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Abstract 30 

Osmotic power holds great promise as a clean, sustainable and largely unexploited energy 31 

resource. Recent membrane development for pressure-retarded osmosis (PRO) is making 32 

the osmotic power generation more and more realistic. However, severe performance 33 

declines have been observed because the porous layer of PRO membranes is fouled by 34 

the feed stream. To overcome it, a negatively charged antifouling PRO hollow fiber 35 

membrane has been designed and studied in this work. An antifouling polymer, derived  36 

from hyperbranched polyglycerol and functionalized by α-lipoic acid and succinic 37 

anhydride, was synthesized and grafted onto the polydopamine (PDA) modified 38 

poly(ether sulfone) (PES) hollow fiber membranes. In comparison to unmodified 39 

membranes, the charged hyperbranched polyglycerol (CHPG) grafted membrane is much 40 

less affected by organic deposition, such as bovine serum albumin (BSA) adsorption, and 41 

highly resistant to microbial growths, demonstrated by E. coli adhesion and S. aureus 42 

attachment. CHPG-g-TFC was also examined in PRO tests using a concentrated 43 

wastewater as the feed. Comparing to the plain PES-TFC and non-charged HPG-g-TFC, 44 

the newly developed membrane exhibits not only the smallest decline in water flux but 45 

also the highest recovery rate. When using 0.81 M NaCl and wastewater as the feed pair 46 

in PRO tests at 15 bar, the average power density remains at 5.6 W/m2 in comparison to 47 

an average value of 3.6 W/m2 for unmodified membranes after four PRO runs. In 48 

summary, osmotic power generation may be sustained by properly designing and 49 

anchoring the functional polymers to PRO membranes. 50 

 51 

Keywords:   Poly(ether sulfone), pressure-retarded osmosis, thin-film composite 52 

membranes, fouling, municipal wastewater, osmotic power 53 
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1. Introduction 54 

As the price of fossil fuels fluctuates and global climate changes rapidly, increasing 55 

attention has been drawn to find clean, renewable energy sources worldwide. Among 56 

them, osmotic power, known as salinity gradient energy, holds great promise due to the 57 

readily available resources from freshwater, wastewater, and seawater sources (Gerstandt 58 

et al. 2008, Logan and Elimelech 2012, Sivertsen et al. 2013, Skihagen et al. 2011, 59 

Ramon et al. 2011). The estimated annual global osmotic power from the feed pair of 60 

oceans and river is about 2000 TWh (Wick and Schmitt 1977). The figure could be even 61 

higher if the feed pair for the pressure retarded osmosis (PRO) consists of the 62 

concentrated brine from reverse osmosis (RO) plants and wastewater. The use of 63 

retentates from RO and municipal wastewater plants as the feed pair has also been 64 

proposed and demonstrated (Achilli et al. 2009, Achilli and Childress 2010, Chung et al. 65 

2012, Wan and Chung 2015). Not only can it eliminate the expensive pre-treatment 66 

process for seawater, but also dilute the seawater RO brine to ecologically-friendly levels 67 

for easy disposal. In addition, it also draws extra values from the rejected wastewater. 68 

The osmotic power can also serve as a form of energy recovery for RO processes, so that 69 

seawater desalination might become a less energy-intensive process (Achilli et al. 2009, 70 

Achilli and Childress 2010, Chung et al. 2012).  71 

 72 

The development of robust and high performance PRO hollow fiber membranes has 73 

advanced rapidly (Chou et al. 2012, Fu et al. 2014, Li and Chung 2014, Wan and Chung 74 

2015, Zhang et al. 2014b). A maximum power density up to ~27 W/m2 has been achieved 75 

by using a synthetic seawater brine of 1 M NaCl as the draw solution and de-ionized 76 

water as the feed (Wan and Chung 2015). However, if retentates from RO and municipal 77 
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wastewater plants were used as the feed pair, the power density dropped tremendously 78 

due to fouling (Wan and Chung 2015). Although pretreatment processes on feed solutions 79 

are able to offer some improvements, fouling on membranes, especially biofilm growth, 80 

is inevitable in long term operations (Celik et al. 2011, Escobar and Van der Bruggen 81 

2011, Gu et al. 2013, Kim et al. 2015, Kim et al. 2014, Lau et al. 2012a, Li et al. 2012b, 82 

Li et al. 2014b, Nunes and Peinemann 2006, Nunes et al. 1995, She et al. 2012, Van der 83 

Bruggen and Vandecasteele 2003, Xie et al. 2013, Zhang et al. 2014a). In addition, as 84 

fouling occurs in the porous layer underneath the selective layer of membranes in PRO 85 

processes, it is more difficult to be cleaned up than that in conventional pressure-driven 86 

membrane processes (Chen et al. 2015, Wan and Chung 2015). Therefore, how to 87 

mitigate fouling is gradually becoming as the major obstacle to commercialize the PRO 88 

technology.  89 

 90 

Development of antifouling PRO membranes is an essential way to control fouling. 91 

Although many anti-fouling methods have been proposed (Escobar and Van der Bruggen 92 

2011, Liu et al. 2013, Mi and Elimelech 2010, Saeki et al. 2014, Sotto et al. 2011), it is 93 

still difficult to design antifouling PRO membranes with the best balanced characteristics 94 

because one must take the following counterbalanced factors into consideration such as 95 

high hydrophilicity vs. robust mechanical strength, high repulsion to foulants vs. low 96 

resistance to water, and multi-functionality vs. easy processing. Among many approaches, 97 

surface modification via molecular design appears to be a preferred method because it not 98 

only enhances antifouling properties but also maintains membrane bulk properties in 99 

terms of cost and productivity (Kang and Cao 2012). We have developed a dendritic 100 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

hyperbranched polyglycerol (HPG) anchored PRO membrane with antifouling resistances 101 

against protein and bacteria (Li et al. 2014a). However, it lacks of strong repulsive forces 102 

to ions and might be fouled by inorganic scaling. If scaling takes place on the membrane 103 

surface, the HPG branches would be shielded and no longer effective to prevent the 104 

membrane from organic compounds and bacteria. Therefore, new strategies to design 105 

antifouling PRO membranes with charged characteristics are of high priority.   106 

 107 

Therefore, the objectives of this study are to design a new type of hyperbranched 108 

polyglycerol polymer with negatively charged functional branches, as shown in Scheme 1, 109 

and to graft it on PRO membranes for osmotic power generation. The polymer is firstly 110 

constructed by ring-opening polymerization (ROP) of glycidol, and then functionalized 111 

by reacting with α-lipoic acid (LA) and succinic anhydride (SA). The former provides 112 

potential grafting sites and the latter offers charged groups. The grafting sites are opened 113 

by reductive scission of the disulfide bonds, and covalently attached to the polydopamine 114 

treated membrane surface (Figure S1). In this synthesis route, a post-polymerization 115 

reaction with LA, instead of initiation with bis(2-hydroxyethyl)disulfide (BHEDS) in the 116 

previous study (Li et al. 2014a), is used to introduce multiple grafting sites. The new 117 

approach aims to reduce the steric hindrance during grafting without sacrificing the 118 

number of antifouling branches protecting the membrane surface. With a combination of 119 

hydration effect and electrostatic repulsion, the charged hyperbranched polyglycerol 120 

(CHPG) may modify the existing PRO membrane with enhanced anti-fouling resistance 121 

using real wastewater as the feed in PRO operations. This work may provide useful 122 

insights to molecularly design novel PRO membranes for osmotic power generation using 123 
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different feed streams. 124 

 125 

2. Materials and Methods 126 

2.1 Synthesis of the Charged Hyperbranched Polyglycerol (CHPG) Polymer 127 

Hyperbranched polyglycerol was synthesized in 1,4-dioxane from self-polymerization of 128 

glycidol, using NaOCH3 as the catalyst and 1,1,1-tris(hydroxymethyl)ethane (THE) as the 129 

initiator (Scheme 1). Briefly, THE (362.3 mg, 3.02 mmol), NaOCH3 (48.9 mg, 0.91 130 

mmol) and anhydrous methanol (4 mL) were introduced into a 250 mL double-necked 131 

round bottom flask. The solution was stirred at room temperature for 2 h and evacuated at 132 

80 ºC for 6 h to remove methanol. Then 40 mL of anhydrous 1,4-dioxane was transferred 133 

into a round bottom flask. Argon was purged into the mixture for 20 min to remove 134 

dissolved oxygen. Then the flask was protected under an argon atmosphere, and the 135 

reaction was conducted at 100 ºC with stirring. On the other hand, Argon was purged for 136 

30 min into a mixture of Glycidol (20 mL, 302 mmol) and 1,4-dioxane (40 mL). Then a 137 

glycidol mixture was added slowly into the reaction flask over a period of approximately 138 

12 h with a syringe. After that, the reaction mixture was stirred for an additional 12 h to 139 

complete the reaction. The reaction flask was consequently quenched in cold water and 140 

diluted with methanol. One liter acetone was used to precipitate the adduct. It was 141 

purified twice by re-dissolving in methanol and re-precipitating in acetone. The HPG 142 

polymer was dried under vacuum at 80 ºC to give a highly viscous liquid (yield ~76%). 143 

[M] 0/[I] 0 = 100:1; Mn,NMR = 5,700 g/mol. 1H NMR (DMSO-d6, δ, ppm, TMS): 1.38 (3H, -144 

CH3), 3.25-3.85 (H×(5m+6), -OCH-, -OCH2-), 4.35-4.84 (H×(m+3), -OH), where the 145 

number m denotes the degree of polymerization of glycidol monomers in HPG 146 

homopolymers. 147 

 148 
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The HPG (Mn,NMR = 5,700 g mol-1, 11.4 g, 2 mmol) polymer was dissolved in 100 mL 149 

DMF. (±)-α-Lipoic acid (LA, 1.03 g, 5 mmol), dicyclohexylcarbodiimide (DCC, 1.03 g, 5 150 

mmol) and 4-(N,N-dimethylamino)pyridine (DMAP, 0.12 g, 1 mmol) were then 151 

introduced into the flask. Upon completion of the addition, the solution was stirred at 152 

room temperature for 24 h. After that, the reaction flask was quenched in cold water and 153 

diluted with methanol. Five hundred miniliter acetone was used to precipitate the crude 154 

product. The crude product was redissolved in de-ionized water and dialyzed using a 155 

dialysis membrane (Sigma-Aldrich, MWCO 1,000 g mol-1) against de-ionized water for 3 156 

days, with the de-ionized water changed twice a day. Finally, the HPG-LA polymer was 157 

isolated via lyophilization and gotten a pale yellow liquid (yield ~98%). 158 

 159 

In a typical reaction, HPG-LA (12.2 g, 2 mmol), succinic anhydride (SA, 15.0 g, 150 160 

mmol), triethylamine (TEA, 8.4 mL, 60 mmol) and 120 mL DMF were introduced into a 161 

round bottom flask. The reaction was carried out under continuous stirring at 70 ºC for 24 162 

h. Excess acetone was used to precipitate the reaction mixture. The crude polymer was 163 

redissolved in de-ionized water and dialyzed using a dialysis membrane (Sigma-Aldrich, 164 

MWCO 1,000 g mol-1) against de-ionized water for 3 days, with the de-ionized water 165 

changed twice a day. Finally, the HPG-LA-SA polymer was isolated via lyophilization 166 

(yield ~96%). Mn,NMR = 13,700 g/mol. 1H NMR (DMSO-d6, δ, ppm, TMS): 1.38 (3H, -167 

CH3), 1.7-2.1 (5H×n, -CH2CH2C(=O)O-, -CH2CHSS-, -CH2CH2SS-), 2.45-2.55 (H×n, -168 

CH2CH2SS-), 2.7-2.8 (H×(m+6), -CHC(=O)O-, -CH2C(=O)O-), 3.25-3.85 (H×(4m+3n), -169 

OCH-, -OCH2-, -CH2CHSS-, -CH2SS-), 4.1-4.4 (4H×(m-n+3), -C(=O)OCH2-), where the 170 

numbers m and n denote the degree of polymerization of glycidol monomers in HPG 171 

homopolymers and the number of hydroxyl groups in HPG is substituted by LA.  172 
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 173 

The HPG-LA-SA polymer, or designated as CHPG, (Mn,NMR = 13,700 g mol-1, 13.7 g, 1 174 

mmol) was dissolved in 100 mL of de-ionized water. Argon was used to purge the 175 

reaction mixture for 30 min. DL-1,4-dithiothreitol (DTT, 770 mg, 5 mmol) was 176 

introduced into the flask. With the protection of argon purging, the mixture was stirred 177 

for 24 h for 50 ºC. The crude product was dialyzed using a dialysis membrane (Sigma-178 

Aldrich, MWCO 1,000 g mol-1) against de-ionized water for 3 days, with the de-ionized 179 

water changed twice a day. Finally, the CHPG polymer was isolated via lyophilization 180 

(yield ~95%). 181 

 182 

2.2 Preparation of the Modified Hollow Fiber Membranes  183 

Hollow fiber membrane supports were spun from poly(ether sulfone) (PES) as reported 184 

(Zhang et al. 2014b). The nascent hollow fibers were soaked in water for two days to 185 

remove residual solvents and additives, and subsequently treated with a glycerol/water 186 

mixture (50/50 wt%) for another two days before drying in the ambient condition. Then 187 

the polyamide layer was synthesized on top of the inner surface of hollow fibers by 188 

interfacial polymerization (Lau et al. 2012b, Petersen 1993), and the CHPG polymers 189 

were grafted on the outer surface with the aid of polydopamine (Faure et al. 2013, Lee et 190 

al. 2007, Liu et al. 2014). The procedures were (Figure S1): (1) A m-phenylenediamine 191 

(MPD) solution of 2 wt% was pumped into the inner channel of hollow fiber supports at a 192 

flow rate of 2.2 mL min-1 for 3 min; (2) The excess MPD aqueous solution was purged 193 

away with compressed air for 5 min; (3) A hexane solution containing 0.15 wt% TMC at 194 

a flow rate of  2.2 mL min-1 was brought into the inner channel of the fibers for 5 min; (4) 195 

The resultant thin-film composite (TFC) membrane was washed thoroughly with de-196 
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ionized water; (5) A tris buffer solution (0.01 mol/L, pH 8.5) containing 2 mg/mL 197 

dopamine-HCl was used to coat the outer surface of TFC membranes for 3 h; (6) 198 

Polydopamine-coated membranes were soaked in a 10 g/L CHPG aqueous solution with 199 

triethylamine (TEA) of 1% (v/v) at room temperature for 12 h to complete the reaction. 200 

Hollow fiber membranes were stored in de-ionized water for further tests. 201 

 202 

2.3 Characterizations of Hollow Fiber Membranes 203 

X-ray photoelectron spectroscopy (XPS) analyses were made on a Kratos AXIS Ultra 204 

DLD spectrometer with a monochomatized Al Kα X-ray source (1486.71 eV photons). 205 

The core-level signals were measured at the photoelectron take-off angle (α, with respect 206 

to the sample surface) of 90°. All binding energies (BEs) were referenced to that of the 207 

neutral C 1s hydrocarbon peak at 284.6 eV. The morphology of hollow fiber membranes 208 

was studied by a field emission scanning electronic microscope (FESEM, JEOL JSM-209 

6700F) and a scanning electron microscope (SEM, JEOL JSM-5600LV). Before 210 

SEM/FESEM tests, membrane samples were coated using a Jeol JFC-1100E ion 211 

sputtering device. The cytotoxic studies were performed on membranes by determining 212 

the viability of mouse 3T3 fibroblasts after incubation. Prior to use, membranes were 213 

sterilized with 75% ethanol and dried in vacuum conditions. Control experiments were 214 

conducted in the absence of membranes.  215 

  216 

2.4 Antifouling Assays 217 

To determine the antifouling efficacy of the modified hollow fiber membranes, protein 218 

adsorption was demonstrated by fluorescein isothiocynate conjugated bovine serum 219 

albumin (BSA-FITC). The membranes were rinsed with phosphate buffered saline (PBS, 220 
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10 mM, pH 7.4), and then immersed in the BSA-FITC solution (0.5 mg/mL BSA-FITC in 221 

PBS) at 37 ºC for 2 h. The membranes were then gently rinsed three times with PBS. A 222 

Leica DMLM fluorescence microscope (Leica Microsystems, Wetzlar, Germany) was 223 

employed to detect the adsorption of BSA-FITC on the membrane surfaces, equipped 224 

with an excitation filter of 495 nm and an emission filter of 525 nm.  225 

 226 

Gram-positive Staphylococcus aureus (S. aureus, ATCC 25923) and Gram-negative 227 

Escherichia coli (E. coli, ATCC DH5α) were cultured to determine the antibacterial 228 

adhesion characteristics and bactericidal efficiency of the unmodified and modified 229 

hollow fiber membranes. Both S. aureus and E. coli were cultured in the tryptic soy broth 230 

and suspended in PBS at a concentration of 5 × 107 cells/mL. Individual membrane was 231 

immersed in the bacterial suspension at 37 ºC for 4 h. After incubation, the membranes 232 

were washed at least three times with PBS to remove the loosely and non-adhered 233 

bacterial cells. To qualitatively measure the bacteria adhesion, the adhered bacteria were 234 

fixed with 3% (v/v) aqueous glutaraldehyde at 4 ºC overnight. Then serial dehydration in 235 

20, 40, 60, 80 and 100% of ethanol was performed for 10 min each. After subsequent 236 

drying under a reduced pressure, the membranes were sputter-coated with a thin platinum 237 

layer, and imaged by SEM. Quantification of bacteria attachment and viability on 238 

unmodified and modified membranes was carried out by the spread plate method. After 239 

rinsing with PBS, the bacterial-adhered membranes were washed in 2 mL of sterile PBS 240 

under mild ultrasonication for 7 min. Then a rapid vortex mixing for 20 s was conducted 241 

to release the adhered bacteria cells from the membrane surface. After 10-fold serial 242 

dilution of this bacterial solution with PBS, a 100 µL aliquot was spread onto the solid 243 

agar plate containing the culture medium. The bacteria were incubated overnight at 37 ºC 244 
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and the grown cell colonies were counted. The assay was carried out in triplicate with 245 

three samples for each surface. The results were presented as the relative viability of 246 

bacteria on the unmodified PES hollow fiber membrane surface.  247 

 248 

2.5 Membrane Fouling Protocol in PRO Processes 249 

The PRO fouling tests were conducted as reported in literatures (Chen et al. 2015, Li et al. 250 

2014a, Mi and Elimelech 2010, She et al. 2012). The polyamide layer of the TFC 251 

membrane faces the draw solution in all tests. Synthetic seawater brine (0.81 mol/L NaCl) 252 

and concentrated wastewater (i.e., a retentate from a municipal water recycling plant with 253 

an equivalent NaCl concentration of ~0.01 mol/L) were fed to the lumen side and shell 254 

side of the membrane module, respectively, with the same flow rate of 0.1 L/min at 24 ± 255 

1 ºC. The wastewater retentate has a BOD value (biochemical oxygen demand) of 7.3 256 

ppm, COD value (chemical oxygen demand) of 190 ppm, and TDS value (total dissolved 257 

solids) of 1100 ppm. The major cations and anions have been reported in our previous 258 

work (Wan and Chung, 2015). Humic substances dominate in the organic foulants, and 259 

are of fulvic acids type. Besides, sub-units of humic substances, and low molecular 260 

weight matters (i.e., alcohols, aldehydes, ketones, and amino acids) are also found. Prior 261 

to tests, membranes were stabilized at 15.0 ± 1.0 bar for 0.5 h. For comparison, an initial 262 

water flux was measured under the same conditions in the absence of foulants. In 263 

between PRO tests, back washing was performed by feeding de-ionized water into the 264 

lumen side of hollow fibers at a particular pressure while rinsing the shell side of the 265 

hollow fibers with de-ionized water or acid solution (HCl, pH 2.8) at 0 bar.  266 

 267 

268 
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3. Results and Discussion 269 

3.1 Synthesis of CHPG Polymers 270 

In the present work, the synthetic process for the preparation of CHPG with pendant thiol 271 

groups involves three steps (Calderon et al. 2010, Lee et al. 2013, Wilms et al. 2010): 272 

ring-opening polymerization (ROP) of glycidol, using 1,1,1-tris(hydroxymethyl)ethane 273 

(THE) as the initiator and NaOCH3 (a strong base) as the catalyst, esterification reactions 274 

of the hydroxyl groups of hyperbranched polyglycerols (HPG) with α-lipoic acid (LA) 275 

and succinic anhydride (SA), and reduction of the disulfide groups in the LA components 276 

to give thiol groups, as shown in Scheme 1. The molar feed ratio of glycidol to THE was 277 

set at 100 and the number average molecular weight (Mn, NMR) of the HPG 278 

homopolymers was 5,700 g/mol. Post-polymerization reaction of HPG with LA should be 279 

possible to allow the preparation of HPG with multiple grafting sites for the subsequent 280 

membrane modification, even though the whole synthetic process suffers from additional 281 

reaction step, in contrast to the direct ROP of glycidol from the disulfide containing 282 

initiators. The esterification reactions with a [LA] to [HPG] molar feed ratio of 2.5 and 283 

[SA] to [HPG] molar ratio of 75 were chosen for subsequent membrane surface coatings 284 

as a compromise for well-preserved water solubility and sufficient grafting sites. 285 

Reductive scission of the disulfide bonds in LA component was conducted using excess 286 

DL-1,4-dithiothreitol (DTT). The use of a DTT/LA molar ratio of 5:1 led to almost 100% 287 

cleavage within 24 h at 50 ºC. The resultant CHPG polymer was then introduced to the 288 

outer surface of TFC membranes as an antifouling grafting layer.  289 

 290 

3.2 Membrane Properties 291 

Figure 1 illustrates the morphology of both inner surface and outer surface of TFC 292 

membranes. A selective polyamide layer was successfully formed on the inner surface of 293 
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PES hollow fiber membrane supports via interfacial polymerization. PES-TFC has a 294 

polyamide layer fully covered by worm-like and flake-like curls. The rough curls are a 295 

result of rapid MPD migration from large surface pores existing on the support toward 296 

interfacial polymerization with TMC (Li et al. 2012a). The morphology of the polyamide 297 

layer did not apparently alter after the polydopamine (PDA) modification, but some of 298 

the rough curls clearly shrank in the subsequent CHPG grafting reaction. Normally, a 299 

crosslinked polyamide is highly resistant to alkaline conditions in CHPG grafting. 300 

However, some short polyamide chains or non-reacted functional groups are fairly 301 

readily attacked by alkaline, possibly leading to the morphology change. On the outer 302 

surface, all membranes exhibit similar porous morphology, giving little evidence of the 303 

PDA or CHPG modification. The successful modification of PDA or CHPG can be 304 

verified by XPS, which is one of the most powerful analytical techniques available for 305 

detecting polymer surfaces. Figure 2 shows wide scan spectra of the outer surfaces of 306 

PES-TFC, PDA-TFC, and CHPG-g-TFC. PES-TFC contains C 1s, O 1s, with a small 307 

contribution from sulfur (S 2s and S 2p). The high energy resolution spectrum of C 1s 308 

splits into three peak components, due to C-H/C-C, C-O/C-SO2 and π-π* groups. The [C-309 

H/C-C]/[C-O/C-SO2] peak area ratio of 2:1 remains constant with the ratio of the 310 

corresponding functional groups in PES polymers. After the PDA treatment, a nitrogen 311 

peak in the wide scan spectrum is evident and the sulfur peaks disappear. The intensity of 312 

peaks, where [N]/[C] is 0.11, is comparable to the theoretical value for PDA molecules. 313 

The C 1s core-level spectrum of PDA-TFC has a series of overlapping bands at about 314 

284.6, 285.6, 286.2, 287.4 and 288.9 eV due to C–N, C–H, C–O, C=O, and O–C=O 315 

functional groups which are components of PDA. In the case of CHPG-g-TFC, the 316 
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absence of N 1s signal and presence of S 2p signal confirm the complete covering of 317 

CHPG on the membrane surface as expected from the chemical structure of CHPG. 318 

Although both PES-TFC and CHPG-g-TFC contain carbon and sulfur signals, one can 319 

clearly distinguish their differences in chemical bonds from their core-level spectra, 320 

indicating the successful grafting of CHPG on the outer surface of hollow fiber 321 

membranes.  322 

 323 

To warrant safety of surface modified membranes, cytotoxicity tests were assessed on 324 

PES-TFC, PDA-TFC, and CHPG-g-TFC membranes by in vitro experiments of the cell-325 

viability assay. The membranes were incubated in the 3T3 fibroblasts culture medium for 326 

24 h prior to testing. Figure 3 illustrates the experimental results and shows no 327 

statistically significant differences among these testing membranes. Cell viability of 328 

CHPG-g-TFC is as high as the pristine PES-TFC membrane, followed by PDA-TFC. In 329 

summary, the chemical grafting of CHPG onto the TFC membrane is not harmful to 330 

viable cells. 331 

 332 

3.3 Protein Adsorption and Bacterial Attachment Behaviors 333 

Protein adsorption is investigated by measuring the relative fluorescence intensity and 334 

fluorescence microscopy image of the membranes treated by a 0.5 mg mL-1 phosphate 335 

buffered saline (PBS) containing fluorescein isothiocynate-conjugated BSA (BSA-FITC). 336 

Because of the hydrophobic-hydrophobic interaction between PES and protein, the outer 337 

surface of PES-TFC is readily susceptible to protein adsorption. Figure 4 illustrates that 338 

the PDA deposition has made negligible changes in protein adsorption on the membrane 339 

surface, while the grafting of CHPG has introduced the membrane with strong resistances 340 
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to proteins. Protein adsorption is drastically inhibited on the CHPG-g-TFC surface. The 341 

fluorescence intensity is only 12.7% of that on the PES-TFC surface. We attribute this 342 

difference between the PDA deposition and CHPG grafting to the fact that the former 343 

possesses benzene rings and possible π-π stacking structure to attract proteins, while the 344 

latter has strong repulsive forces from the charged branches. 345 

 346 

Microbial attachment is critical to membrane applications due to its tendency to adhere to 347 

surfaces in aggregate. Bacterial adhesion on membrane surfaces, demonstrated by Gram-348 

positive S. aureus and Gram-negative E. coli, has been investigated and shown in Figure 349 

5. The attachments of cells to PES-TFC and PDA-TFC are noticeably high: Bacterial 350 

adhesion grows rapidly and stacks in clusters in 4 h. PDA-TFC also has high propensity 351 

to bacterial attachments, probably due to the rougher surface provided by the PDA layer 352 

and larger area exposed to bacteria. A significant lower number of bacterial cells is 353 

evident in the SEM image of CHPG-g-TFC as compared to the unmodified surface. The 354 

quantitative changes in viable bacterial colonies are summarized in Figure 5(B). The data 355 

suggest that S. aureus and E. coli form thick biofilms on the PES and PDA modified 356 

membrane surfaces, which are coincident with the previous report (Cai et al. 2016). 357 

CHPG grafting on the membrane surface is very effective in reducing the number of 358 

viable cells. In comparison with the unmodified PES-TFC membrane, the CHPG-g-TFC 359 

surfaces reduce ~90% in S. aureus adhesion, and 93% in E. coli adhesion, respectively. 360 

 361 

3.4 Fouling in PRO Processes 362 

Scaling, organic fouling, biofilm growths and their combination inevitably occur in 363 

membrane processes using wastewater. In this study, a retentate from a municipal water 364 
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recycling plant was used as the feed solution. The PRO experiments were conducted at 365 

15.0 ± 1.0 bar for the PES-TFC, HPG-g-TFC, and CHPG-g-TFC membranes. HPG-g-366 

TFC, prepared following the previous protocol (Li et al. 2014a), was studied as a 367 

reference to represent the non-charged grafting. Figure 6 displays fouling and recovering 368 

behaviors of TFC membranes. When the PES-TFC membrane (rectangular dots) was 369 

subjected to a wastewater feed solution, a fast flux decline was observed immediately. At 370 

higher normalized accumulative permeate volumes of 20~50 L/m2, PES-TFC fouled less 371 

rapidly. This behavior suggests that PES-TFC has little resistance to the wastewater 372 

fouling. When the normalized accumulative permeate volume reached 50 L/m2, back 373 

washing at 15.0 ± 1.0 bar by de-ionized water was carried out. Thus, the flux could be 374 

restored to more than 90%. In the second run of PRO testing, water flux substantially 375 

declined till the normalized accumulative permeate volume reached 100 L/m2, and 376 

covered to >90% after back washing, indicating that severe fouling had occurred in the 377 

first run, and irreversibly blocked some permeation channels. Figure 7(a) presents 378 

changes on the outer surface of PES-TFC. The virgin membrane had a fully porous outer 379 

surface. PRO testing in wastewater introduced serious deposition of foulants on the 380 

membrane, in which silica fouling may dominate according to our previous study (Chen 381 

et al. In press). De-ionized water washing opened some permeation channels and restored 382 

the flux to >90%. However, this restoring was fairly vulnerable as a massive amount of 383 

foulants still stuck to the membrane as shown in Figure 7(a), and pores blocked even 384 

faster in the second run than that in the first run. The third run of PRO testing had a 385 

similar performance of the second run, and the flux reduced to about 50% of the initial 386 

flux at a normalized accumulative permeate volume of ~140 L/m2. After three runs, back 387 
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washing by an acid solution (HCl, pH 2.8) was carried out, and then PES-TFC showed a 388 

comparable decline in water flux with that of the third run. Effects of polymer grafting 389 

were investigated by studying HPG-g-TFC and CHPG-g-TFC in wastewater PRO tests. 390 

Performance of the non-charged HPG-g-TFC is illustrated in Figure S2. In the first run, 391 

water flux gradually decreased to ~65% at a normalized accumulative permeate volume 392 

of 50 L/m2, which had been improved in comparison to that of PES-TFC. As shown in 393 

Figure 7 (c), no serious fouling was found on HPG-g-TFC after the first cleaning. Only a 394 

few foulant nodules and films stuck to the outer surface. However, in Run 2 and Run 3, 395 

water flux near-linearly dropped, getting closer and closer to that of PES-TFC. From 396 

these measurements it appears that the non-charged modification has limited resistances 397 

to the real wastewater fouling.  398 

 399 

Table 1 lists transport properties of PES-TFC and CHPG-g-TFC membranes, in terms of 400 

pure water permeability, A, salt permeability, B, and salt rejection. Both TFC membranes 401 

have comparable water permeabilities and salt permeabilities. In the case of the PES-TFC 402 

membrane, it has a water permeability of 0.78 L m-2 h-1 bar-1 and a salt permeability of 403 

0.58 L m-2 h-1. The membrane grafted by CHPG has slightly amplified resistance to water 404 

and salt, reducing permeability to 0.74 L m-2 h-1 bar-1 and 0.55 L m-2 h-1, respectively. 405 

Figure 6 also compares water fluxes of CHPG-g-TFC to PES-TFC in the real wastewater 406 

testing. Although the intrinsic properties of these two membranes are comparable, their 407 

PRO performances in wastewater are different. At the very beginning of operation on 408 

CHPG-g-TFC, an immediate decrease of water flux to ~85% was observed. Over the 409 

subsequent testing period, water flux slowly reduced to an average value of 75% of the 410 
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initial value. De-ionized water washing recovered the flux to >90%, which is almost the 411 

same as that of PES-TFC. Figure 7 (b) compares the outer surfaces of CHPG-g-TFC 412 

before testing and after cleaning. No salt crystals, particles, and nodules were evident on 413 

the cleaned membrane except few sticky films covering parts of the membrane surface. 414 

When CHPG-g-TFC was further exposed to wastewater, its water flux underwent slowly 415 

declining to an average value of 65% at a normalized accumulative permeate volume of 416 

150 L/m2. The acid cleaning at the end of Run 3 recovered the water flux to ~94%, and 417 

stabilized the flux in Run 4. Eventually, an average value of ~70% was obtained.  418 

 419 

Table 1 also lists changes in power density of PES-TFC and CHPG-g-TFC. The initial 420 

power densities of two membranes were kept comparably to be 8.2~8.3 W/m2 at 15 bar. 421 

After the first run, the power density of PES-TFC dropped to 4.3 W/m2, consistent with 422 

other PES-TFC membranes in real wastewater PRO tests (4~5 W/m2) (Wan and Chung 423 

2015). The value fluctuated from 3.6 to 4.1 W/m2 in the subsequent tests. In comparison, 424 

the power density of CHPG-g-TFC only decreased to 6.0 W/m2 after the first run, and 425 

slowly declined to 5.3 W/m2 in the following two runs. The acid cleaning before Run 4 426 

restored the membrane performance and maintained the power density at 5.6 W/m2 after 427 

Run 4. These results confirm that CHPG-g-TFC exhibits much enhanced membrane 428 

performance in power generation tests than PES-TFC. In other words, the efficacy of 429 

CHPG-g-TFC antifouling properties is confirmed and grafting this charged polymer onto 430 

PRO membranes is promising to reduce fouling for osmotic power generation. The 431 

enhancement is probably due to the fact that the charged hyperbranched polymer grafted 432 

membrane may form a surface hydration layer in water against foulants. However, one 433 
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has to realize that the current cleaning method does not effectively remove sticky foulants 434 

and a systematic study of cleaning methods is necessary in the future work. 435 

436 
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4. Conclusions 437 

We have designed an antifouling PRO hollow fiber membrane by synthesizing negatively 438 

charged hyperbranched polyglycerol and chemically grafting it onto the outer surface of 439 

PES hollow fibers. XPS measurements have verified the success of planting such CHPG 440 

brushes to membrane surface. The modification does not alter the morphology of 441 

membrane’s outer surface, but imparts good resistances to protein adsorption and 442 

bacterial attachments. In PRO tests under 15 bar, the CHPG-g-TFC membrane achieves 443 

the best performance in terms of water flux in comparison to the plain PES-TFC 444 

membrane and non-charged HPG-g-TFC membrane. The reduction in water flux is ~30% 445 

of the initial value at normalized accumulative permeate volumes of 140~150 L/m2 after 446 

four runs of testing for CHPG-g-TFC, in comparison to ~50% for the plain PES-TFC. 447 

This work may provide useful strategies to design antifouling PRO membranes when 448 

using municipal wastewater as the feed for osmotic power generation. 449 
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Figure 1. Comparison of membrane morphology of PES-TFC, PDA-TFC, and CHPG-g-TFC hollow 
fiber membranes .
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Figure 2. XPS wide scan, C 1s, N 1s and S 2p core-level spectra of outer surface of (a)
PES-TFC, (b) PDA-TFC and (c) CHPG-g-TFC hollow fibers.
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Figure 3. Cytotoxicity assays of (a) PES-TFC, (b) PDA-TFC, (c) CHPG-g-TFC hollow fibers in
3T3 fibroblasts culture medium after 24 h of incubation. Error bars represent the standard deviation
of four measurements.
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Figure 4. Relative fluorescence intensities and respective fluorescence microscopy images of outer
surface of (a) PES-TFC, (b) PDA-TFC, (c) CHPG-g-TFC hollow fibers after exposure to 0.5
mg/mL BSA-FITC solution for 1 h. Scale bar: 100µm.
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Figure 5. SEM images of outer surfaces (A) and viable adherent fractions (B) of (a) PES-TFC, (b) PDA-
TFC, (c) CHPG-g-TFC hollow fibers after exposure toS. aureus (top) andE. coli (below) at an initial cell
concentration of 5× 107 cells/mL for 4 h at 37 ºC. The cell number was determined by thespread plate
method.
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Figure 6. Membrane fouling behaviors by using municipal wastewater as the feed. The 
normalized water flux decline is plotted against normalized accumulative permeate volume. 
The draw solution initially contained 0.81 M NaCl, and a wastewater was used as the feed 
solution. The hydraulic pressure difference between feed and draw solutions was 15.0± 1.0 
bar. De-ionized water: DI water. 
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Figure 7. SEM detection on outer surfaces of (a) PES-TFC, (b) PDA-TFC,(c) CHPG-g-TFC
hollow fibers before PRO tests and after 1st de-ionized water cleaning. The draw solution initially
contained 0.81 M NaCl, and wastewater was used as the feed solution. Hydraulic pressure
difference between feed and draw solutions was 15.0± 1.0 bar. Back washing was performed to
clean the fouled membrane by de-ionized water at 15.0± 1.0 bar.
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Table 1. Transport properties and power densities of the PES-TFC and CHPG-g-TFC membranes.

A.1000 ppm NaCl as the feed solution in the RO test under an applied pressure of 15 bar for transport properties.
B. 0.81 M NaCl and wastewater were used as the feed pair in PRO tests. The hydraulic pressure difference between 

feed and draw solutions was 15.0± 1.0 bar. 

Membrane Water 
permeability, A

(L m-2 h-1 bar-1)

Salt 
permeability, B

(L m-2 h-1)

Salt 

rejection (%)

Power density (W/m2)

Initial After 
Run 1

After 
Run 2

After 
Run 3

After 
Run 4

PES-TFC 0.78±0.08 0.58±0.06 95.1±5.5 8.3 4.3 3.6 4.1 3.6

CHPG-g-TFC 0.74±0.15 0.55±0.11 94.9±5.8 8.2 6.0 5.9 5.3 5.6
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1. A method to fabricate antifouling pressure retarded osmosis (PRO) membranes. 

2. Real municipal wastewater retentate was employed as the feed. 

3. The modified membrane has low fouling propensity and high recovery. 

4. The modified membrane has improved power density. 


