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17

18 Abstract

19 Stable geometric chemical structures can ensure the long-term stability of separation 

20 membranes for water treatment. In this study, polydopamine (PDA)/polyethyleneimine (PEI) 

21 nanoparticle (PDA/PEI-NP) membranes are prepared using a vacuum-assisted self-assembly 

22 technique, in which PDA/PEI NPs are supported inside the polymer membrane. During the 

23 self-assembly process, highly adhesive NPs, which exhibit the formation of bonds, are 

24 selectively supported at the dead end of the membrane pores. This phenomenon inhibits the 

25 leaching caused by the fluid-induced erosion of traditional coatings. Therefore, the obtained 

26 membranes exhibit excellent long-term stability. Additionally, the membrane flux increases 

27 after modification because the NPs do not block the flow-through pores and the abundant 

28 hydrophilic groups decrease the threshold pressure across the membrane. The pure water 

29 permeability of the proposed membrane is 10,647± 49 L·m-2·h -1·bar -1, which is 11.52% 

30 higher than that of the PDA/PEI co-deposited blank membranes. The proposed facile 

31 approach to develop stable and high-performance membranes is expected to facilitate the 

32 sustainable development of membrane technologies.

33
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34 Keywords: polydopamine/polyethyleneimine nanoparticles, intramembrane nanoparticle 

35 assembly, selective support, long-term stability, high flux

36 1. Introduction

37 Water shortage and water quality deterioration are challenges that are being frequently 

38 encountered in the 21st century [1]. As a promising water treatment technology with a low 

39 energy consumption, membrane separation technologies are being widely incorporated [2]. To 

40 enhance the advantages of using such technologies, separation membranes that can exhibit 

41 long-term stability and excellent separation performance must fabricated using facile 

42 approaches [1–5]. A representative method for preparing high-performance membranes is to 

43 coat a functional layer on (or inside) the membranes [6]. However, these coatings are typically 

44 unstable owing to the absence of strong interactions between the coating and membrane surface, 

45 resulting in inferior long-term stability and limited applications [6–8].

46

47 To solve these problems, interface regulation has been used to enhance interactions through the 

48 formation of chemical bonds [5]. Polydopamine (PDA) coatings, which are simple and effective 

49 materials, are desirable candidates for this regulation [9], PDA contains amino, phenolic 

50 hydroxyl, benzene ring, catechol, indoles, and quinoid groups, which can interact and react with 

51 many materials through hydrogen bonding, π–π bonds, metal–ligand interactions, Michael 

52 addition, and Schiff base reactions [10]. Consequently, membranes with PDA coatings exhibit 

53 stable performance [11–15].

54

55 To achieve highly efficient separation, hydrophilic groups have been introduced to fabricate 

56 hydrophilic and underwater superhydrophobic membranes [16]. By introducing a hydration 

57 layer with high viscosity and low solubility onto the hydrophilic membrane surface to develop 

58 physical and energy barriers against foulants, the foulants could be adsorbed and antifouling 

59 performance could be achieved [17,18]. Various studies have indicated that the hydrophilicity 

60 can be enhanced to increase the membrane flux [19]. In particular, water treatment membranes 

61 have an intrinsic threshold pressure, and their permeability can only be stabilized when the 

62 pressure difference across the membrane exceeds this pressure. Enhancing the hydrophilicity 

63 of a membrane can help decrease the threshold pressure. In this scenario, the membrane can be 

64 wetted by water at a lower pressure, thereby increasing the membrane flux [20,21].

65
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66 Considering these aspects, researchers focused on dopamine-based modified membranes to 

67 achieve long-term stable performance and a high separation efficiency. Based on 

68 PDA/polyethyleneimine (PEI) co-deposition, Xu et al. designed a membrane that is 

69 superhydrophilic in air and superhydrophobic in water. The maximum water permeability was 

70 approximately 7000 L·m-2·h-1·bar-1, and the membrane exhibited high stability in acidic, neutral, 

71 and weakly alkaline solutions [15]. Shao et al. filtered a mixed solution of trimethoxysilylpropyl 

72 octadecyldimethyl ammonium chloride-dopamine-Tris-HCl into the interior of a poly(1,1-

73 difluoroethylene) (PVDF) membrane. Through further polymerization, a polydopamine-

74 modified membrane with excellent antipollution performance was obtained [22].

75

76 In this study, a membrane with long-term stability and excellent separation performance was 

77 fabricated using a facile approach. PDA/PEI-nanoparticle (NP) membranes were prepared 

78 through the vacuum filtration of a PDA/PEI-NP dispersion to support NPs in the interior of the 

79 PDA/PEI-co-deposited PVDF membrane (Scheme 1). First, the highly adhesive NPs were 

80 smaller than the membrane pores, and the pores were tortuous. Therefore, the NPs did not 

81 remain in the flow-through pores during filtration. Instead, the NPs selectively accumulated at 

82 the dead end of the pores, which inhibited NP leaching and produced a new pore wall. Second, 

83 in contrast to the reversible coordination bonds between the co-deposition layer and 

84 hydrophobic materials, covalent bonds were formed in the NPs via Michael addition or the 

85 Schiff base reaction [9,10,15,23,24], which inhibited the leaching of polymers on the NP 

86 surface owing to creeping flow inside the membrane. Therefore, the obtained membranes were 

87 expected to exhibit excellent long-term stability. Moreover, because the NPs did not block the 

88 flow-through pores and contained abundant hydrophilic groups, the membrane flux increased, 

89 and the antifouling performance was enhanced. This study represents the first attempt at 

90 selectively supporting NPs inside a polymer membrane to realize long-term stability and 

91 excellent separation performance using a facile method. The findings are expected to guide the 

92 sustainable development of membrane technologies.

93
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94
95 Scheme 1. Preparation of the PDA/PEI-NP membrane.

96

97 2. Results and Discussion

98 2.1 Morphology and chemical composition of the PDA/PEI NPs 

99 The morphology of the PDA/PEI NPs was characterized through field emission scanning 

100 electron microscopy (FESEM). As shown in Figure 1a, most PDA/PEI NPs exhibited a 

101 spherical structure and uniform particle size. Quantitative characterization using a laser particle 

102 size analyzer (Figure 1b) indicated that the size distribution of the NPs was concentrated in the 

103 range of 164–225 nm, with an average particle size of 217 nm. When PDA/PEI NPs were 

104 dispersed in water, a significant Tyndall effect was observed upon laser illumination (Figure 

105 1c), indicating that the NPs exhibited colloidal properties and could develop a highly dispersed 

106 heterogeneous system in water.

107

108 The chemical structures of the PDA/PEI NPs were analyzed through Fourier transform infrared 

109 spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) analyses. The FTIR 

110 spectrum of dopamine (Figure 1d) indicated that the absorption peaks of PDA were mainly 

111 located at 1617 cm-1, 1519 cm-1, and 1289 cm-1, which corresponded to C=C bonds, bending 

112 vibration of N-H bonds, and stretching vibrations of C-N bonds in aromatic rings, respectively. 

113 In accordance, the absorption peaks of the PDA/PEI NPs appeared at 1633 cm-1 and 1365 cm-1. 

114 The absorption peak at 1365 cm-1 corresponded to C-N bonds, which reflected the presence of 

115 PEI fragments in the NPs. PEI reacted with PDA through the Michael addition reaction (in 

116 general, the C-N bond is sensitive to chemical environments, and its presence in PEI leads to a 

117 red-shift of the corresponding absorption peak). Additionally, the absorption peak at 1633 cm-

118 1 was broader than that of PDA owing to the formation of a C=N bond between PDA and PEI, 

119 indicating the reaction of PDA with PEI. Figure 1e presents the chemical composition of the 
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120 PDA/PEI NPs, characterized by XPS. The NPs mainly contained C, N, and O. The N 1s high-

121 resolution narrow spectrum shown in Figure 1f confirmed the formation of a C=N bond between 

122 PDA and PEI through a Schiff base reaction.

123

124 These results indicated that the NPs had a regular shape, narrow size distribution, and highly 

125 uniform dispersion. Notably, C-N and C = N covalent bonds were formed in the NPs through 

126 the Michael addition and Schiff base reactions between PDA and PEI.

127
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128
129 Figure 1. Morphology and chemical composition of the PDA/PEI NPs. (a) Morphology (scale 

130 bar = 500 nm); (b) Size distribution; (c) Tyndall effect of PDA/PEI-NP dispersion; (d) FTIR 

131 spectra of PDA and PDA/PEI NPs; (e) Broad-scan XPS spectrum of PDA/PEI NPs; (f) Narrow-

132 scan XPS N 1s spectrum of PDA/PEI NPs; (g) Schematic of the possible chemical reaction 

133 between PDA and PEI.

134
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135 2.2 Geometrical–chemical structure of the NP membranes 

136 In this study, PDA/PEI-NP membranes were prepared by supporting PDA/PEI NPs on a co-

137 deposited PVDF membrane. The surface and cross-sectional morphologies of the PVDF, co-

138 deposited, and PDA/PEI-NP membranes were characterized by FESEM (Figure 2a–f). As 

139 shown in Figure 2a and 2d, the PVDF membrane exhibited a porous structure with tortuous 

140 channels. The surface and cross-sectional morphologies of the PDA/PEI co-deposition-

141 modified membrane were similar to those of the PVDF membrane (Figure 2b and 3e), 

142 indicating uniform deposition of PDA/PEI on the surface of the PVDF membrane. When NPs 

143 were supported on the co-deposited membrane through vacuum-assisted filtration, they were 

144 observed in the membrane pores and did not block the flow-through pores (Figure 2c and 2f).

145

146 The chemical structures of the PVDF, co-deposited, and PDA/PEI-NP membranes were 

147 analyzed through attenuated total reflection (ATR)/FTIR and XPS (Figure 2g–h). In contrast to 

148 the PVDF membrane, absorption peaks appeared at 1655 cm-1 and 1645 cm-1 in the spectra of 

149 the co-deposited and PDA/PEI-NP membranes (Figure 2g), which indicated the stretching 

150 vibration of C=N and C=C bonds in the aromatic rings, respectively. This observation 

151 confirmed that PDA and PEI reacted with each other in the co-deposited and PDA/PEI-NP 

152 membranes. According to the wide-scan XPS spectra (Figure 2h), N and O were observed on 

153 the surfaces of the co-deposited and PDA/PEI-NP membranes, indicating the presence of 

154 PDA/PEI. The contents of O, N, and C on the surface of the co-deposited and PDA/PEI-NP 

155 membranes were 8.07%, 7.67%, and 58.92% and 14.35%, 11.69%, and 61.69%, respectively. 

156 In other words, the O/C and N/C ratios increased from 13.70% and 13.02% to 23.26% and 

157 18.95%, respectively, after support, suggestive of the increased densities of O and N on the 

158 surface of the PDA/PEI-NP membrane after support.

159

160 These results indicated that the PDA/PEI NPs were supported inside the membrane through 

161 vacuum-assisted filtration. Because the pore diameter was larger than that of the NPs and the 

162 NP concentration was low, the NPs could not block the flow-through pores during vacuum 

163 filtration. Moreover, owing to the tortuous channels in the polymer membrane, the NPs could 

164 be supported at the dead end around the flow-through pores, forming a new pore wall (Scheme 

165 1 and Figure 2f). Consequently, the NPs were less susceptible to being washed away by the 

166 fluids. The O and N densities on the NP membrane surface were 1.77 and 1.46 times higher 

167 than those of the co-deposited membrane, respectively, indicating that the supporting of NPs 
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168 increased the content of hydrophilic groups such as hydroxyls and imines on the membrane 

169 surface. The overall hydrophilicity of the membrane was enhanced because the NPs were 

170 mainly supported inside the membrane. Finally, the membrane color intensified after the NP 

171 support (Figure 2i), providing visual evidence of the successful preparation of the PDA/PEI-

172 NP membrane.

173
174 Figure 2. Morphology and chemical composition of the membranes. (a) Surface and (d) cross-

175 sectional morphologies of the PVDF membrane (scale bar = 2 μm). (b) Surface and (e) cross-

176 sectional morphologies of the co-deposited membrane (scale bar = 2 μm). (c) Surface and (f) 

177 cross-sectional morphologies of the PDA/PEI-NP membrane (scale bar = 2 μm, 2 μm, and 500 

178 nm in c, f (upper) and f (lower), respectively). (g) FTIR/ATR spectra and (h) XPS spectra of 

179 the PVDF, co-deposited, and PDA/PEI-NP membranes. (i) Images of the PVDF membrane 

180 (left), co-deposited membrane (middle), and NP membrane (right).

181
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182 2.3 Stability of NPs in membranes

183 The stability of the NPs in the membrane was analyzed. As shown in Figure 3a–b, the surface 

184 morphology of the PDA/PEI-NP 2 membrane (the mass of filtrated NP is 240 μg) did not 

185 change significantly after two hours of operation in pure water. Over time, the NPs on the 

186 membrane surface exhibited deformed and irregular shapes, whereas the NPs inside the 

187 membrane remained intact after continuous operation for 120 h (Figure 3c). Subsequently, the 

188 operating pressure was increased to 1.0 bar, and the membranes operated continuously for ten 

189 days. The membrane surface was smooth, although intact NPs were observed in certain pores 

190 (Figure 3d). The cross-sectional morphologies of the membranes were investigated through 

191 scanning electron microscopy (SEM) after 10 d of operation at 1.0 bar. As shown in Figure 

192 3e-f, intact NPs were observed on the smooth surface of the membrane, and the NPs inside the 

193 membrane remained intact. 

194

195 These results indicated that the NPs stably adhered to the pores inside the membrane. The 

196 surface morphology of the membrane was affected by pressure and time. In contrast, the NPs 

197 inside the membrane remained intact because they selectively accumulated at the dead end of 

198 the pores, and the covalent bonds inside the NPs inhibited polymer leaching caused by fluid 

199 erosion, which reflected the high long-term stability of the proposed membrane
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200
201 Figure 3. Stability of NPs in membranes. SEM images of (a) PDA/PEI-NP 2 membrane 

202 surface; (b) PDA/PEI-NP 2 membrane surface after 2 h operation in pure water at 0.1 bar; (c) 

203 PDA/PEI-NP 2 membrane surface after 120 h operation in pure water at 0.1 bar. SEM images 

204 of (d) PDA/PEI-NP 2 membrane surface and (e–f) cross-section after 10 d operation in pure 

205 water at 1.0 bar.

206
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207 2.4 Wettability of NP membranes

208 As shown in Figure 4a–d, the hydrophilicity of the membrane surface was positively related 

209 to the NP loading. The original surface contact angle of the co-deposited membrane was 44.6 

210 2.7°. As the NP loading increased, the contact angles of the PDA/PEI-NP 1–3 membranes 

211 were 40.91.8 °, 34.32.1°, and 24.13.3°, respectively. Furthermore, the droplet infiltration 

212 time was significantly different for different membranes. As shown in Figure S1, 0.1 mL water 

213 droplets were simultaneously dropped onto the co-deposited membrane and PDA/PEI-NP 2 

214 membrane. After 71 s, water droplets could be observed on the co-deposited membrane but not 

215 on the PDA/PEI-NP 2 membrane. The dynamic contact angle indicated that the time for 5 μL 

216 droplets to penetrate the co-deposited membrane and PDA/PEI-NP 1–3 membranes was 

217 4.330.12 s, 3.210.15 s, 2.390.14 s, and 3.580.25 s, respectively. These results indicated 

218 that the droplet infiltration time in the membrane decreased and then increased with increasing 

219 NP loading. The droplet infiltration time of the PDA/PEI-NP 2 membrane was the lowest.

220

221 Figure S2 demonstrates the underwater oil adhesion performance of the membranes. Oil 

222 droplets were attached to the PVDF and PDA/PEI-NP 2 membranes under water. The oil 

223 droplets adhered to the PVDF membrane, whereas oil droplets slipped away from the PDA/PEI-

224 NP 2 membrane with no adhesion. According to the contact angle measurements (Figure 4 e–

225 f), no significant adhesion was observed when the oil-droplet-contacted PDA/PEI-NP 2 

226 membranes were extruded and removed. Additionally, the underwater oil contact angles of n-

227 heptane and dichloromethane were 177.12.4° and 169.51.7°, respectively.

228

229 These results indicated that the hydrophilicity of the NP-supported membranes was enhanced 

230 with the increase in the number of oxygen-containing and amino groups on the membrane 

231 surface. Nevertheless, the increased hydrophilicity did not necessarily decrease the time 

232 required for the water droplets to penetrate the membrane. In general, the infiltration time of 

233 water droplets reflects the ability of water to penetrate the membrane pores. A small infiltration 

234 time indicates that a strong Laplace pressure or low resistance is generated when water enters 

235 the membrane, which decreases the threshold pressure during membrane separation and 

236 increases the membrane flux. This correlation can be expressed as follows [20]:

237

238                            (1)∆𝑃 = ∆𝑃1 + ∆𝑃2 =
𝜋𝐶𝜇
𝜀𝑟 𝐽𝑉 +

7.94 × 109𝐿
𝜀𝑟𝜃 𝐽𝑉

239
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240 where  is the total pressure drop,  is the pressure drop at the pore entrance/exit,  is ∆𝑃 ∆𝑃1 ∆𝑃2

241 the pressure drop inside the nanopore,  is the loss coefficient of both the water entry and exit 𝐶

242 processes,  is the liquid viscosity,  is the porosity, θ is the contact angle, and  is the maximum 𝜇 𝜀 𝑟

243 pore size. Notably, the membrane permeability is related to the intrinsic properties of the 

244 geometric and chemical structures of the membrane. 

245

246 In this study, the PDA/PEI-NP 3 membrane exhibited the highest hydrophilicity. However, the 

247 median pore size of this membrane (600.20 nm) was lower than those of the co-deposited and 

248 PDA/PEI-NP 2 (668.75 nm and 653.92 nm, respectively), which hindered the droplet 

249 penetration (Figure S5c–d). In comparison, the PDA/PEI-NP 2 membrane exhibited a 

250 moderate hydrophilicity and pore size, which facilitated droplet infiltration. These findings 

251 highlighted that both the hydrophilicity and pore size of the membrane must be modified to 

252 decrease the droplet penetration time and increase the membrane flux.

253
254 Figure 4. Surface wettability of NP membranes. Water contact angles (top) and surface 

255 morphologies (SEM, bottom, scale bars are 2 μm) of the (a) co-deposited membrane and 

256 PDA/PEI-NP (b) 1, (c) 2, and (d) 3 membranes. Underwater oil adhesion performance of (e) n-

257 heptane and (f) dichloromethane.

258
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259 2.5 Separation and antifouling performance of the NP membranes 

260 To quantify the separation and antifouling performance of the membranes, the pure water flux, 

261 rejection rate, and flux recovery of the membranes in an oil-in-water emulsion were tested under 

262 crossflow conditions (Figure 5). First, the pure water fluxes of the co-deposited, PDA/PEI-NP 

263 1–3 membranes were tested at 0.1, 0.3, 0.5, 0.8, and 1.0 bar. The pure water permeability 

264 coefficients (slopes) of the membranes were obtained through the linear fitting of the 

265 corresponding fluxes under different pressures. This procedure was repeated thrice to obtain 

266 the average value. As shown in Figure 5a, the pure water permeability coefficients of the co-

267 deposited and PDA/PEI-NP 1–3 membranes were 9547.8151.25, 10015.7384, 10647.2949, 

268 and 9237.8845 L·m-2·h-1·bar-1, respectively, indicating that the membrane flux increased and 

269 then decreased with increase in the NP loading. The PDA/PEI-NP 2 membrane exhibited the 

270 highest flux.

271

272 The antifouling performance of the PDA/PEI-NP 2 membrane is shown in Figure 5b. The initial 

273 pure water flux at 0.1 bar was 1056.01 L·m-2·h-1. During the separation of the n-heptane–water 

274 emulsion, the membrane flux decreased to 317–500 L·m-2·h-1, although the pure water flux 

275 returned to its initial level after rinsing with pure water. After five cycles, the final pure-water 

276 flux of the membrane was 1001.54 L·m-2·h-1. The total flux decay and recovery rates were 

277 5.16% and 94.84%, respectively. Similar experimental results were obtained for the separation 

278 of the dichloromethane–water emulsion (the total flux recovery rate was 92.95%, Figure S3d).

279

280 Moreover, the n-heptane–water emulsion was separated using the PDA/PEI-NP 2 membrane at 

281 0.1 bar (Figure 5c). The appearance of the oil-in-water emulsion changed from white to 

282 transparent after the membrane separation. According to the characterization based on optical 

283 microscopy (Figure S4), the oil droplets were densely distributed in the oil-in-water emulsion, 

284 whereas no emulsion oil droplets were found on the permeate side after membrane separation. 

285 Moreover, the rejection rates of the membrane into the n-heptane-in-water emulsion, 

286 dichloromethane-in-water emulsion, and peanut oil-in-water emulsion were 99.200.16%, 

287 99.470.16%, and 99.170.13%, respectively, higher than that of the co-deposited membrane 

288 (Figure 5d).

289

290 These results highlighted that the pure water fluxes of the PDA/PEI-NP 1 and 2 membranes 

291 were superior to those of the co-deposited membranes. This phenomenon occurred because the 
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292 NPs did not block the flow-through pores and enhanced the hydrophilicity of the membrane, 

293 resulting in a decreased threshold pressure. The pure water permeation flux of the PDA/PEI-

294 NP 3 membrane was lower than that of the co-deposited membrane, likely because the 

295 membrane pores were narrowed owing to the presence of excessively many NPs and high fluid 

296 transfer resistance across the membrane. Furthermore, the pure water flux of the PDA/PEI-NP 

297 2 membrane was higher than those reported in previous studies (Table S1). In addition, the 

298 PDA/PEI-NP 2 membrane exhibited high rejection and antifouling performances for n-

299 heptane– and dichloromethane–water emulsions.

300

301
302 Figure 5. Separation and antifouling performance of membranes under crossflow conditions. 

303 (a) Permeability coefficients of the co-deposited and PDA/PEI-NP 1–3 membranes 

304 (temperature = 252 ℃); (b) flux recovery of the PDA/PEI-NP 2 membrane after five cycles 

305 (membrane separation of n-heptane–water emulsion and rinsing with pure water). (c) 

306 Photographs of the separation of the n-heptane–water emulsion; (d) different oil-in-water 

307 rejection rates for the co-deposited and PDA/PEI-NP 2 membranes.

308
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309 2.6 Stability of NP membranes 

310 Figure 6 shows the stability values of the PDA/PEI-NP 2 membrane. First, flux changes of the 

311 PDA/PEI-NP 2 and co-deposited membranes that operated in pure water for 2 h at 0.1 bar were 

312 compared (Figure 6a). The flux of the PDA/PEI-NP 2 membrane was nearly stable (ranging 

313 between 1050 and 1080 L·m-2·h-1), whereas that of the co-deposited membrane increased from 

314 956.212.67 to 1051.817.33 L·m-2·h -1 in 40–60 min. The antifouling and separation 

315 performances of the co-deposited membrane also varied (Figure 6b–c). As shown in Figure 6b, 

316 the flux decay of the co-deposited membrane increased within three cycles at 0.1 bar, and the 

317 total flux decay rate was 17.52%. However, the pure water flux of the membrane increased to 

318 1063.27 L·m-2·h -1 at the beginning of the fourth cycle, and this value was higher than the initial 

319 flux of the co-deposited membrane (951.71 L·m-2·h-1). The membrane flux decay increased 

320 again in the fourth and fifth cycles. The total flux decay rate of co-deposited membrane after 

321 five cycles was –1.97%. In addition, the rejection rate of the co-deposited membrane for the n-

322 heptane-in-water emulsion in each cycle was measured (Figure 6c). The rejection rate decreased 

323 from 99.510.16% in the third cycle to 97.860.13% in the fourth cycle, consistent with the 

324 moment of flux increase at the beginning of the fourth cycle. Nevertheless, the rejection rate 

325 and antifouling performance of the PDA/PEI-NP 2 membrane did not change significantly over 

326 the five cycles. Similar phenomena were observed in the rejection and antifouling experiments 

327 with dichloromethane and peanut oil (Figure S3). Finally, the long-term stabilities of the 

328 PDA/PEI-NP 2 membranes were investigated (Figure 6d). It was noted that the membrane flux 

329 remained stable (decreased from 1083 L·m-2·h1 to 1036 L·m-2·h-1) for 120 h at 0.1 bar.

330

331 These results indicated that the long-term stability and separation performance of the PDA/PEI-

332 NP 2 membrane were superior to those of the co-deposited blank membrane. The limited long-

333 term stability of the co-deposited membrane could be attributed to the unstable co-deposited 

334 coating, which readily underwent leaching under the experiment conditions. As shown in Figure 

335 S5a–b, after 2 h of consecutive operation, the median pore size of the co-deposited membrane 

336 increased from 668.75 to 686.55 nm, and the porosity increased from 65.63% to 67.76%. This 

337 phenomenon likely occurred because the fluid flow rate on the membrane surface was high (1.3 

338 m·s-1) under crossflow conditions, and the surface coating underwent leaching. Inside the 

339 membrane, the friction between the fluid and pore walls likely led to the leaching of the 

340 polymers because of the reversible coordination bonds between the co-deposition layer and 

341 PVDF. Because the coating inside the membrane was a uniformly distributed polymer with a 
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342 small molecular size, the polymer did not block the pores after leaching, resulting in large pores, 

343 which increased the membrane flux and decreased the rejection rate. Nevertheless, as shown in 

344 Figure S5e–f, after successive operation for 120 h, the median pore size of the PDA/PEI-NP 2 

345 membrane decreased from 653.92 to 651.11 nm, and the porosity increased from 64.73% to 

346 64.97%, which pertain to negligible changes. In the case of the PDA/PEI-NP 2 membrane, most 

347 of the NPs were supported inside the membrane. Compared with the high-speed fluid on the 

348 surface, the fluids inside the membrane exhibited creeping flow (for a membrane flux of 

349 1064.73 L·m-2·h-1, the water flow rate inside the membrane was 0.0000296 m·s-1) and thus 

350 could not leach the large NPs that adhered to the dead ends. Moreover, covalent bonds were 

351 formed in the NPs through Michael addition or the Schiff base reaction, which inhibited the 

352 leaching of polymers on the NP surface caused by creeping. Consequently, the proposed 

353 membrane exhibited high long-term stability.

354

355
356 Figure 6. Stability of the PDA/PEI-NP 2 membrane under crossflow with an operating pressure 

357 of 0.1 bar. (a) Flux of the co-deposited and PDA/PEI-NP 2 membranes in pure water operation 

358 for 2 h (temperature = 252 ℃). (b) Flux recovery of the co-deposited membrane over five 

359 cycles of membrane separation of n-heptane–water emulsion and rinsing with pure water. (c) 

360 Rejection rates of the co-deposited and PDA/PEI-NP 2 membranes in five cycles. (d) Flux of 

361 the PDA/PEI-NP 2 membrane during successive operation for 120 h at 0.1 bar.
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362 3. Conclusions

363 PDA/PEI-NP membranes were prepared by supporting PDA/PEI NPs in the interior of co-

364 deposited PVDF membranes through self-assembly. The flow rate inside the membrane was 

365 considerably smaller than the high-speed water flow rate under crossflow conditions. 

366 Consequently, large NPs, which exhibited the formation of covalent bonds and adhered to the 

367 dead end of the pores inside the membrane, were not easily leached. Therefore, the PDA/PEI-

368 NP membranes exhibited higher long-term stability. Additionally, because the NPs did not 

369 block the flow-through pores, thereby increasing the hydrophilicity of the membrane, the flux 

370 of the PDA/PEI-NP membrane increased, and its antifouling ability was enhanced compared 

371 with that of the co-deposited membrane. This study sets the first example of selectively 

372 supporting nanoparticle inside polymer membrane to fabricate a membrane with long-term 

373 stability and excellent separation performance by a facile method. We anticipate that the 

374 findings in this study can enlighten the sustainable development of membrane technology.

375 4. Experimental

376 Materials. The PVDF membrane (average pore size = 0.45 μm, Cytiva, USA), PES membrane 

377 (average pore size = 0.45 μm, Shanghai Dibo Biotechnology, China), and MCE membrane 

378 (average pore size = 0.45 μm, Beyotime Biotechnology, China) were purchased. Dopamine 

379 hydrochloride and polyethyleneimine (molecular weight = 600 Da) were purchased from 

380 Shanghai Aladdin Biochemical Technology Co. Ltd., China. NaOH, Tween-80, n-heptane, 

381 dichloromethane, and ethanol were purchased from Shanghai Macklin Biochemical 

382 Technology Co. Ltd., China. All chemical reagents were used directly without further 

383 purification. The peanut oil was purchased from a local supermarket.

384

385 Synthesis of PDA NPs. Dopamine hydrochloride (0.506 g) was dissolved in deionized water 

386 (300 mL). NaOH (1.7 mL, 1 mol·L-1) was added, and the solution was shaken at 50 ℃ for 6 h. 

387 After the reaction was complete, the NPs were subjected to high-speed centrifugation (6000 

388 rpm, 20 min) and rinsed repeatedly with deionized water. Subsequently, the NPs were dispersed 

389 in deionized water by ultrasonication to obtain a PDA NP dispersion.

390

391 Synthesis of PDA/PEI NPs. Dopamine hydrochloride (0.506 g) was dissolved in deionized 

392 water (300 mL). NaOH (1.7 mL, 1 mol·L-1) was added, and the solution was shaken at 50 ℃ 

393 for 3.5 h. Subsequently, PEI (0.253 g) was added to this solution and shaken at 35 ℃ for 2 h. 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4049429

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



18

394 After the reaction was complete, the NPs were subjected to high-speed centrifugation (6000 

395 rpm, 20 min) and rinsed repeatedly with deionized water. Later, these NPs were dispersed in 

396 deionized water through ultrasonication to obtain a PDA/PEI-NP dispersion.

397

398 Fabrication of the co-deposited PVDF membrane. A round PVDF membrane (diameter of 17 

399 cm) was cut and placed in a Buchner funnel, followed by the addition of ethanol (50 mL, to 

400 completely wet the membrane) and vacuum filtration. Subsequently, deionized water (200 mL) 

401 was added, and vacuum filtration was continued. Later, the membrane was stored in deionized 

402 water. Dopamine hydrochloride (0.506 g) and PEI (0.506 g) were dissolved in NaOH solution 

403 (300 mL; 1.7 mL, 1 mol·L-1). The PVDF membrane was immersed in the prepared solution, 

404 which was placed in a water bath isothermal oscillator and shocked at 50 ℃ for 10 h. Upon 

405 completion of the reaction, the PVDF membrane was thoroughly rinsed with deionized water 

406 to obtain a PDA/PEI co-deposited modified PVDF membrane.

407

408 Fabrication of the PDA/PEI-NP membranes. A round co-deposited membrane (diameter of 7.5 

409 cm) was cut and placed in a filtration device with a filtration diameter of 6 cm, and the mixed 

410 solution (2 L) was added to the filtration cup for vacuum filtration (vacuum pressure = 0.8 bar). 

411 After thermal treatment at 50 ℃ for 10 h, the membranes were thoroughly rinsed with deionized 

412 water. Membranes with NP concentrations of 60, 120, and 300 μg/L were labeled PDA/PEI-

413 NP 1, 2, and 3, respectively.

414

415 Characterization. The PDA/PEI NPs and PDA/PEI-NP membranes were characterized by 

416 FESEM (Hitachi, SU8020, Japan and Oxford, TESCAN MIRA4) to observe the surface and 

417 cross-sectional morphologies. The cross-sectional morphologies were obtained by wetting the 

418 membrane with liquid nitrogen and sputtering the samples with gold before analysis. The 

419 elemental composition and functional groups of the materials were determined by XPS (Thermo 

420 Fisher, 250Xi), implemented using an X-ray source and Al target (Kα ray, 1486.60 eV). The 

421 KBr pellet method and ATR mode of an FTIR instrument (iS10) were employed to analyze the 

422 functional groups of the powder and membrane samples, respectively, under the following 

423 conditions: wavenumber range = 400–4000 cm-1, resolution = 4 cm-1, signal-to-noise ratio = 

424 50000:1, and number of scans = 64. The size distribution of the NPs was analyzed using a laser 

425 particle size analyzer (Zetasizer Nano ZS90). A contact angle goniometer (DataPhysics, OCA 

426 50) was used to determine the dynamic contact angle of the membrane in air, adhesion 

427 capability of the membrane to different oils, and underwater static contact angle of the 
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428 membrane. Measurements for each sample were obtained five times, and the average value was 

429 determined (the droplet volume was 5 μL). The pore sizes and porosities of the membranes 

430 were measured using a high-performance automatic mercury injection instrument 

431 (Micromeritics Instrument Corporation, AutoPore LV 9510). The oil concentration in the oil-

432 in-water emulsion was measured using an ultraviolet-visible spectrophotometer (UV2600; 

433 Shimadzu, Japan).

434

435 Evaluation of membrane separation and antifouling properties. The separation and antifouling 

436 performances of the membranes were evaluated using a crossflow membrane filtration device 

437 (MFT, Guochu Technology, China). Before testing, all the membranes were operated in 

438 deionized water at 1.0 bar for 15 min to ensure system stability. The permeability in pure water 

439 was tested for 10 min at 0.1, 0.3, 0.5, 0.8, and 1.0 bar. Measurements for each sample were 

440 obtained three times, and the average value was considered the result. The pure water flux of 

441 the proposed membrane was calculated as follows: 

442                                  (2)tA
VJV 



443 where Jv is the pure water flux of the membrane (L·m-2·h -1), V is the permeable volume (L) of 

444 pure water per unit time (Δt), and A is the separation area (m2) of the membrane.

445 An oil-in-water emulsion was prepared before the antifouling test. Specifically, n-heptane (0.9 

446 g) and Tween-80 (0.1 g) were added to water (1.0 g), and the solution was stirred at 4000 rpm 

447 for 24 h to obtain an oil-in-water emulsion. Moreover, oil-in-water emulsions with 

448 dichloromethane and peanut oil were prepared using the same procedure. When evaluating the 

449 antifouling and separation performances of the membrane samples, the stable flux of the oil-in-

450 water emulsion was denoted as Jo, and the overall flux decay rate was calculated from Jv and 

451 Jo: 

452                            (3)
%1001 o 










vJ
JDR

453 where DR is the total flux decay rate of the membrane.

454

455 The rejection rate of the oil-in-water emulsion by the membrane was determined as 

456                            (4)
%1001

1

0 









C
CR
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457 where R is the membrane rejection rate, C1 is the oil concentration on the feed side (mg·L-1), 

458 and C0 is the oil concentration on the permeate side (mg·L-1). The oil concentrations were 

459 quantified by measuring the UV absorbance at 530 nm.

460

461 Membrane stability. The long-term stability of the proposed membranes was evaluated by 

462 monitoring the pure water flux at 0.1 bar for five consecutive days. Samples were collected 

463 every 4 h from 9:00 to 21:00 to measure the membrane flux. The deionized water was replaced 

464 after each measurement. After the experiment, the membrane was extracted and characterized 

465 using SEM (before and after long-term operation) to observe the NPs on the membrane surface 

466 and inside the membrane. The operating pressure was increased to 1.0 bar for ten consecutive 

467 days. After the experiment, the membrane was removed and characterized using SEM (before 

468 and after long-term operation) to observe the NPs on the membrane surface and inside the 

469 membrane.

470
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