using direct current (DC) was 209 

performed with a series of current steps (e.g., 1-3 mA with an interval of 0.5 mA for 180 s) 210 

injected through platinum electrodes. The corresponding voltage drop across the testing 211 

membrane was continuously recorded with Ag/AgCl reference electrodes inserted Haber-212 

Luggin capillaries. The gross area resistance (Ω·cm2) was calculated as the slope of the 213 

polarization curve (current density on the x axis and voltage output on the y axis). The net 214 

membrane resistance was obtained by deducting the resistance of testing electrolytes, obtained 215 

from parallel blank test without the installation of the membrane, from the gross value [26].  216 
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                217 

2.4 RED performance testing 218 

To investigate the impacts of chlorination on RED performance, the chlorinated membranes 219 

and virgin membranes were tested in a lab-scale RED stack (Fig. 3) that was similar to what 220 

has been previously reported [27-30]. The stack consisted of five pairs of IEMs, each composed 221 

of one CEM, one AEM with spacers and gaskets in between for defining the feed flow channels 222 

between the membranes. The electrodes used in the stack were made of titanium meshes coated 223 

with Ru/Ir metal oxide (effective area of 10×10 cm2). Synthetic feed solutions of 0.6 M and 224 

0.02 M NaCl were used as HS solution and LS solution, respectively. Both HS and LS were 225 

fed to the stack at a constant rate of 70 mL/min. Meanwhile, an electrolyte containing 0.3 M 226 

NaCl, 0.05 M K4Fe(CN)6 and 0.05 M K3Fe(CN)6 was circulated through the electrode 227 

compartments at a flow rate of 60 mL/min [27]. Chronopotentiometry was conducted on the 228 

RED stack with a series of current steps (e.g., 4 A/m2-23 A/m2 with a current step of ~ 4 A/m2). 229 

The RED power density was determined as the product of the current density and the output 230 

voltage [31]. 231 

 232 

 233 

 234 

 235 
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 236 

Fig. 3. Schematic diagram of RED performance evaluation system [30]. 237 

 238 

3. Results and Discussion 239 

3.1 Changes in membrane morphology and chemistry due to chlorination  240 

3.1.1 Changes in membrane morphology 241 

Fig. 4 shows the surface and cross-section SEMs of virgin and chlorinated CEMs. The virgin 242 

CEM exhibited a flat, smooth and homogeneous surface with the exception of a few pinholes 243 

or local defects (Fig. 4a). Its cross-section (inset in Fig. 4e) showed an interpenetrating network 244 

of ion exchange polymer supported by the PVC substrate, consistent with the information 245 

provided by the manufacturer. Upon exposure to 100 – 5000 ppm hypochlorite solution for 50 246 

h, the membrane surface morphology was significantly altered. At lower hypochlorite 247 

concentrations (100 and 1000 ppm), localized cracks appeared (Fig. 4b and 4c). Further 248 
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increase of hypochlorite concentration to 5000 ppm resulted in the extensive development of 249 

cracks throughout the membrane, which was also accompanied with severe surface erosion 250 

(Fig. 4d). The corresponding cross-section image (inset of Fig. 4f) shows that the polymer 251 

coverage above the cloth became thinner, and the texture of PVC cloth can be clearly observed. 252 

The cross-sectional image at higher magnification (Fig. 4f) revealed the formation of numerous 253 

particles whose diameter was on the order of 100 - 200 nm, possibly attributed to the residue 254 

of polymer corrosion. Similar damages were also observed for the AEM upon chlorination (Fig. 255 

5). However, compared to the CEM, the AEM developed more extensive cracks at higher 256 

hypochlorite concentrations (1000 and 5000 ppm), indicating that the AEM was more sensitive 257 

to hypochlorite exposure. 258 

 259 

 260 

 261 
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 262 

Fig. 4. SEM images of membrane surface (a-d) and cross-section (e-f): virgin CEM (a, e) and CEM chlorinated in 100 263 

ppm (b), 1000 ppm (c), and 5000 ppm (d, f) for 50 h at pH 7. 264 

 265 

 266 

Fig. 5. SEM images of membrane surface (a-d) and cross-section (e-f): virgin AEM (a, e) and AEM chlorinated in 100 267 

ppm (b), 1000 ppm (c), and 5000 ppm (d, f) for 50 h at pH 7. 268 
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3.1.2 Changes in elemental composition and chemical bonding 269 

Table 1 presents the surface elemental composition of both virgin and chlorinated membranes. 270 

Despite the fact that the chemical structure of the CEM contained no nitrogen (Fig. 1a), XPS 271 

measurements showed 1.4 % N. According to the manufacturer, the nitrogen content in the 272 

CEM can be attributed to the residual –CN containing additives used in the membrane 273 

fabrication process. Both CEM and AEM virgin membranes contained small amount of 274 

chlorine due to the presence of the PVC fabric. Upon hypochlorite exposure, the amount of 275 

chlorine incorporated into both CEMs and AEMs increased at greater active chlorine 276 

concentrations. For the CEM, this increase in chlorine content was accompanied by a decrease 277 

of sulfur and oxygen contents, although the change in the Cl % was far more significant 278 

compared to those for S % and O %. These observations suggest the simultaneous incorporation 279 

of Cl into the chlorinated CEM and the cleavage of –SO3 containing molecular fractions from 280 

the polymer chains. Compared to the CEM, less additional chlorine was incorporated into the 281 

AEM (e.g., ~ 3 % increase for AEM vs. ~ 6.7 % increase in CEM at 5000 ppm hypochlorite 282 

concentration). The minor decrease of nitrogen content in the AEM may be caused by the loss 283 

of its quaternary ammonium functional groups during chlorination. 284 

 285 

 286 

 287 

 288 
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Table 1. Surface elemental composition of virgin and chlorinated ion exchange membranes upon hypochlorite exposure. 289 

Membrane 

type 

Chlorine 

concentration 

(ppm) a 

C (%) O (%) S (%) N (%) Cl (%) 

CEM c 0 75.4±1.6 19.4±2.0 2.27±0.0 1.38±1.1 1.40±0.7 

CEM c 100 74.8±2 18.6±2.3 1.8±0.2 2.6±0.5 1.9±0.1 

CEM c 1000 75.2±0.9 18.1±1.7 1.7±0.1 1.5±1.4 3.5±0.4 

CEM c 5000 74.4±3.6 16.2±0.9 1.3±0.2 N.D. b 8.1±3.1 

       

AEM d 0 75.0±3.5 20.3±4.1 N.D. b 2.5±0.7 2.1±0.1 

AEM d 100 75.7±4.9 20±5.8 N.D. b 2.1±0.3 2.2±0.7 

AEM d 1000 75.8±0.2 18.8±0.5 N.D. b 2.2±0.5 3.1±0.1 

AEM d 5000 74.9±0.9 18.2±2.5 N.D. b 1.6±0.7 5.1±1.3 

Notes:  290 

a. Chlorination was performed soaking the membranes in sodium hypochlorite solutions. The solution pH was 7 and the 291 

soaking duration was 50 h. 292 

b. The particular element was below the detection limit. N.D. stands for not detected. 293 

c. The CEM used in this study is SelemionTM CMV®  294 

d. The AEM used in this study is SelemionTM AMV®  295 

 296 

Fig. 6 shows the high resolution XPS spectra for the C 1s peak for the virgin and chlorinated 297 

membranes (5000 ppm × 50 h, pH 7). The shift in the binding energy relative to C-C (~ 285 298 

eV) indicates the chemical bonding environment of the carbon element, with a higher binding 299 

energy shift BE indicating a more highly oxidized state. For the CEM (Fig. 6a), the carbon 300 

peak was deconvoluted into C-C, C-S (BE = 1.1 eV), C-Cl (BE = 1.6 eV), and C=O (BE = 3.3 301 
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eV) [32, 33]. The apparent increased in C-Cl peak and the decrease in C-C peak upon 302 

chlorination suggests the formation of additional C-Cl bond with breaking of C-C bond (e.g., 303 

by possible chlorine attachment to the benzene ring [34]). The AEM shows a similar increase 304 

in the C-Cl bonds. This was accompanied with a reduction of the C-N peak (BE = 0.4 eV [33]), 305 

suggesting a possible detachment of ammonium functional groups from the membrane. 306 

 307 

Fig. 6. High resolution XPS spectra and deconvoluted peak assignments of C 1s spectra for (a) virgin CEM and 308 

chlorinated CEM (5000 ppm × 50 h, pH 7), (b) virgin AEM and chlorinated AEM (5000 ppm × 50 h, pH 7). The 309 

binding energy shift of C-N, C-S, C-Cl, C=O were 0.4 eV, 1.1 eV, 1.6 eV, 3.3 eV, respectively.  310 

 311 

Changes in chemical bonding and functional groups were characterized by ATR-FTIR over a 312 

wavenumber range of 4000-500 cm-1 (Fig. 7). The FTIR peak assignments and possible 313 

chlorination mechanisms are summarized in Table 2. The virgin CEM (Fig. 7a) presented a 314 
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typical FTIR spectrum that is characteristic to membranes made from PS and DVB on a PVC 315 

cloth [17]. In the high frequency region (4000-2000 cm-1), the broad band around 3700-3000 316 

cm-1 (assigned to O-H vibration [35]) decreased upon chlorination. This can be attributed to a 317 

reduction of bound water, which is consistent with the increased contact angle of the membrane 318 

(Section 3.2.1). The absorption peak at 2850 cm-1, corresponding to aliphatic C-H stretching 319 

vibration, disappeared after exposure to 5000 ppm hypochlorite, possibly due to the attack of 320 

membrane skeleton by chlorine. The weakening of band at 1640 cm-1, assigned to aromatic 321 

ring breathing mode [17], may suggest the possible detachment of aromatic rings (e.g., -322 

C6H5SO3
- side chain) and/or their attack by chlorine. These mechanisms are supported by XPS 323 

results showing reduced S % and O % (Table 1) and enhanced C-Cl peak (Fig. 6a). In addition, 324 

the reduced intensities for the peaks associated with the sulfonate groups (i.e., 1171 cm-1, 1123 325 

cm-1, 1035 cm-1, 1002 cm-1 for S-O, S=O and S-phenyl) may further support the mechanism of 326 

-C6H5SO3
- side chain cleavage.  327 

  328 
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Table 2. Summary of the peak assignments and possible chlorination mechanisms. 329 

Origin of the peaks 
Wavenumber 

(cm-1) 
Peak assignments Changes upon chlorination 

Bound water 3430 and 3380 O-H bending vibration [36] Weakened 

Aliphatic chain 2850 Aliphatic C-H stretching [17]  Disappeared 

PS-DVB material 3025, 704 Aromatic C-H stretching [37] Disappeared 

 1640, 1475 Aromatic ring breathing mode [17] Weakened 

 1980 C=C symmetric stretch [37] No obvious change  

Sulfonate 
1175, 1125, 

1035, 1007 
S-O, S=O, S-phenyl [37, 38] Weakened 

Quaternary 

ammonium 
1200-1250 C-N [17, 36] 

No obvious change, possibly due 

to peak overlapping  

Carbonyl group 1700 C=O [39, 40] Only appeared on AEM 

PVC cloth 2920 CH2 asymmetric stretching band [17, 36] Weakened 

 1427 CH2 bending deformation [41] No obvious change  

 1250 
C-H stretching when the carbon was 

bonded to a chlorine atom [42] 
No obvious change  

 604 C-Cl [42] Only strengthened on AEM 

 330 

Similar to the CEM membrane, the AEM membrane (Fig. 7b) had a reduced intensity in the 331 

peak around 3380 cm-1 (O-H stretching) after chlorination. The disappearance of the aromatic 332 

C-H stretching band at 3025 cm-1 and 704 cm-1 and a reduction of intensity of aromatic ring 333 

breathing mode at around 1475 cm-1 suggest the possible attack of the aromatic ring of the PS-334 

DVB material by chlorine. Meanwhile, the increased absorption intensity at 604 cm-1 may 335 

originate from the formation of new C-Cl bond. The characteristic absorption peaks for the 336 

quaternary ammonium groups were located at wave numbers of 1200-1250 cm-1 corresponded 337 

to the C-N stretching vibrations [17]. However, the bands overlapping around this frequency 338 

range make it difficult to distinguish between them. Furthermore, a new peak appeared at 1700 339 
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cm-1 that can be attributed to the band vibration of carbonyl groups [43]. 340 

 341 

Fig. 7. ATR-FTIR spectra of (a) CEM and (b) AEM chlorinated in 0 ppm, 100 ppm, 1000 ppm and 5000 ppm at pH 7 342 

for 50 h. 343 

 344 

3.2  Changes in membrane properties due to chlorination 345 

3.2.1 Changes in hydrophilicity, IEC, SD, FCD, and permselectivity  346 

Hydrophobicity of membrane samples, indicating the difficulty in wetting a membrane surface 347 

[19], were evaluated by contact angle measurement (Fig. 8a). Both CEMs and AEMs became 348 

more hydrophobic after treatment with hypochlorite solutions of higher concentrations. These 349 

observations agree well with the past publications that report that the incorporation of chlorine 350 

into a membrane hinders its wetting and leads to an increase in hydrophobicity [15, 44, 45]  351 

 352 

 353 
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Fig. 8. Contact angle (degree) (a), ion exchange capacity (IEC) (b), swelling degree (SD) (c) and fixed charge density 354 

(FCD) (d) of IEMs chlorinated in 0 ppm, 100 ppm, 1000 ppm and 5000 ppm at pH 7 for 50 h. 355 

 356 

Fig. 8b shows that the IEC of both CEM and AEM decreased as the total chlorine content 357 

increases, indicating a reduction of the fixed charge density of the membrane polymer upon 358 

chlorination. This observation is consistent with the proposed mechanism of chain cleavage of 359 

–SO3
- or –NR3

+ containing fractions from membrane matrix (Section 3.1.2).  360 

 361 
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The water uptake of the CEM membrane, reflected by its swelling degree, decreased slightly 362 

after chlorination (Fig. 8c). The decreased SD can be attributed to the increased hydrophobicity 363 

(Fig. 8a), which is further consistent with the decreased bond water reflected by ATR FT-IR 364 

spectra (Fig. 7a). Interestingly, the AEM membrane shows an opposite trend of increased SD 365 

at higher hypochlorite concentrations. Compared to CEM, the AEM membrane developed 366 

more extensive cracks, which can allow for greater penetration of bulk water into the membrane 367 

structure. The dominance of the effect of membrane structural damage over the effect of 368 

hydrophobicity may explain the increased water uptake by the AEM membrane. The values of 369 

FCD can be defined as the ratio of IEC over SD. The CEM membrane had a relative constant 370 

FCD value over 0-5000 ppm hypochlorite concentration. In contrast, the AEM membrane 371 

experienced a dramatic reduction of FCD from 11 to 5.8 meq/g, due to the simultaneous 372 

decreased IEC and increased water content. 373 

 374 

Greater permselectivity denotes the increased ability of an ion exchange membrane to 375 

discriminate between counter-ions and co-ions. In the current study, the permselectivity of the 376 

CEM and AEM mirrored the respective trends of FCD (Fig. 9). In particular, a dramatic loss of 377 

permselectivity of the AEM membrane occurred when the chlorine concentration was 378 

increased to 5000 ppm. This deterioration in permselectivity can be explained by the loss of 379 

charged functional groups combined with the severe damages to the membrane physical 380 

structure (e.g., cracks).  381 
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 382 

 383 

 384 

 385 

 386 

 387 

Fig. 9. Permselectivity of IEMs chlorinated in 0 ppm, 100 ppm, 1000 ppm and 5000 ppm at pH 7 for 50 h. 388 

 389 

3.2.2 Changes in membrane resistance  390 

The area resistance of both the CEM and AEM were evaluated in an electrolyte solution of 0.6 391 

M NaCl (Fig. 10a). The value for the CEM was relatively constant even under severe 392 

chlorination conditions. In contrast, the electrical resistance of the AEM was more than doubled 393 

after exposure to 5000 ppm hypochlorite. Such an increase in the electrical resistance can be 394 

explained by the extensive cracks developed in addition to the chlorine attack to the quaternary 395 

ammonium groups in the AEM under severe chlorination (Fig. 5d). The cracks in the membrane 396 

could hinder the transport of counter ions within the ion exchange membrane matrix. To 397 

confirm our hypothesis, we further tested both virgin and chlorinated AEM membranes in a 398 

less concentrated electrolyte solution containing 0.1 M NaCl (Fig. 10b). For the virgin 399 

membrane that had an intact physical structure, its electrical resistance in 0.1 M NaCl was 400 

comparable to that measured in 0.6 M NaCl. In contrast, the physically damaged membranes 401 
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(chlorinated at 1000 and 5000 ppm hypochlorite) showed a dramatic increase in electrical 402 

resistance when a lower concentration electrolyte solution was used. The filling of the cracks 403 

by a less concentrated electrolyte solution further suppresses the transport of counter-ions 404 

through the aqueous phase occupying the cracks, which enforces the ions to transport through 405 

a more tortuous route in the membrane matrix.    406 

 407 

Fig. 10. Ionic resistances of IEMs tested in 0.6 M NaCl (a), AEMs tested in 0.6 M NaCl and 0.1 M NaCl (b). Chlorination 408 

conditions: 0 ppm, 100 ppm, 1000 ppm and 5000 ppm at pH 7 for 50 h. 409 

 410 

3.3 Changes in the performance of an RED stack due to chlorination 411 

To explore the effects of chlorinated IEMs on RED performance, voltage (Fig. 11a) and power 412 

output (Fig. 11b) of an RED stack using virgin and/or chlorinated membranes were measured. 413 

The voltage output of the RED stack slightly reduced for IEMs with greater hypochlorite 414 

exposure in 0-5000 ppm, as a result of the decreased membrane permselectivity (Fig. 9). The 415 
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increased internal resistance of the RED stack (Fig. 11c), reflected by the slope of polarization 416 

curve, is consistent with the greater resistance of the IEMs after chlorination (section 3.2.2). 417 

The combined effects of reduced voltage and increased internal resistance caused a significant 418 

reduction in RED power density (Fig. 11b).    419 

 420 

Fig. 11. The polarization curve (a), the power production (b) and the corresponding internal resistance (c) of an RED 421 

stack with IEMs chlorinated in 0 ppm, 100 ppm, 1000 ppm and 5000 ppm at pH 7 for 50 h. The feed solutions were 422 

synthetic 0.02 M NaCl and 0.6 M NaCl. The operation temperature was about 25 °C. 423 

 424 

To further differentiate the roles of CEM chlorination vs. AEM chlorination, we included 425 
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additional RED performance tests where only CEMs (or AEMs) were chlorinated (Fig. 12). 426 

Compared to the control case with no chlorination, exposure of CEMs to 5000 ppm 427 

hypochlorite had little influence on the RED power performance. In contrast, chlorination of 428 

AEMs under otherwise identical conditions reduced the power density from 0.46 W/m2 to 0.39 429 

W/m2. Indeed, this reduced power density was nearly identical to that corresponding to the case 430 

where both CEMs and AEMs were chlorinated. The current results clearly suggest that the 431 

deteriorated power performance was mainly caused by AEM chlorination, which is also 432 

consistent with its lower chlorine resistance (Section 3.2.2). Thus, future studies shall focus the 433 

development of more chlorine-resistance AEM membranes. 434 

 435 

Fig. 12. The polarization curve (a) and the power production (b) of an RED stack with only CEMs or AEMs chlorinated 436 

in 5000 ppm at pH 7 for 50 h, virgin case with no chlorination and the case where both CEMs and AEMs chlorinated 437 

in 5000 ppm at pH 7 for 50 h. The feed solutions were synthetic 0.02 M NaCl and 0.6 M NaCl. The operation 438 

temperature was about 25 °C. 439 
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4. Conclusion 440 

In this study, the effects of hypochlorite exposure and corresponding chlorination mechanisms 441 

were investigated for both CEMs and AEMs. The surface morphology of both types of 442 

membranes were significantly altered upon hypochlorite exposure, and IEC of the membranes 443 

were adversely impacted as a result of the cleavage of –SO3
- containing fraction for CEMs or 444 

–NR3
+ containing fraction for AEMs. Compared to the CEM, the AEM in the current study 445 

was more prone to chlorination. The extensive development of cracks in the latter membrane 446 

dramatically increased its electrical resistance and reduced FCD and permselectivity, 447 

especially under severe chlorination conditions (e.g., 5000 ppm hypochlorite exposure). 448 

Consistent with its weaker chlorine resistance, RED performance tests revealed the dominant 449 

role of AEM chlorination on the power output. 450 

 451 

  452 
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