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 13 

Abstract 14 

In this study, a facile method has been developed to prepare high performance thin film 15 

composite (TFC) forward osmosis (FO) membranes, which was conducted by coating the surface 16 

of polysulfone (PSf) substrate with polydopamine (PDA) prior to the interfacial polymerization of 17 

trimesoyl chloride and m-phenylenediamine. The PDA coating layer was investigated by 18 

ATR-FTIR, XPS, FESEM and contact angle measurement. Results showed that the PDA layer 19 

played the following roles: (1) endowing the PSf substrate with catechol and ethylamino groups to 20 

enhance the hydrophilcity, which resulted in a significant increase in water flux; (2) facilitating 21 

the formation of a denser selective polydopamine layer during the interfacial polymerization 22 

process to enhance the salt rejection. The TFC membrane based on PDA coated dual PSf surfaces 23 

showed a water flux of 43.4 LMH and a salt flux of 6.46 gMH in pressure retarded osmosis (PRO) 24 

mode using 2 M NaCl as draw solution.  25 

 26 

Keywords: Forward osmosis, Thin-film composite membrane, Surface modification, Polysulfone, 27 

Polydopamine  28 

 29 

  30 

1. Introduction 31 

Fresh water and energy shortage due to population growth is one of the major problems faced 32 

by humanity today. Recent researches on seawater desalination have focused on developing low 33 

energy consumption membrane separation processes. Forward osmosis (FO) is a novel membrane 34 

separation technology that utilizes osmotic pressure difference between the feed solution (FS) and 35 

the draw solution (DS) to force water across a semipermeable membrane. Compared to 36 

conventional hydraulic driven processes like nanofiltration (NF) and reverse osmosis (RO), FO 37 
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displays higher water recovery, better fouling resistance and less energy input.
1-4

 Owing to these 38 

unique advantages, FO technology has received various interesting potential applications such as 39 

seawater desalination,
5-7

 wastewater treatment,
8-9

 food processing
10-11

 and power generation.
12-13

 40 

However，there are some technological obstacles that limit the advancement of FO process. 41 

One of the major challenges is to improve the FO membrane performance.
14

 An ideal FO 42 

membrane should have the properties of high water permeability, high salt rejection and good 43 

chemical and thermal stability.
15,16

 The current commercially available membranes made up of 44 

cellulose triacetate by Hydration Technologies Inc. show relatively low water flux, poor salt 45 

rejection and easy hydrolysis.
16-18

 In this regard, over recent years many efforts have been made to 46 

develop thin film composite (TFC) FO membranes with a very thin skin layer and a porous 47 

support layer. However, the existence of internal concentration polarization (ICP) happened 48 

within the support layer limits the performance of these TFC membranes.
19

 ICP is an exclusive 49 

phenomenon to FO process that significantly reduces the osmotic pressure gradient across the 50 

membrane and results in a decrease of the water flux.
20,21

 There are two types of ICP due to the 51 

asymmetric FO membrane structure. A concentrative ICP occurs when the selective layer faces 52 

the draw solution (namely pressure retarded osmosis or PRO mode) as a result of salt 53 

accumulation inside the support layer. And a dilutive ICP happens due to the draw solution 54 

dilution in the substrate when the selective layer is placed towards the feed solution (namely FO 55 

mode).
14,18

 According to the relevant literature, FO researchers generally agree that a promising 56 

substrate of TFC FO membrane should be porous, hydrophilic, thin as possible and low tortuosity 57 

to minimize the effect of ICP.
14,17,22

 In recent years, many methods have been tried to improve the 58 

performance of PSf substrate. Y.H. La’s group prepared TFC polyamide membranes on 59 

mesh-reinforced PSf supports which enabled a reduction in membrane thickness while 60 

maintaining good mechanical properties.
23

 Y.H. Cho et al. fabricated a carboxylated PSf support 61 

layer for FO processes and this hydrophilic modification of FO membranes led to a dramatically 62 

higher water permeability compared to the conventional TFC polyamide membranes.
24

 Several 63 

studies reported that nanoparticles could be embedded into the PSf substrate to prepare a novel 64 

nanocomposite membrane with a smaller structural parameter.
22,25,26

 65 

In the past years, polydopamine (PDA), a mussel inspired polymer, has attracted much 66 

attention for membrane modification.
27-32

 Owing to the catechol and ethylamino functional groups 67 

in dopamine (DA), a tightly adherent PDA layer can be easily created on the surfaces of many 68 

substrates such as polyvinylidene (PVDF), Polyethersulfone(PES) and polysulfone (PSf) via 69 

self-polymerization in a weak alkaline condition.
33-34

 Enlightened by this peculiar polymer, Y. Li 70 

et al. have successfully synthesized a nanofiltration membrane based on PDA modified PES 71 

support layer which showed good structural stability.
28

 L. Zhu’s group has investigated the 72 

fundamental surface properties of PDA-coated hydrophobic substrates. They found that the 73 

surface free energy and hyophilicity of the PDA modified substrates were enhanced 74 

dramatically.
27

 J.T. Arena et al. coated the PSf support layers of commercial RO membranes with 75 

PDA to use for FO process
30

 and H.K. Lee’s group also provided a facile method of preparing 76 

PDA modified PES hollow fiber membrane for pressure retarded osmosis
31

. 77 

In this work, polyamide (PA) flat sheet TFC-FO membranes were fabricated using 78 

1,3-phenylenediamine and trimesoyl chloride via interfacial polymerization method. Before the 79 

PA selective layer formed, polysulfone substrate was coated by PDA. Three kinds of PDA 80 

modified substrates were prepared in this work using the same procedure and designated as 81 
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PDA@ top PSf, PDA@ bottom PSf and PDA@ dual PSf, respectively, which are illustrated in Fig. 82 

1. Our present work aims to investigate how the PDA coating layers affect the whole performance 83 

of the FO membrane, including (1) the effect of top surface PDA coating on formation of the 84 

subsequent selective layer and (2) the relationship between the PDA coating and the hydrophilcity, 85 

salt rejection and water permeability. More specifically, the PDA@ top PSf aims to enhance the 86 

salt rejection while the PDA@ bottom PSf is supposed to improve the water permeability of the 87 

composite membrane. Then both advantages could be combined to prepare a TFC PDA@ dual 88 

PSf membrane which could show high water flux without serious loss in salt rejection. 89 

 90 

2. Experimental materials and methods 91 

2.1 Materials 92 

Polysulfone beads (PSf, molecular weight: 52,000, EV-501, Solvay Advanced Polymers) was 93 

used for fabricating the membrane substrates. 1-methyl-2-pyrrolidinone (NMP, ≥99.0%) and 94 

polyvinylpyrrolidone (PVP K-30) purchased from Sinopharm Chemical Reagent Co. Ltd were 95 

used as the solvent and porogen, respectively. The dopamine hydrochloride (DA, ≥98.5%) and 96 

Tris-HCl purchased from Shanghai Ryon Biological Technology CO. Ltd were employed to 97 

modify the substrates. 1,3-phenylenediamine (MPD, ≥99.5%), trimesoyl chloride (TMC, ≥98 

98.0%) and n-hexane (≥97.0%) purchased from Sinopharm Chemical Reagent Co., Ltd were 99 

used for interfacial polymerization. Sodium chloride (NaCl, ≥99.5%) provided by Sinopharm 100 

Chemical Reagent Co. Ltd was dissolved in deionized water (DI, 8-10 µs/cm) for FO and RO 101 

tests. 102 

2.2 Preparation of PSf membrane substrates 103 

The PSf substrates were prepared via phase inversion method.
35

 The casting solution was 104 

prepared by mixing Polysulfone beads (18 wt%) with NMP (81.5 wt% ) as solvent and PVP (0.5 105 

wt% ) as porogen and stirred by a Yitong Electron mechanical stirrer at 70 ℃ for 5 hours. The 106 

polymer solution was then placed in a desiccator overnight to remove bubbles. The casting 107 

solution was casted on a dry glass plate with a 140 µm casting knife, followed by immersion into a 108 

water bath at room temperature immediately to induce phase inversion. After the membrane 109 

formation was finished, it was peeled off the glass plate and rinsed in a tap water bath to remove 110 

the residual solvent. Finally, the membrane was kept in DI bath before use. 111 

2.3 Modification of PSf substrate with PDA 112 

The surface modification steps took place in a custom-made coating frame which limited the 113 

coating solution to only one side of the substrate. The dopamine solution was prepared by 114 

dissolving 0.1 g dopamine hydrochloride in 50 mL of pH=8.5~ 8.8 tris-HCl buffer and it was 115 

quickly poured onto the membrane surface after it was ready. The reaction took place at 25 ℃ in 116 

air ambient conditions for 1 hour. After the coating was finished, the modified membrane was 117 

thoroughly rinsed by DI water to remove the residual chemicals. The membrane was then kept in 118 

DI bath before interfacial polymerization. Both the top and the bottom surface modification of the 119 

PSf substrate were performed in the same procedure and condition. Three kinds of PDA modified 120 

substrates were prepared in this work and they are illustrated in Fig. 1. 121 

 122 
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2.4 Fabrication of polyamide selective layer 123 

The polyamide selective layer of TFC membrane was prepared on the top surface of the PSf 124 

substrate via interfacial polymerization process. At first, the substrate was immersed in 50 mL of 2 125 

wt% MPD aqueous solution for 120 s. The excess MPD liquid droplet was swept off by a 126 

Whatman filter paper. Next, 50 mL of 0.1% (w/v) TMC n-hexane solution was poured onto the 127 

membrane surface and held on the substrate for 120 s to form a polyamide thin film. The resultant 128 

TFC membrane was then rinsed by DI water and kept in DI bath until use. 129 

2.5 Membrane characterizations 130 

The functional groups of polydopamine layer were identified by a Nicolet AVATAR 360 131 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscope. An ESCALAB 132 

250Xi X-ray photoelectron spectroscopy (XPS, Thermo Fisher, USA) with a source gun type of 133 

Al Kα was employed to determine the chemical changes of the membrane surface with and 134 

without polydopamine modification. Membrane surface morphologies and roughness were 135 

examined with a field-emission scanning electron microscope (FESEM, Sigma, Zeiss) from 136 

Germany and an atomic force microscope (AFM, SPM-9500J3) from Shimadzu, respectively. 137 

Surface hydrophilicity was determined using a DSA 100 dynamic contact angle instrument from 138 

Germany.  139 

2.6 Membrane performance tests 140 

The permeability and selectivity of the FO membranes were tested in a customized lab-scale 141 

reserves osmosis unit.
36

 The membrane cell has an effective area (Am) of 46.5 cm
2
. All tests were 142 

conducted at 25±0.5 ℃ and external concentration polarization was ignored because of a relatively 143 

high recirculation rate. In RO tests, the pure water flux (Jw) and water permeability (A) were 144 

measured over an operating pressure of 2.5 bar with DI water as feed solution. The Jw and A were 145 

calculated using Eqs. (1) and (2). 146 

∆tA

∆V
J

m

w =                                    (1) 147 

∆P

J
A w
=                                       (2) 148 

where ∆V is the volume of permeate water collected over the operating time ∆t and ∆P is the 149 

trans-membrane pressure. Salt rejection (R) and salt permeability (B) were evaluated using 20 mM 150 

NaCl as feed solution at a pressure of 2.5 bar. R can be expressed as: 151 

100%)
C

C
(1R

f

p
×−=                          (3) 152 

where Cf and Cp are the concentrations of feed solution and permeate solution, respectively. Both 153 

parameters were determined by an ICS-900 ion chromatography (Dionex, USA). Based on the 154 

pre-measured parameters of A and R, and the known values of hydraulic pressure difference ∆P 155 

and osmotic pressure difference ∆π, Salt permeability can be calculated by Eqs. (4). 156 
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∆π)A(∆

B

R

R1

−
=

−

P
                          (4) 157 

FO performance of the prepared membranes was measured with a custom-make lab-scale FO 158 

setup which is illustrated in Fig. 2. The cross-flow membrane cell has an effective area of 22.37 159 

cm
2
. Pure water and concentrated NaCl solutions (1 M and 2 M) were used as feed solution and 160 

draw solution, respectively. Both solutions were circulated at a flow velocity of 15 L/h. The feed 161 

and draw solution were both 1 L and kept 25 ℃ during the tests. All of the FO membranes were 162 

tested in both PRO and FO modes. To minimize experimental error, every parameter was 163 

determined at least three times to get an average value. 164 

The water flux (Jv) was evaluated by the weight increment in draw solution tank during the 165 

testing time interval. 166 

∆tA

∆m
J

m

draw
v =                                (5) 167 

where ∆mdraw is the mass increment of draw solution and ∆t is testing time interval. 168 

The reverse salt flux (Js) was measured by calculating the content increment of NaCl in feed 169 

solution in the period of testing time. 170 

∆tA

)V∆(C
J

m

ff

s =                                (6)  171 

where Cf and Vf are the NaCl concentration and volume of feed solution at the end of test, 172 

respectively.  173 

 174 

3 Results and discussion 175 

3.1 Surface chemistry of PDA coating 176 

Many researchers have reported that dopamine molecules would undergo oxidation and 177 

polymerization in a weak alkaline condition and adhere to membrane surface to form a thin PDA 178 

layer.
29,37

 ATR-FTIR spectroscope was used to analyze the chemical structure of membrane 179 

surface. Fig. 3 shows the ATR-FTIR spectra of original PSf and PDA modified PSf membranes. It 180 

is obvious that two new absorption peaks appear in the PDA coated membrane. The peak at 1657 181 

cm
-1

 was corresponding to the deformation vibration of N-H in polydopamine. Another new peak 182 

appears between 3100 and 3600 cm
-1

 was attributed to O-H and N-H stretching vibration.
27

 These 183 

characteristic peaks proved that the PDA layer was successfully prepared on the PSf film.  184 

Furthermore, XPS spectroscope was used to quantitatively analyze the surface element 185 

compositions of the pristine and modified membranes. The XPS wide scans are presented in Fig. 4 186 

and the atomic percentage of membrane surface are illustrated in Table 1. Compared to the 187 

original PSf membrane, a nitrogen (N1s) signal appeared in the PDA@PSf membrane, which 188 

implies the successfully coating of PDA skin layer. Meanwhile, the peak intensity of S(2s) and 189 

S(2p) and element compositions were evidently different. As shown in table 1, the atomic 190 

percentage of S declined from 3.02% to 0.66%, and the C/N molar ratio for PDA@ top PSf 191 

membrane was 9.18, which was a bit larger than the theoretical value of pure dopamine (8.0). The 192 

results indicated that the thickness of PDA coated layer on the top surface of PSf was approximate 193 
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to the analysis deepness of XPS. 194 

3.2 Morphology and structure of membrane substrates 195 

Fig. 5 illustrates the surface morphology of the original and modified membranes. It is 196 

obvious that the color of membrane surfaces (both top and bottom) became dark brownish after  197 

the PDA coating. This result was consist with the reports in other literatures
34,38

 and implied the 198 

formation of PDA layer. It was found that some nano-scale particles appeared on the surface of 199 

PDA coated substrates. This indicated that there were some aggregated nanoparticles of dopamine 200 

formed during the self-polymerization process. The similar phenomenon was observed by 201 

Cheng.
29

 In addition, the hydrophilicity of PDA modified PSf was improved significantly . As 202 

presented in Fig. 5, the contact angle (CA) on the top surface of PSf decreased from 71.4° to 40.3° 203 

and the CA on the bottom of PSf decreased from 56.0° to 30.6° after being coated by PDA. This 204 

was mainly due to the hydrophilic groups in the PDA molecules.  205 

The three-dimensional AFM images in Fig. 6 show that the pristine PSf membrane has a 206 

relative small square average roughness (Rms) of 8.0 nm, while the value of Rms increases to 21.1 207 

nm after the PDA coating. As it was observed in Fig. 6, the surface morphology of PDA@top PSf 208 

substrate became much rougher and some irregular protuberance of PDA nanoparticles were 209 

found. These were coincident with the results of FESEM images. Generally, the PDA coated 210 

substrates showed different surface chemical properties, improved hydrophilicity and rougher 211 

surface compared to the pristine membrane. These improvements may have a big influence on the 212 

fabrication process of polyamide selective layer and affect the performance of the TFC FO 213 

membranes. 214 

3.3 Characteristics of the TFC-FO membranes 215 

AFM data summarized in table 2 shows that the surface roughness of membrane increased 216 

sharply after the formation of PA layer. Compared to the TFC PSf membrane, the PA layers 217 

formed on PDA surface have a rougher surface and the square average roughness (Rms) increased 218 

from 43.4 nm to about 60nm. Fig. 7 shows the surface morphology of TFC FO membranes with 219 

different substrates. The active PA layer displayed a continuous “ridge and valley” morphology 220 

which is a typical characteristic of TFC PA membranes. This active layer primarily determines the 221 

water flux and solute rejection of the resultant FO membrane. As shown in Fig. 7, the surface 222 

morphology of the TFC membrane and the TFC PDA@ top PSf are very different. This indicates 223 

that the PDA coating has a big influence on the subsequent interfacial polymerization as well as 224 

the salt rejection of the resultant FO membrane, which will be discussed in the next part. In 225 

addition, it can be seen from the cross-sectional FESEM images in Fig. 8 that the thickness of the 226 

skin layer of the original TFC membrane is nearly the same as the TFC membrane with a top PDA 227 

layer.  228 

Table 3 presents the separation properties of membranes prepared with different substrates. It 229 

is reported that all of the PDA modified TFC FO membranes showed a better water permeability 230 

comparing to the pristine TFC FO membrane. This can be explained by the improved 231 

hydrophilicity of the substrates. We generally believe that water transporting a hydrophilic 232 

substrate encounters less mass transfer resistance than the unmodified PSf support layer. It is 233 

worth noting that the PDA modification on the bottom surface of PSf is more favorable to improve 234 

the water permeability. As shown in table 3, the water permeability of TFC PDA@ bottom PSf 235 
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membrane was 1.34 L/m
2
 bar h while that of TFC PDA@ top PSf membrane was 1.19 L/m

2
 bar h. 236 

These might be attributed to the following reasons. Firstly, both sides of the TFC PDA@ bottom 237 

PSf membrane (PA layer and PDA layer) were hydrophilic while the TFC PDA@ top PSf 238 

membrane only had one hydrophilic side (PA layer). Secondly, according to Arena’s report, since 239 

there were relative big pores on the bottom surface of PSf (Fig. 4), dopamine could easily 240 

penetrated into the substrate and attached onto the inside pore walls, which could enhance the 241 

hydrophilicity and “wetted porosity”.
32

 However, although the TFC PDA@ bottom PSf membrane 242 

showed a remarkable increase in water permeability, its salt rejection decreased from 86.5% to 243 

80.2%. For TFC PDA@ bottom PSf membrane, the water permeability and salt permeability 244 

showed a “trade-off relationship” which elucidated by previous research.
39

 However, the TFC 245 

PDA@ top PSf membrane displayed a satisfactory performance in terms of NaCl rejection. The 246 

NaCl rejection increased from 86.5% to 89.2%. The results indicated that the PDA layer on the top 247 

surface might help to form a denser selective PA layer during the subsequent interfacial 248 

polymerization process. T.S. Chung’s group
32

 also reported that the amine remained in the PDA 249 

layer could react with trimesoyl chloride monomers which might result in a denser and more 250 

stable PA layer. In summary, the PDA coated on the bottom surface of PSf helped to enhance the 251 

water permeability while the PDA coated on the top surface of PSf mainly contributed to 252 

improvement of salt rejection. Therefore, the TFC PDA@ dual PSf membrane would be a good 253 

choice to achieve high water flux without sacrificing the salt rejection. 254 

3.4 FO performance evaluation 255 

Fig. 9 compares the water flux of TFC FO membranes prepared on pristine PSf and PDA 256 

modified PSf substrates using DI water as feed solution and either 1 M or 2 M NaCl as draw 257 

solution under both FO and PRO modes. The TFC PSf membrane displayed relative poor water 258 

fluxes as low as 6.4 LMH in FO mode and 12.0 LMH in PRO mode when 2 M NaCl was used as 259 

draw solution. But the good news was that the water flux increased significantly when the PSf 260 

substrate was coated by the PDA layer, and it reached the maximum value of 23.3 LMH in FO 261 

mode and 43.4 LMH in PRO mode for TFC PDA@ dual PSf membrane. These were mainly due 262 

to the improved hydrophilicity of substrate. In addition, Fig. 8 also shows that the water flux in FO 263 

mode was much lower than that of PRO mode because of serious ICP effect. The results also 264 

showed that a high water flux was achieved by employing draw solution in high concentration (i.e. 265 

2 M NaCl) as it could provide stronger driving force across the membrane.  266 

The solute fluxes of the four types of TFC FO membranes are shown in Fig. 10. A reduction 267 

in solute leakage was observed for TFC PDA@ top PSf membrane. The results proved that the 268 

PDA coated on the top surface of PSf had an positive effect on the subsequent interfacial 269 

polymerization reaction to form PA layer. However, the TFC PDA@ bottom PSf membrane 270 

showed a dramatical increase in salt flux . Generally, the key feature of an ideal FO membrane is 271 

low reverse salt flux in addition to high water flux. Fortunately, the resultant TFC PDA@ dual PSf 272 

membrane can achieve a high water flux without serious loss in salt rejection. 273 

 274 

4 Conclusions 275 

In this study, three kinds of thin film composite (TFC) membranes based on polydopamine 276 

coated support layers were successfully synthesized. Compared to the TFC PSf membrane, the 277 
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water permeability of all the modified membranes were significantly improved. The enhancement 278 

in water flux mainly owes to the improved hydrophilicity of the PSf substrates which facilitate 279 

water across the membrane and diminish ICP effect. Results also showed that the PDA coated on 280 

the top surface of the substrate changed the surface chemical properties and roughness, which had 281 

a positive effect on the formation of PA selective layer. The resultant TFC PDA@dual PSf 282 

membrane showed high water flux without serious loss in salt rejection, which meant that this 283 

newly developed FO membrane displayed great perspective in forward osmosis applications. 284 
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Figure 1 The illustration of four kinds of TFC FO membranes. 
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Figure 2 Set up of Lab-scale forward osmosis system 
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Figure 3 ATR-FTIR spectra of original PSf and PDA modified PSf membranes 
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Figure 4 XPS spectra of original PSf and PDA coated PSf membranes. 
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Figure 5 Photographs and FESEM images of the original PSf and PDA modified PSf membranes. 

(a) top surface of PSf, (b) top surface of PDA@ top PSf, (c) bottom surface of PSf, (d) bottom 

surface of PDA@ bottom PSf. 
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Figure 6 AFM images and square average roughness (Rms) for (a) PSf, (b) PDA@ top PSf.  
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Figure 7 Surface FESEM images of (a) TFC PSf membrane, (b) TFC PDA@ top PSf membrane. 
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Figure 8 Cross-section FESEM images of (a) original TFC membrane and (b) TFC PDA@ top 

PSf membrane. 
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Figure 9 Water fluxes of TFC PSf and TFC PDA modified PSf membranes during FO process, (a) 

FO mode and (b) PRO mode. 
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Figure 10 Solute flux of TFC PSf and TFC PDA modified PSf membranes during FO process, (a) 

FO mode and (b) PRO mode. 

 

 

 

 

 

 

Page 20 of 24RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Table 1 Surface element compositions of the pristine and modified membranes. 

Membrane 
Atomic percentage % 

O/N C/N 
O N C S 

PSf 13.62 0 83.36 3.02 - - 

PDA@PSf 19.55 7.84 71.95 0.66 2.49 9.18 
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Table 2 Surface roughness of TFC-FO membranes. 

Membrane Ra (nm) Ry (nm) Rms (nm) 

TFC PSf 34.6 288.5 43.4 

TFC PDA@ top PSf 52.7 430.4 60.9 

TFC PDA@ bottom PSf  35.1 272.6 44.4 

TFC PDA@ dual PSf 50.3 398.5 57.3 

Ra--Arithmetic mean roughness, Ry--Maximum height, Rms--Square average roughness. 
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Table 3 Separation properties of membranes prepared with different substrates. 

Membrane Water permeability  

A (L/m
2
 bar h) 

Salt permeability  

B (L/m
2
 h) 

NaCl rejection  

(%) 

TFC PSf 1.08 0.26 86.5 

TFC PDA@ top PSf 1.19 0.22 89.2 

TFC PDA@ bottom PSf  1.34 0.50 80.2 

TFC PDA@ dual PSf 1.52 0.43 84.0 
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