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Abstract 12 

During pressure retarded osmosis (PRO) operation, thin film composite (TFC) membranes are 13 

continuously exposed to chemicals present in the stream that can deteriorate the membrane’s 14 

selective layer with exposure time. Following this observation, TFC membranes are placed in 15 

controlled oxidative degradation conditions using aqueous NaOCl solutions. Active chlorine, 16 

along with heat, can thin out the dense layer and, when controlled and optimized, can tune the 17 

membrane surface properties and separation efficiency as desirable for specific applications. The 18 

chlorine oxidative degradation is optimized in terms of chlorine exposure (a factor of both 19 

exposure time and chemical dosage), solution pH, and the subsequent heating time. After the 20 

chemical modification process, the membrane surface properties were characterized and the PRO 21 

performance as well as the osmotic energy harvesting capability were determined. The modified 22 

membranes exhibited different levels of polyamide degradation and increase in water permeability, 23 

which came along with decrease in selectivity. Optimization of the chlorine oxidative degradation 24 

using response surface methodology was performed to maximize the water permeability and 25 

extractable osmotic power while keeping salt rejection satisfactory. After performing chlorine 26 

oxidation at the following optimized conditions: 3025 ppm Cl2·h, pH 10.72, and 3 min heating 27 

time, initial non-pressure retarded water flux of 73.2 L m-2 h-1, specific reverse solute flux of 1.17 28 

g L-1, and power density of 18.71 W m-2 (corresponding to water flux of 56.1 L m-2 h-1) at 12 bar 29 

were obtained using 0.6 M NaCl as draw and deionized water as feed. 30 
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1. Introduction 36 

Pressure retarded osmosis (PRO) is an osmotic-driven membrane process that has the potential to 37 

harvest renewable energy from the salinity difference between the two sides of the membrane. 38 

PRO uses the solute concentration difference between two streams of different salinities [1, 2]. 39 

The solution with low concentration of solute (feed solution, FS) passes through an asymmetric 40 

membrane towards the direction of the solution with higher solute concentration (draw solution, 41 

DS). Unlike in forward osmosis which applies little to no pressure, hydraulic pressure is applied 42 

on the DS side during PRO, against the direction of the solute concentration difference. This then 43 

impedes the flow of water from the FS toward the DS, hence naming the process pressure retarded 44 

osmosis. The mixing of the DS and FS leads to production of free energy, which can be converted 45 

into mechanical energy [3, 4]. 46 

 47 

PRO uses asymmetric semi-permeable membranes, which ideally should be highly porous and 48 

hydrophilic to maximize water permeability, highly selective against solute, and mechanically 49 

stable enough to withstand the application of hydraulic pressure during PRO operation [5]. PRO 50 

membranes are typically thin film composite (TFC) membranes, which consists of a porous 51 

support layer and a dense, selective thin film formed on the interface of the porous support [6]. 52 

Membrane properties are therefore crucial in the application of the PRO process for osmotic power 53 

generation.  54 

 55 

Surface modification is a convenient technique to alter the properties of TFC membranes. It 56 

changes the property of the membrane without changing the membrane fabrication process. 57 
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Properties of the membrane, such as hydrophilicity, surface roughness, surface porosity, and 58 

antifouling propensity, can be altered using surface modification techniques [7]. Modification of 59 

the polyamide selective layer can be made using a number of ways, which include molecular-level 60 

design [8], incorporation of nanomaterials [9, 10], polyelectrolyte layered interfacial 61 

polymerization [11, 12], surface coating or grafting [13], and chemical modification [14]. 62 

Chemical modification usually involves exposure of the polyamide selective layer on the 63 

modifying agent and removal of the remnant agent via evaporation or drying [7]. A number of 64 

chemical modification studies also required an activation step, usually through heating [15]. 65 

 66 

The chosen modifying process in this study is chemical modification using free chlorine. Free 67 

chlorine, a term coined for an aqueous solution containing hypochlorite (OCl-) and  is used 68 

generally for membrane recycling, particularly for end-of-life membranes [16]. TFC membranes 69 

typically have low tolerance to chlorine, such that resistance to  chlorine impact has become an 70 

important aspect to consider in manufacture of TFC membranes [17]. Chlorine exposure was found 71 

to lead to polyamide degradation, and the chlorine attack on the aromatic polyamide is known to 72 

be influenced by a number of factors, such as chlorine concentration, exposure time, pH, 73 

temperature, and pressure [18, 19]. While it had been proven that chlorine leads to deterioration of 74 

the polyamide, a controlled degree of chlorination was also found to enhance the membrane 75 

performance [20, 21]. Unlike other membrane modification techniques, chlorine modification was 76 

chosen due to its simplicity and its known effects on polyamide, which were controlled and 77 

exploited to tune the membrane transport properties. 78 

 79 
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In this study, factors influencing the heat-assisted chlorine oxidative reaction of the TFC 80 

polyamide layer, such as chlorine exposure, pH, and heating conditions. Optimization of these 81 

conditions is important to control the antagonistic effects of this modification treatment. To 82 

achieve optimization of these factors, response surface methodology (RSM), a statistical method 83 

typically used for experimental design, was employed. RSM  allows to determine the interactions 84 

and the quadratic effects of various factors in an experiment. Evaluation of the significance of 85 

individual experimental factors and optimization of  experimental conditions can also be 86 

performed using RSM [22]. A central composite design (CCD) contains center points and axial 87 

points, which allow estimation of the process response surface. 88 

 89 

Several research studies have been performed to elucidate the mechanism of chlorine oxidative 90 

degradation [21, 23, 24]. Although  these studies reported the mechanism of the chlorine oxidation, 91 

they did not consider the effect of other important factors, such as heat, which was explored in this 92 

work. To the best of the authors’ knowledge, this is also the first study using a systemic 93 

experimental design to determine the individual and synergistic effects of the chlorine oxidation 94 

factors and how each factor could affect the polyamide integrity and TFC membrane performance. 95 

This study acknowledges that chlorine oxidation would definitely result in a decrease in selectivity, 96 

and realizing the known trade-off of permeability and selectivity, chlorine oxidative conditions 97 

were optimized to find the adequate conditions to maximize water permeability, without totally 98 

sacrificing the membrane selectivity. 99 

 100 
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Unlike variation in chlorine exposure, heat treatment of membranes exposed in free chlorine was 101 

not adequately investigated. This study, therefore, aims to investigate the effect of different factors 102 

such as pH, chlorine exposure, and heat treatment time, on chlorine oxidative modification of PRO 103 

TFC membranes. RSM was employed to systematically develop a central composite face-centered 104 

experimental design for the determination of the optimal chlorine oxidative conditions that 105 

maximize the PRO TFC membrane water permeability and osmotic energy harvesting capability, 106 

while minimizing detrimental effects on salt rejection, as well as membrane strength and stability.  107 

 108 

2. Materials and Methods 109 

2.1. Materials 110 

Chlorine oxidative degradation was conducted on pristine flat sheet PRO TFC membrane (Toray, 111 

South Korea). All chemicals used in this study were used as received and without further treatment. 112 

Sodium hypochlorite (NaOCl, 10-15% available chlorine, Sigma-Aldrich, Australia). Sodium 113 

chloride (NaCl, Chem-Supply, Pty. Ltd., Australia) was employed for the evaluation of the 114 

membrane PRO performance. Deionized (DI) water used during the experiment was produced by 115 

an ultrapure water system (Milli-Q, Merck Millipore, USA). 116 

 117 

2.2. Chlorine oxidative degradation 118 

The TFC membranes used in this study were first cut into 5 cm x 8 cm coupons and rinsed with 119 

DI water prior to use. 4000 ppm Cl2 solutions were initially prepared with different pH levels. 120 

NaOCl was diluted in 0.1 M CH3COO- buffer, 0.1 M HPO4
-2/H2PO4

- buffer, and 0.1 M NaOH to 121 
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achieve pH levels of 5, 9, and 13, respectively. Chlorine exposure is a factor of the Cl2 122 

concentration, as well as the period of exposure, and is denoted in terms of ppm Cl2·h. Using a 123 

single 4000 ppm Cl2 solution, the period of membrane exposure was adjusted to vary the chlorine 124 

exposure. During the chlorine oxidation process, chlorine exposure was varied from 1000 to 4000 125 

ppm Cl2·h by exposing the polyamide selective layer of the membranes to 4000 ppm Cl2 solution 126 

for 15 to 60 min. The membranes exposed to Cl2 solution were afterwards heat-treated in an oven 127 

at 90 °C  for up to 10 min (some membranes were not subjected to heat treatment). After oxidation 128 

and the subsequent heat treatment, the membranes were rinsed with and stored in DI water until 129 

use.   130 

 131 

2.3. Optimization of chlorine oxidation using response surface methodology 132 

A central composite face-centered experimental design for the three factors (i.e. pH, chlorine 133 

exposure, and heat treatment period) was used in this study. The experimental design is shown in 134 

Table 1. A total of 15 experimental trials, consisted of eight trials for cubic points, six for axial 135 

points, and one center point, were performed in this study. The individual and synergistic effects 136 

of the oxidation and heat treatment factors were investigated. The performance of the treated 137 

membranes were compared with the pristine TFC PRO membrane (Sample 0). 138 

 139 

The responses and the synergistic influences of the experimental factors were correlated using the 140 

following general quadratic equation (Eq. (1)) [25]:  141 

𝒀 =  𝜷𝟎 +  ∑ 𝜷𝒊𝑿𝒊
𝒌
𝒊=𝟏 +  ∑ 𝜷𝒊𝒊𝑿𝒊

𝟐𝒌
𝒊=𝟏 +  ∑ 𝜷𝒊𝒋𝑿𝒊𝑿𝒋𝒊<𝒋       (1)  142 
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where Y is the response, β0 is the y-intercept, βi is the linear coefficient, βii is the quadratic 143 

coefficient, and βij is the interactive coefficient. Statistical analysis and modelling were conducted 144 

using Design-Expert software (Stat-Ease, USA). Two-dimensional contour plots showing the 145 

synergistic effects of the factors were also obtained from the software. 146 

 147 

Table 1. Full factorial central composite face-centered experimental design for chlorine oxidative 148 

degradation of membranes. 149 

Run Code Values Real Values 

X1 X2 X3 pH Heating Time 

(min) 

Cl2 Exposure 

(ppm Cl2·h) 

0 Pristine TFC membrane 

1 0 0 0 9 5 2500 

2 -1 -1 -1 5 0 1000 

3 +1 +1 +1 13 10 4000 

4 -1 +1 +1 5 10 4000 

5 -1 +1 -1 5 10 1000 

6 +1 -1 -1 13 0 1000 

7 -1 -1 +1 5 0 4000 

8 +1 +1 -1 13 10 1000 

9 +1 -1 +1 13 0 4000 

10 +1 0 0 13 5 2500 

11 -1 0 0 5 5 2500 

12 0 +1 0 9 10 2500 

13 0 -1 0 9 0 2500 

14 0 0 +1 9 5 4000 

15 0 0 -1 9 5 1000 

  150 

2.4. Membrane characterization 151 

The change in the membrane morphology was characterized using field emission scanning electron 152 

microscope (FESEM, JSF-7500F, JEOL, Tokyo, Japan) operated at an accelerating voltage of 5 153 

kV. Prior to analysis, the samples were sputter-coated with osmium [26]. The membrane surface 154 
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chemistry was also characterized, using attenuated total reflectance- Fourier transform infrared 155 

spectroscopy (ATR-FTIR, IRAffinity-1, Shimadzu, Australia) and X-ray photoelectron 156 

spectroscopy (XPS; JPS-9010 MC, JEOL) with monochromated Al Kα X-rays. Contact angle 157 

measurements were obtained using an optical tensiometer (Theta Lite 100, Biolin Scientific, 158 

Republic of Korea) to estimate the membrane surface hydrophilicity. Surface mean roughness of 159 

the membranes was measured by atomic force microscope (AFM, Dimension 3100, Bruker, 160 

Germany). Membrane thickness was evaluated using a digital micrometer (MDH-25M High-161 

Accuracy Digimatic Micrometer, Mitutoyo Corp., Japan) with an accuracy of ±0.5 μm by getting 162 

the average value of at least 5 measurements of the samples. 163 

 164 

Using the atomic composition analysis results using XPS, the O/N ratio could be determined and 165 

used to evaluate the degree of cross-linkage of the TFC PRO membranes. The O/N ratio, which is 166 

known to be inversely related to degree of cross-linkage, was calculated using these equations 167 

[27]: 168 

𝑎 + 𝑏 = 1           (2) 169 

𝑂

𝑁
=  

3𝑎+4𝑏

2𝑎+2𝑏
           (3) 170 

where a and b are the respective fractions of the cross-linked and linear portions of polyamide. 171 

 172 

2.5. Evaluation of membrane mechanical stability and determination of membrane intrinsic 173 

transport properties 174 
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Prior to osmotic tests, the membrane burst pressures were evaluated, following the method from 175 

our earlier study [28]. The membranes were subjected to an initial pressure of 2 bar with DI water 176 

facing the membrane active layer at a flow rate of 300 mL min-1. After stabilization for 20 min, 177 

the pressure was increased to 5 bar. The pressure was afterwards increased by an increment of 1 178 

bar, with 20 min stabilization in between each pressure, until membrane breakage occurred, 179 

signified by a huge increase in permeate weight. The membrane breakage pressure was defined as 180 

the membrane burst pressure. 181 

  182 

The pure water permeability coefficient (A) of the membranes were also determined using Eqs. (4) 183 

and (5) at a pressure of 5 bar [28]: 184 

𝑱𝒘 =  
∆𝑽

𝑨𝒎∆𝒕
           (4) 185 

𝑨 =  
𝑱𝒘

∆𝑷
           (5) 186 

where Jw is the water flux (L m-2 h-1), ΔV is the permeate volume (L), Am is the effective membrane 187 

area (m2), Δt is the operation time (h), and ΔP is the transmembrane pressure difference (bar). 188 

 189 

The salt rejection (R, %) of the chlorine oxidized TFC membranes was also evaluated. 2000 ppm 190 

NaCl solution was used as the feed during operation at 5 bar. The R value and the salt permeability 191 

coefficient (B) of the membranes were calculated using Eqs. (6) and (7): 192 

𝑹 =  (𝟏 −  
𝑪𝒑

𝑪𝒇
)  𝒙 𝟏𝟎𝟎 %         (6) 193 

𝑩 =  (
𝟏−𝑹

𝑹
) (∆𝑷 − ∆𝝅)𝑨         (7) 194 
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where Cp is the solute concentration of the permeate, Cf is the solute concentration of the feed, and 195 

Δπ is the osmotic pressure difference across the membrane. 196 

 197 

The membrane structure parameter (S, μm) of the TFC membranes was calculated by Eq. (8): 198 

𝐽𝑤 =
𝐷

 𝑆 
ln

𝐴 × 𝜋𝐷+𝐵

𝐴 × 𝜋𝐹+𝐽𝑤+𝐵
          (8) 199 

where D is the solute diffusion coefficient, and  πD and πF represent the respective osmotic 200 

pressures of the draw and feed solutions [3, 9]. 201 

  202 

2.6. Membrane osmotic performance testing 203 

Osmotic performance was used to evaluate the effect of chlorine oxidation on the membranes 204 

properties. The PRO performance of the membranes was tested using a bench-scale PRO system 205 

(Cheon Ha Heavy Industries Co. Ltd., Republic of Korea). 0.6 M NaCl was chosen as the DS, and 206 

DI water was used as FS. The membrane orientation was consistently AL-DS (active layer facing 207 

the DS stream) all throughout the study. The flow rate was set at 300 mL min-1 for both streams. 208 

The membranes were first operated for FO (no applied hydraulic pressure) and the pressure was 209 

increased in intervals and stabilized for 30 min for each pressure. The PRO water flux was 210 

calculated using Eq. (4). The maximum water flux value was obtained during the initial FO 211 

operation, during which no hydraulic pressure was applied. The reverse salt flux (Js, g m-2 h-1) was 212 

calculated using: 213 

𝑱𝒔 =  
∆(𝑪𝒕𝑽𝒕)

𝑨𝒎∆𝒕
           (9) 214 
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where Ct is the change in salt concentration and Vt is the change in feed volume at time t. Power 215 

density (W, W m-2) was determined using: 216 

𝑾 =  𝑱𝒘∆𝑷           (10) 217 

where ΔP is the pressure difference across the membrane. 218 

 219 

3. Results and Discussion 220 

3.1. Mechanism of chlorine oxidation 221 

The mechanistic approach of chemical modification is based on the interaction forces, such as π- 222 

π interactions and hydrogen bonding, between the chemical agent and the organic membrane 223 

surface, as shown in Scheme 1. Chlorine oxidation of the polyamide aromatic ring subsequently 224 

allows the deterioration of the H-bonds. The N-H bond is broken as a chlorinated N intermediate 225 

is formed due to replacing hydrogen by chlorine prior to the rearrangement into a chlorinated ring 226 

product. At harsh chlorine oxidation conditions, it is possible that bond cleavage at the chlorinated 227 

ring would occur. Also, breaking the polyamide H-bonds will  lead to increased rotational freedom 228 

of the polymer chains, which could contribute to increased water permeability [20]. 229 

 230 

Upon exposure to free chlorine, the amide nitrogen (-C(=O)-N=) is first chlorinated, then the 231 

chlorine moves towards the aromatic ring via the intramolecular Orton rearrangement mechanism 232 

[29]. Moreover, the amide group is simultaneously hydrolyzed during the process, producing 233 

carboxylate and either amine or ammonia. These groups are known to be more hydrophilic 234 

compared to polyamide, which enhances the membrane’s water permeability [30]. 235 
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 236 

Due to the hydrolysis of amide functional groups occurring during chlorine oxidation, the acyl 237 

groups of polyamide are dissociated into ionized species, making the polyamide layer looser and 238 

more susceptible to the passage of water molecules and hydrated ions. This is among the reasons 239 

why chlorine oxidation leads to enhancement of both water and solute permeability. This 240 

dissociation of the acyl groups can be facilitated further by heat treatment, resulting in scission 241 

and bond cleavage. 242 

 243 

 244 
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Scheme 1. The proposed mechanism of chlorine oxidative degradation and heat treatment on 245 

polyamide. 246 

 247 

3.2. Membrane characterization and intrinsic transport properties 248 

Polyamide degradation and the membrane surface chemistry was confirmed using ATR-FTIR 249 

spectroscopy. Figure 1 shows the (a) FTIR and (b) XPS spectra of the pristine PRO TFC membrane 250 

and three chosen representative membranes: membrane 2 (all factors corresponding to -1; pH 5, 251 

1000 ppm Cl2·h, no heating), membrane 1 (all factors corresponding to 0; pH 9, 2500 ppm Cl2·h, 252 

5 min heating), and membrane 3 (all factors corresponding to +1; pH 13, 4000 ppm Cl2·h, 10 min 253 

heating). Table 2 presents the surface elemental composition and the degree of cross-linkage of 254 

the pristine and representative modified PRO TFC membranes. 255 

 256 

Figure 1a shows the difference in the surface chemistry of the membranes treated at different 257 

chlorine oxidation severity, compared with the pristine PRO TFC membrane. The following peaks 258 

were observed to decrease in intensity as  severity increases: 1645 cm-1 corresponding to the C=O 259 

stretching of amide, 1590 cm-1 corresponding to the C=C stretching vibrations from aromatic 260 

polyamide, and 1541 cm-1 corresponding to the amide N—H bond. The strength decrease at these 261 

peaks indicates that the H-bonds of the amide groups are broken due to the chlorination of N [30, 262 

31]. These changes in the FTIR spectra indicate that there are changes in the intermolecular and 263 

intramolecular interactions of the TFC membranes [32]. All samples exhibited a small peak at 264 

around 1700 cm-1, which corresponds to carboxyl C=O. The change in intensity of the amide N-265 
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H stretching (approximately at 1540 cm-1) for all the modified TFC membranes evidently show 266 

the occurrence of Orton rearrangement as earlier explained and shown in Scheme 1. 267 

 268 

XPS analysis was conducted to further elucidate the effect of chlorine oxidation on the PRO TFC 269 

membrane surface chemical composition. Figure 1b shows the XPS wide-scan and narrow-scan 270 

spectra of the pristine and representative modified PRO TFC membranes. The C1s, O1s, and N1s 271 

peaks of all membranes observed from XPS analysis are attributed to the polyamide layer. The 272 

XPS spectra showed that the N1s peak intensity decreased for all modified membranes It can be 273 

noticed from Table 2, however, that the modified membranes exhibited higher surface oxygen 274 

content, which could be due to the deterioration of the acyl groups of polyamide during chlorine 275 

oxidation.  276 
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 277 

Figure 1. (a) FTIR and (b) XPS spectra of the pristine PRO TFC membrane and three chosen 278 

representative membranes with different severity of chlorine oxidative degradation conditions.  279 
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Table 2. Surface elemental composition and degree of cross-linkage of pristine and modified PRO 280 

TFC membranes. 281 

Sample C (%) N (%) O (%) O/N Degree of cross-linkage 

0 71.68 13.57 14.75 1.09 0.87 

1 69.76 12.23 18.01 1.47 0.43 

2 68.88 14.99 16.13 1.08 0.88 

3 66.63 12.54 20.83 1.66 0.26 

4 79.20 13.10 17.70 1.35 0.55 

5 67.79 14.86 17.35 1.17 0.76 

6 71.26 12.03 16.71 1.39 0.51 

7 68.82 14.27 16.91 1.19 0.74 

8 73.8 10.22 15.98 1.56 0.34 

9 68.48 12.93 18.59 1.44 0.46 

10 78.91 8.09 13.00 1.61 0.30 

11 73.14 11.66 15.20 1.30 0.61 

12 75.17 13.84 20.99 1.52 0.38 

13 68.11 14.10 17.79 1.26 0.65 

14 68.41 13.97 17.62 1.26 0.65 

15 66.26 14.20 19.54 1.38 0.52 

 282 

Hydrophilicity of the membranes were assessed through sessile drop contact angle measurements 283 

and the surface roughness of the pristine TFC membrane and three chosen representative 284 

membranes were evaluated using AFM, and the results of these characterizations are shown in 285 

Figure 2 and Table 3, respectively. Contact angle values significantly decreased after all 286 

chlorination experiments, indicating that the chlorine oxidation caused the polyamide rings to open 287 

and expose the hydrophilic functional groups on the TFC membrane surface. The increase in 288 

hydrophilicity after modification, as indicated by the decrease in water contact angle of the TFC 289 

membrane surface, show the various degrees of hydrolysis and oxidative degradation the TFC 290 

membranes have undergone due to the reaction with Cl2 and the subsequent heating. The slightly 291 

hydrophobic quality of the polyamide selective layer was proven by its water contact angle of 104º. 292 

After hydrolysis and oxidative degradation, the formation of the more hydrophilic functional 293 
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groups (Scheme 1) resulted in lower contact angle measurements, despite the marked decrease in 294 

surface roughness (Table 3).  295 

 296 

 297 

Figure 2. Sessile water contact angle measurements of the pristine TFC membrane and TFC 298 

membranes subjected to chlorine oxidative degradation.  299 
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Table 3. Surface roughness of pristine and modified PRO TFC membranes. 300 

Sample Ra (nm)  

0 10.6 ± 1.4 

1 8.7 ± 0.3 

2 8.4 ± 0.6 

3 7.5 ± 0.9 

4 9.2 ± 0.8 

5 8.6 ± 0.7 

6 7.8 ± 0.3  

7 8.1 ± 1.3  

8 9.2 ± 0.4 

9 6.5 ± 1.7 

10 7.7 ± 1.3 

11 8.9 ± 1.3 

12 8.2 ± 1.5 

13 7.6 ± 0.7 

14 7.8 ± 0.9 

15 8.9 ± 0.8 

 301 

Figure 3 shows the polyamide selective layer surface of the pristine PRO TFC membrane and three 302 

representative membranes with varying degree of severity of chlorine oxidative degradation 303 

conditions: membrane 2 (all factors corresponding to -1; pH 5, 1000 ppm Cl2·h, no heating), 304 

membrane 1 (all factors corresponding to 0; pH 9, 2500 ppm Cl2·h, 5 min heating), and membrane 305 

3 (all factors corresponding to +1; pH 13, 4000 ppm Cl2·h, 10 min heating). The complete FESEM 306 

images showing the surface morphology of the pristine and modified TFC membranes are shown 307 

in the Supplementary Information (Figure S1). 308 
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 309 

Figure 3. Surface morphology of the pristine PRO TFC membrane and three representative 310 

membranes with different severity of chlorine oxidative degradation conditions, as evaluated by 311 

FESEM imaging. 312 

 313 

The surface morphologies of the PRO TFC membranes shown in Figure 3 exhibit various degrees 314 

of polyamide degradation as the condition severity increased. The polyamide layer of the pristine 315 

TFC membrane exhibited a dense, ridge-and-valley structure, typically observed with the 316 

polyamide active layer. After modification, the polyamide layers of the modified TFC membranes 317 

exhibited looser and smooth structures, depending on the oxidation severity. The PRO TFC 318 

membrane treated at acidic pH, low free chlorine exposure and no heat treatment show almost 319 
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similar ridge-and-valley structure with that of the pristine PRO TFC membrane, indicating little to 320 

no degradation of the polyamide structure. As the severity of the chlorine oxidation conditions 321 

increase, we observe the loosening of the polyamide structure, indicating the damage sustained by 322 

the polyamide due to the degradation process. The TFC membrane treated at pH 9, 2500 ppm Cl2·h 323 

exposure, and 5 min heating showed smoother and melted-looking protrusions on the membrane 324 

surface. The same morphology was observed for a number of other membranes treated at 325 

intermediate chlorine oxidation severity, as shown from Figure S1. The membrane treated at the 326 

extreme chlorine oxidative degradation conditions (pH 13, 4000 ppm Cl2·h exposure, and 10 min 327 

heat treatment) was observed to sustain a high degree of polyamide degradation. The looser 328 

structure of the polyamide active layer observed from the modified TFC membranes could lead to 329 

more transportation spaces and less transport resistance [15], significantly affecting membrane 330 

performance, which will be discussed in detail in the succeeding subsections.  331 

 332 

3.3. Influence of chlorine oxidative degradation on TFC membrane stability 333 

The TFC membrane stability and mechanical properties were also evaluated. It is highly important 334 

to determine how the chemical treatment affects the stability of TFC PRO membranes and their 335 

ability to withstand the application of hydraulic pressure, especially that degradation occurs 336 

directly on the polyamide selective layer. 337 

 338 

An important aspect of this study is the inclusion of heat in the chlorine oxidation modification 339 

process. Prior to the implementation of the experimental design and optimization of heat-assisted 340 

chlorine oxidative treatment of the TFC membranes, chlorine oxidation was first carried out using 341 
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1000 ppm Cl2∙h exposure at pH 9, followed by heating for 5 min at different temperatures (50, 70, 342 

and 90ºC). Both membranes treated with chlorine and heated at 50 and 70ºC exhibited marginal 343 

changes in performance during FO operation at AL-DS orientation, compared with the pristine 344 

TFC membrane, as shown in the Supplementary Information (Figure S2). Due to this set of 345 

preliminary experiments, heating temperature was set at 90ºC for all tests, varying only the length 346 

of heating. 347 

 348 

Membrane morphology characterization via FESEM has shown that Cl2 oxidation of the PRO TFC 349 

membranes have affected the integrity of the polyamide layer. To determine whether Cl2 oxidation  350 

could affect the properties of TFC membrane support layer, the thickness of the pristine and 351 

modified TFC membranes were measured and presented in Figure S3. There was no significant 352 

change in the TFC membrane thickness after Cl2 treatment, as shown by the results. 353 

 354 

The burst pressure was first determined for the 15 resultant membranes obtained during the 355 

chlorine oxidative degradation process, and the burst pressures are shown in the Figure 4. As 356 

shown in the figure, the membranes resulting from the chemical oxidative degradation process 357 

exhibited burst pressures in the range of 6 to 15 bar. Chlorine oxidation definitely affects the 358 

membrane mechanical strength as a result of decreasing the polyamide active layer integrity. While 359 

the support layer stability of the TFC membranes are not affected by the chlorine oxidation, the 360 

bond breaking and scission which occurred during the modification allowed looser and less cross-361 

linked polyamide active layers, which could not withstand the application of hydraulic pressure. 362 

These are significantly lower compared to the burst pressure of the pristine PRO TFC membrane, 363 
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which is 22 bar. Amongst the 20 different membrane samples tested, three membranes exhibited 364 

a burst pressure of only about 6 bar: membranes 3 (pH 13, 4000 ppm Cl2·h, and 10 min heating 365 

time), 8 (pH 13, 1000 ppm Cl2·h, and 10 min heating time), and 10 (pH 13, 2500 ppm Cl2·h, and 366 

5 min heating time). This agrees with the hypothesis of this study, since all these three membranes 367 

were treated under an extremely alkaline pH environment. As mentioned earlier, chlorine 368 

oxidation mainly occurs at alkaline conditions, and the oxidation process mainly attacks the 369 

integrity of the H-bonds of the polyamide. This likely led to a much thinner and weaker polyamide 370 

layer, and eventually collapsed under hydraulic pressure [18]. Following the determination of the 371 

burst pressure, the membranes were all tested at a pressure lower than their individual burst 372 

pressures to comparatively determine the power density of the membranes for the succeeding tests. 373 

The maximum operational pressure values of each membrane are shown in Table S1. It is safe to 374 

note that for membranes that can withstand higher hydraulic pressures, the power density can 375 

further increase at higher hydraulic pressures applied. 376 

 377 
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 378 

Figure 4. Burst pressures of the PRO TFC membranes subjected to chlorine oxidative degradation. 379 

Three membranes sustained critical damage on the polyamide layer and were observed to burst 380 

after application of hydraulic pressure of 6 bar: membranes 3 (pH 13, 4000 ppm Cl2·h, and 10 min 381 

heating time), 8 (pH 13, 1000 ppm Cl2·h, and 10 min heating time), and 10 (pH 13, 2500 ppm 382 

Cl2·h, and 5 min heating time). 383 

 384 

A previous study correlated the changes in mechanical properties of aromatic polyamide upon 385 

chlorine treatment [33]. Aromatic polyamide is known to be more susceptible to chlorine oxidation 386 

due to the presence of π—π interactions, resulting in increased brittleness and fragility of 387 

polyamide. Furthermore, in cases of extreme chlorine oxidation conditions, the chain breakage of 388 
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polysulfone is possible [34], and may lead to a significant decrease in membrane stability. This 389 

was not observed in this study, due to the controlled chlorine oxidative degradation conditions 390 

applied. 391 

 392 

3.4. Optimization of chlorine oxidative degradation conditions 393 

In this study, the following conditions were controlled in the optimization of chlorine oxidative 394 

degradation: free chlorine exposure (a factor of free chlorine dosage and exposure period), solution 395 

pH, and heat treatment period. A fixed dose of 4000 ppm free chlorine was utilized for all runs, 396 

and the exposure period was varied to demonstrate the effect of chlorine exposure on the TFC 397 

membranes. At a fixed dosage of chlorine, a longer exposure time leads to a higher total free 398 

chlorine exposure, expressed in terms of ppm Cl2·h. RSM was used to find the best conditions to 399 

ensure enhancement of permeability, while still having satisfactory rejection. Prior to FO operation 400 

using the pristine and modified membranes, the intrinsic transport parameters (A, B, and S values) 401 

of the membranes were first determined experimentally and presented in Table 4.402 
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Table 4. Intrinsic transport parameters of the pristine and modified PRO TFC membranes. 403 

 pH Heating Time 

(min) 

Cl2 Exposure 

(ppm Cl2·h) 

A (L m-2 h-1 

bar-1) a 

B (L m-2 

h-1) b 

B/A 

(bar) 

S (μm) 

0 Pristine 1.36 ± 0.12 0.44 ± 0.06  0.32 155 

1 9 5 2500 2.64 ± 0.32 2.31 ± 0.18 0.88 101 

2 5 0 1000 1.82 ± 0.15 1.12  ±0.09 0.62 204 

3 13 10 4000 4.11 ± 0.89 9.87 ± 1.53  2.40 59 

4 5 10 4000 2.19 ± 0.28 1.87 ± 0.14 0.85 140 

5 5 10 1000 2.09 ± 0.09 1.63 ± 0.11 0.78 182 

6 13 0 1000 2.46 ± 0.18 3.06 ± 0.29 1.24 124 

7 5 0 4000 2.18 ± 0.25 1.42 ± 0.14 0.65 161 

8 13 10 1000 3.05 ± 0.37 4.81 ± 0.52 1.58 95 

9 13 0 4000 2.98 ± 0.17 3.95 ± 0.41 1.33 107 

10 13 5 2500 3.91 ± 0.33 6.58 ± 0.79 1.68 92 

11 5 5 2500 1.94 ± 0.22 1.50 ± 0.28 0.77 148 

12 9 10 2500 3.43 ± 0.81 4.48 ± 0.97 1.31 103 

13 9 0 2500 2.27 ± 0.40 1.95 ± 0.38 0.86 132 

14 9 5 4000 3.86 ± 0.56 2.52 ± 0.67 0.65 92 

15 9 5 1000 2.61 ± 0.43 2.11 ± 0.74 0.81 133 
a Feed solution: DI water; applied pressure: 5 bar 404 
b Feed solution: 2000 ppm NaCl; applied pressure: 5 bar405 
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The pristine TFC membrane exhibited pure water permeability of 1.36 L m-2 h-1 bar-1 and an 406 

intrinsic selectivity (B/A) of 0.32 bar. All the chlorine oxidation-modified membranes exhibited 407 

increase in pure water permeability, and similarly, the B/A values increased as well, indicating 408 

lower selectivity for all modified membranes. The enhancement of the pure water permeability of 409 

the membranes corresponded well with the increase in surface hydrophilicity of the membranes, 410 

as shown by the water contact angle measurements. 411 

 412 

Each of the membranes were operated up until the burst pressure of each was reached to obtain 413 

the maximum extractable power density (Wmax). The Wmax value of each membrane, which is 414 

influenced by the maximum operational pressure, was used for the modelling and process 415 

optimization. A summary of the osmotic performance of the membranes are provided in the 416 

Supplementary Information (Table S1). 417 

 418 

3.4.1. Influence of pH and free chlorine exposure at constant heating time 419 

Since it was earlier established that chlorine oxidative degradation occurs specifically at alkaline 420 

pH, we first examine the influence of pH and free chlorine exposure on the PRO TFC membranes 421 

at a constant heating time of 5 min (middle factor in the RSM design). The influence of pH and 422 

free chlorine exposure on the osmotic performance of the membranes are shown in Figure 5. 423 

 424 

Previous studies of Donose et al. [18] and Kang et al. [35] had shown the effect of pH on RO 425 

membrane ageing after exposure to hypochlorite. In their study, it was found that the effect of 426 
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hypochlorite (OCl-) treatment on polyamide is preferred in alkaline environment, just as most 427 

oxidation reactions occur preferably at a specific pH. At pH levels over 8, the researchers found 428 

that the OCl- allows the swelling in the polyamide structure. 429 

 430 

It is clearly seen from Figure 5 that at acidic pH (pH 5), the membranes showed particularly lower 431 

water flux and maximum power density, similar to that of the pristine TFC membrane, regardless 432 

of free chlorine exposure. This indicates the possibility that chlorine oxidation did not proceed due 433 

to the acidic nature of the solution. However, at higher pH, it can be seen that the water flux and 434 

power density values dramatically increased until pH 13, with highest water flux and power density 435 

values when the membrane was also exposed at 4000 ppm Cl2·h. The specific reverse salt flux, on 436 

the other hand, is found to be moderately affected by both pH and free chlorine exposure. Albeit 437 

typically high Js Jw
-1 values were observed at higher pH and free chlorine exposure (0.75 to 2.57 438 

g L-1), these were not the highest Js Jw
-1 values in this study, indicating that the decrease in 439 

selectivity of the membranes are mainly due to the occurrence of oxidation reaction. 440 

 441 

As shown from Figure 5, there was a drop in the membrane selectivity (marked by increase in Js 442 

Jw
-1 value) for the membrane particularly treated at high chlorine exposure and pH. The rejection 443 

of the chlorine oxidized membranes is like that of nanofiltration (NF) membranes whose 444 

polyamide selective layer are looser than those of FO and RO. This sharp drop in solute rejection 445 

is a clear sign that the polyamide layer has sustained damage not only from chlorine oxidation, but 446 

also due to the bond breaking during heat treatment. As shown from the FESEM images (Figure 447 

3), the various conditions of chlorine oxidation treatment resulted in changes in the TFC membrane 448 
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surface morphology, indicating the change in the integrity of the polyamide selective layer. 449 

Elemental composition analysis results obtained from XPS (Table 2) also indicate the decrease in 450 

polyamide cross-linkage of the TFC membranes, which could inevitably cause the drop in rejection 451 

of the chlorine-treated membranes [27]. 452 

 453 

3.4.2. Influence of pH and heating time at constant free chlorine exposure 454 

The influence of pH and heating time on the osmotic performance of the PRO TFC membranes at 455 

constant free chlorine exposure of 2500 ppm Cl2·h (middle factor in RSM design) is shown in 456 

Figure 6. 457 

 458 

Figure 6 shows that both pH and heating time have moderate influence on the osmotic performance 459 

of the membranes exposed to free chlorine at 2500 ppm Cl2·h. Moderate increase (indicated by 460 

blue- and green-colored regions in the contour plots ) indicate a lower degree of polyamide 461 

degradation. For membranes exposed to high concentration of free chlorine and shorter exposure 462 

times, the polyamide is not fully degraded. Consistently with pH being an important parameter in 463 

oxidative reactions, it can also be seen from these results that at acidic pH, low water flux and 464 

maximum power density values were observed. 465 
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 466 

Figure 5. Contour plots (generated using Design-Expert 7.0.0) showing the influence of pH and free chlorine exposure on the water 467 

flux, specific reverse salt flux, and power density, at constant heating time of 5 min. 468 
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469 

Figure 6. The contour plots (generated using Design-Expert 7.0.0) showing the influence of pH and heating time on the water flux, 470 

specific reverse salt flux, and power density, at constant free chlorine exposure of 2500 ppm. 471 
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3.4.3. Influence of free chlorine exposure and heating time at constant pH 472 

Lastly, the influence of free chlorine exposure and heating time on the osmotic performance of the 473 

PRO TFC membranes at constant pH of 9 (middle factor in RSM design) is shown in Figure 7. 474 

 475 

At a constant alkaline pH of 9, we can now see how free chlorine exposure and the downstream 476 

heat treatment affect the membranes’ osmotic performance. It is interesting to note that at lower 477 

free chlorine exposure and short to no heat treatment, chlorine oxidation did not necessarily affect  478 

the membrane permeability and selectivity. Garcia-Pacheco et al [16] earlier reported that low 479 

chlorine exposure levels (around 50 – 1000 ppm Cl2·h) would lead to an increase in the water 480 

permeability of the membrane without affecting the solute rejection significantly. At high free 481 

chlorine exposure and long heating period, there was definitely a marked increase in both water 482 

flux and maximum power density, while keeping solute rejection moderately affected.   In the case 483 

of power density, the highest power density values were marked at  high chlorine exposure, 484 

regardless of heating time.485 
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486 

Figure 7. The contour plots (generated using Design-Expert 7.0.0) showing the influence of free chlorine exposure and heating time on 487 

the water flux, specific reverse salt flux, and power density, at constant pH of 9. 488 
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3.4.4. Synergistic effect of the chlorine oxidation factors and optimization of chlorine oxidation 489 

The membrane performance is presented in two-dimensional contour plots (Figures 5 to 7) which 490 

model the synergistic effects of two experimental factors when a third factor is held constant. The 491 

contour plots show that all three factors — free chlorine exposure, pH, and heat treatment time — 492 

have significant individual impacts on the PRO TFC membrane performance. These results 493 

indicate that tuning the structure of the polyamide selective via chemical modification can 494 

significantly affect membrane performance. 495 

 496 

RSM was used to optimize the chlorine oxidative degradation conditions and model their 497 

synergistic effect on the following osmotic performance parameters: water flux, specific reverse 498 

salt flux, and power density. The following are the regression equations of water flux (Jw), reverse 499 

salt flux (Js Jw
-1), and power density (W) obtained during RSM optimization (Regression 500 

coefficient values are also indicated): 501 

𝑱𝒘 = 𝟏𝟔. 𝟐𝟎 + 𝟒. 𝟎𝟕 𝒙 − 𝟔. 𝟓𝟓𝐱𝟏𝟎−𝟑 𝒚 + 𝟏. 𝟔𝟒 𝒛 + 𝟓. 𝟑𝟓𝐱𝟏𝟎−𝟒 𝒙𝒚 − 𝟎. 𝟎𝟓 𝒙𝒛 +502 

𝟏. 𝟒𝟐𝐱𝟏𝟎−𝟒 𝒚𝒛 − 𝟎. 𝟏𝟑 𝒙𝟐 + 𝟏. 𝟒𝟔𝐱𝟏𝟎−𝟔 𝒚𝟐 − 𝟎. 𝟏𝟐 𝒛𝟐  R2 = 0.9971  9 503 

𝑱𝒔 𝑱𝒘⁄ = 𝟐. 𝟐𝟗 −  𝟎. 𝟓𝟓 𝒙 − 𝟓. 𝟖𝟗𝐱𝟏𝟎−𝟓 𝒚 − 𝟎. 𝟏𝟑 𝒛 + 𝟔. 𝟑𝟏𝐱𝟏𝟎−𝟓 𝒙𝒚 + 𝟗. 𝟓𝐱𝟏𝟎−𝟑 𝒙𝒛 +504 

𝟐. 𝟏𝟖𝐱𝟏𝟎−𝟓 𝒚𝒛 − 𝟎. 𝟎𝟑 𝒙𝟐 − 𝟔. 𝟔𝟕𝐱𝟏𝟎−𝟖 𝒚𝟐 + 𝟔. 𝟕𝟗𝐱𝟏𝟎−𝟑 𝒛𝟐  R2 = 0.9752  10 505 

𝑾 = −𝟐. 𝟐𝟒 + 𝟐. 𝟖𝟑 𝒙 − 𝟒. 𝟑𝟎𝐱𝟏𝟎−𝟒 𝒚 + 𝟎. 𝟖𝟏 𝒛 + 𝟏. 𝟒𝟔𝐱𝟏𝟎−𝟔 𝒙𝒚 − 𝟎. 𝟎𝟖 𝒙𝒛 +506 

𝟕. 𝟏𝟖𝒙𝟏𝟎−𝟓 𝒚𝒛 −  𝟎. 𝟏𝟐 𝒙𝟐 + 𝟏. 𝟎𝟔𝒙𝟏𝟎−𝟔 𝒚𝟐 − 𝟓. 𝟕𝟕𝐱𝟏𝟎−𝟑 𝒛𝟐  R2 = 0.9484  11 507 

 508 

All modelled regression equations have regression coefficient values (R2) values over 0.94, 509 

indicating that the regression models accurately predict the experimental data. ANOVA results 510 

showed that the computed F-values (114.11, 13.11, and 6.13 for Jw, Js Jw
-1, and W, respectively) 511 

are all greater than the tabular F-value of 2.76 at the 5% confidence interval. Moreover, the low p-512 
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values (0.0002, 0.0119, and 0.047 for Jw, Js Jw
-1, and W, respectively) indicate that the regression 513 

was statistically significant. 514 

 515 

According to the optimized regression models, the membrane should be treated at the following 516 

conditions: pH 10.72, 3025 ppm Cl2·h exposure, and 3 min heat treatment, to maximize Jw to 78.4 517 

L m-2 h-1 and power density to 20.93 W m-2, while keeping the specific reverse salt flux (Js Jw
-1) to 518 

1.30 g L-1. The optimized chlorine oxidative conditions provided by the model were applied on a 519 

pristine TFC membrane to check the validity of the optimization. 520 

 521 

The morphology and the PRO performance of the TFC PRO membrane treated at the optimal 522 

chlorine oxidation treatment conditions are shown in Figure 8. Prior to the osmotic testing, the 523 

burst pressure was initially evaluated and found to burst at 13 bar, thus PRO testing was performed 524 

until the application of hydraulic pressure of 12 bar. The intrinsic transport parameters of the 525 

optimized modified membrane were evaluated and its pure water and solute permeability 526 

coefficients are 3.79 ± 0.83 L m-2 h-1 bar-1 and 2.18 ± 0.44 L m-2 h-1, respectively.Operation using 527 

FO (no applied hydraulic pressure) provided the maximum non-pressure-retarded water flux of 528 

73.2 L m-2 h-1 and a specific reverse salt flux of 1.17 g L-1, which are both 93.4 and 90.1% of the 529 

values obtained from the optimization model. The maximum extractable power density was found 530 

to be 18.71 W m-2, which is 89.4% lower than the modelled value. In terms of performance change 531 

relative to the pristine membrane, the optimized chlorine oxidation-modified TFC membrane 532 

improved the maximum non-pressure-retarded water flux by 247% and the maximum extractable 533 

power density by 420%, despite operating the modified membrane at a lower applied pressure. 534 
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Selectivity suffered as well with a 400% increase from that of the pristine membrane, but remains 535 

satisfactory, below 1 g L-1. 536 

 537 

 538 

Figure 8. (a) Morphology and (b) PRO water flux at different applied hydraulic pressures of the 539 

PRO TFC treated at optimal chlorine oxidation treatment conditions, and (c) comparison of the 540 

PRO performance of the pristine TFC and the optimized chlorine oxidized TFC membranes. 541 

 542 

4. Conclusion 543 
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Chlorine oxidation of the TFC membrane surface can lead to degradation of the polyamide 544 

selective layer. However, the antagonistic effects of chlorine oxidative degradation can be 545 

controlled when performed under optimal conditions to exhibit enhanced water permeability 546 

without significantly affecting solute rejection and without sacrificing its mechanical strength, to 547 

obtain a higher extractable osmotic energy from PRO membranes. The main findings from this 548 

study are: 549 

• Significant increase in water flux and power density values were observed for membranes 550 

subjected to chlorine oxidation, but only under alkaline conditions; 551 

• Mechanical defects and polyamide degradation caused enhanced water and solute 552 

permeability of the membranes; 553 

• Chlorine oxidation degrades the polyamide through a chlorination on the aromatic group 554 

of the polyamide, leading to dissociation and scission; and 555 

• Downstream heat treatment of the membranes can further cause bond cleavage on the 556 

polyamide structure. 557 

 558 
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