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19 ABSTRACT

20 Rejection of endocrine-disrupting compounds (EDCs) by thin film composite (TFC) polyamide 

21 membranes remains to be a challenging issue in wastewater reclamation applications due to the 

22 unfavourable hydrophobic interaction between EDCs and membrane. Herein, we investigated 

23 the incorporation of hydrophilic metal organic frameworks (MOFs) into polyamide layer to 

24 create water/EDCs selective nanochannels for enhancing EDCs rejection. Using MIL-101(Cr) 

25 MOF as a nanofiller, the water flux of MOF0.20 TFC membrane (0.20 wt/v % MOF in n-

26 hexane) was 2.3 times of that of the control. The rejection rates against EDCs involving 

27 methylparaben, propylparaben, benzylparaben and bisphenol A (BPA) by MOF0.20 were also 

28 significantly higher than the respective values of the control membrane, with the water/EDC 

29 selectivity (e.g., A/BBPA) of MOF0.20 approximately doubled compared to that of the control. 

30 Further single salt rejection and gold nanoparticle filtration tests confirmed that the hydrophilic 

31 nanochannels created by MOFs played a critical role in membrane transport, accounting for the 

32 significant enhancement of EDCs rejection of the modified TFC membrane. This study 

33 demonstrates a promising membrane modification protocol using hydrophilic MOFs for 

34 achieving selective removal of EDCs and high-efficient wastewater reclamation using TFC 

35 membranes.
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39 INTRODUCTION

40 Wastewater reclamation, using membrane-based processes such as reverse osmosis (RO) and 

41 nanofiltration (NF), is of great importance to address the grand challenge of water scarcity1–4. 

42 Although thin film composite polyamide NF and RO membranes are capable of removing the 

43 majority of pollutants in wastewater (including inorganic salts)5–7, they often show 

44 unfavourable rejection towards neutral and hydrophobic organic micropollutants such as 

45 endocrine disrupting compounds (EDCs)8–11, which are of ubiquitous occurrence in 

46 contaminated waters12–14. Due to the hydrophobic interaction between EDCs and 

47 membrane9,10,15, the rejection rate of some EDCs by existing polyamide NF/RO membranes can 

48 be even lower than 20%16–19. As EDCs have been reported to adversely affect endocrine and 

49 developmental system of mammals even at trace concentrations20,21, their presence in the 

50 NF/RO permeate might have a significant health risk in wastewater reclamation.

51 Hydrophilic modification of membrane surface has been shown effective to enhance the 

52 rejection of EDCs, as a result of the reduced sorption and transmission of EDCs through the 

53 membrane9,10. It has been reported that coating polydopamine on a commercial NF membrane10 

54 led to improved membrane rejection of EDCs. Similarly, surface coating by tannic acid (TA)-

55 iron (Fe) complex22, a faster and greener coating method, has been also found to enhance 

56 rejection of EDCs. However, one important concern for the coating approach is the loss of water 

57 permeability of membrane 10,22,23, e.g., up to 40% for the case of 4 h polydopamine coating on 

58 NF9010, which in turn results in a significant increase of energy consumption in water reuse 

59 applications24. Therefore, it is of great importance to explore membrane modification 

60 techniques for improving EDCs rejection without compromising water permeability.
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61 Incorporating nanoparticles (NPs) into the polyamide rejection layer, i.e., thin-film 

62 nanocomposite (TFN) membrane25, offers a potential solution for improving water/EDCs 

63 selectivity. It has been reported that the incorporation of NPs and metal organic frameworks 

64 (MOFs) into polyamide membrane has the potential to overcome the permeability-selectivity 

65 trade-off26–28 by simultaneously enhancing the membrane permeability and salt rejection 

66 rate27,29. Compared to inorganic NPs, the highly porous structure, adjustable pore size, and good 

67 compatibility to polyamide make MOFs an emerging alternative for advancing membrane 

68 performance29–34. However, existing literature on MOF-based TFN membranes focuses 

69 primarily on water permeability and salt rejection. In contrast, the removal of trace organic 

70 contaminants such as EDCs, a critical aspect in water reuse33, has not been explored for MOF-

71 TFN membranes.

72 In this study, we hypothesize that incorporation of hydrophilic MOFs into polyamide layer 

73 can simultaneously improve water permeability and EDCs selectivity, thanks to the creation of 

74 highly selective nanochannels in the resulting TFN membranes. Moreover, the possible 

75 formation of hydrophilic membrane surface can also reduce the sorption and passage of EDCs 

76 across the membrane. A mesoporous MOF, Cr-BDC MOFs MIL-101(Cr) (Figure S1) with 1.2 

77 nm pentagonal/1.6 nm hexagonal openings, was selected due to its hydrophilic and water stable 

78 nature. Its large pore volumes and surface area provide abundant water channels35. In this work, 

79 MOF MIL-101(Cr) was incorporated into polyamide NF membrane under various loadings, 

80 and its effects on membrane separation performance including water transportation and 

81 rejection of EDCs were studied. The roles of nanochannels created by the MOFs in membrane 

82 separation were systematically investigated. The results demonstrate a promising membrane 
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83 modification strategy for achieving selective removal of EDCs and thus high-efficient 

84 wastewater reclamation.

85

86 MATERIALS AND METHODS

87 Materials and Chemicals. Commercially available polyethersulfone (PES) ultrafiltration 

88 membranes (LX-300K, Synder Filtration) with a molecular weight cutoff of 300 kDa were used 

89 as the substrate. The PES membranes were pre-treated by 20% isopropanol for 30 min and then 

90 immersed in deionized (DI) water for 24 h prior to use. The MOF MIL-101(Cr) was synthesized 

91 according to Férey et al34. Before characterization and further use, MIL-101(Cr) was vacuum 

92 activated overnight at 120°C. Piperazine (PIP, 99%), trimesoyl chloride (TMC, 98%), 

93 triethylamine (TEA, 99%), sodium hydroxide (NaOH, ≥98%), and n-hexane (≥98%) from 

94 Macklin® were used for interfacial polymerization (IP) to form the polyamide selective layer. 

95 Four EDCs, including methylparaben (≥99%), propylparaben (99%), benzylparaben (≥99%), 

96 and bisphenol A (BPA, ≥99%), were obtained from Macklin®. The physicochemical properties 

97 of the EDCs are summarized in Table S1. Neutral organic molecules (erythritol, xylose, and 

98 dextrose) from Aladdin® were used as surrogates for determining the effect of size exclusion. 

99 Citrate-stabilized 5 nm gold nanoparticles (GNPs) solution was purchased from BBI solutions 

100 (UK).  

101 Membrane Fabrication. TFC NF membranes were fabricated by forming a PA selective layer 

102 on top of the PES support membrane via IP. Specifically, the PES membrane for reaction was 

103 cut into pieces (10 cm ×15 cm) and fixed between two identical custom-designed stainless-steel 

104 frames, with the top layer facing upward. An aqueous solution of 1.0 wt% PIP with 0.5 wt% 
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105 TEA and 0.15 wt% NaOH as additives was poured onto the surface of PES membrane with a 

106 contact time of 2 min. The excess solution was gently removed from the membrane surface 

107 using filter papers. The top surface of the membrane was then exposed to a 0.15 wt% TMC/n-

108 hexane solution for 30 s and the solution was subsequently poured off, followed by vertically 

109 draining the membrane for another 2 min. The composite membrane was then thoroughly rinsed 

110 by n-hexane and DI water, and stored in DI water at 4°C. The TFC membrane fabricated was 

111 denoted as NFcontrol.

112 For MIL-101(Cr)/polyamide thin film nanocomposite (TFN) membranes, 0.10 to 0.25 wt/v % 

113 MIL-101(Cr) was dispersed in the TMC/n-hexane solution via ultrasonication at room 

114 temperature for 30 min prior to IP. The other reaction procedures were the same as those for 

115 making TFC membranes. The MOF incorporated TFN membranes are denoted as MOF0.10, 

116 MOF0.15, MOF0.20, MOF0.25, respectively, corresponding to the MIL-101(Cr) loading mass. 

117 Membrane Characterization. Membrane surface morphology was observed by a field 

118 emission scanning electron microscopy (FESEM, Hitachi S-4800) at 5.0 kV. Transmission 

119 electron microscopy (TEM, FEI 120kV) was used to examine membrane cross-section structure. 

120 Briefly, dry membrane samples were embedded in epoxy resin. After curing at 70°C overnight, 

121 the resin block was cross-sectioned by an ultramicrotome (Leica UC7) into TEM sections of 

122 70-90 nm in thickness. These sections were immobilized onto a copper grid and further 

123 examined by TEM. Atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), 

124 attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and contact 

125 angle measurements for surface of the membranes were detailed in our previous work26. Two 

126 probing liquids including water and diiodomethane were used to obtain surface energy of the 
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127 membrane. Zeta potential of membrane surface was evaluated by an electrokinetic analyzer for 

128 solid surface analysis (SurPASSTM 3, Anton Paar) from pH 3 to 10 in an automatic pH scan 

129 mode.

130 Cross-flow Filtration Tests. A laboratory-scale cross-flow membrane filtration setup (Figure 

131 S2) was used to perform the rejection of single salt, neutral solutes, and EDCs. The effective 

132 filtration area of the cross-flow cell was 20.02 cm2. A 10 L DI water was recirculated for 4 h 

133 for membrane precompaction at 10 bar with a cross-flow velocity of 20.0 cm/s, until the 

134 permeate flux was stable. The feed solution temperature was kept constant at 25.0 ± 0.5°C. Pure 

135 water flux was then measured at 8 bar. 

136 Single salt rejections were evaluated using 10 mM of NaCl, CaCl2 and Na2SO4 solutions at 

137 8 bar after precompaction, respectively. Feed solution pH was adjusted to 7.0 ± 0.1 before 

138 rejection experiments. The permeate and feed samples were obtained after the system reached 

139 equilibrium for 1 h at each condition, and analyzed using a conductivity meter (DDSJ-308F, 

140 INESA instrument). The membrane rejection was calculated by comparing the ion 

141 concentration in the feed (Cf) and permeate (Cp) samples (R=1-Cp/Cf). 

142 EDCs rejections were tested under a concentration of 200 μg/L for each compound at 8 bar 

143 via introducing 1 g/L stock solutions of EDCs. The experiments were performed for 10 h to 

144 ensure the sorption of EDCs by membranes to reach equilibrium10. The permeate and feed 

145 samples were then collected for EDC quantification. 

146 Sorption Tests. The EDC-filtered membranes were cut into coupons of 2 cm × 3 cm and gently 

147 rinsed with DI water. The membrane coupons were then put into 50 mL 50% methanol solution 

148 for extraction of EDCs at 120 rpm for 24 h. The extracted samples were then collected for EDC 
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149 analysis. 

150 Analytical Method for EDCs. The concentrations of EDCs were determined using a high-

151 performance liquid chromatography tandem quadrupole mass spectrometry (LC-MS/MS, 

152 Thermo TSQ Quantum). The detailed procedures are documented in supporting information 

153 (SI), Section S2.

154 Gold Nanoparticles (GNPs) Filtration Tests. Dynamic GNPs filtration tests were performed 

155 in the dead-end filtration Amicon® cell (type 8050, effective area 13.4 cm2) without stirring. 

156 The membrane was pre-compacted using DI water at 5.0 bar for 30 min. Then 40 mL of a dilute 

157 solution of GNPs in DI water (1.0 × 1012 particles/mL) was carefully added into the cell for 

158 filtration experiments at 5.0 bar. Static tests (without pressure) were performed in the cell with 

159 the same diluted GNPs solution for 12 h exposure. All tested membranes were dried at 40°C 

160 for 6 h before preparing samples for cross-sectional TEM characterization.

161

162 RESULTS AND DISCUSSION

163 Membrane characterization. The synthesized nanofillers MIL-101(Cr), with porous nature 

164 (BET surface area = 2511.7 m2/g), have nanometric crystal size and narrow particle size 

165 distribution around 200 nm (Figure S3), in agreement with previous studies32,34,35. TEM cross-

166 sectional images (Figure 1a-d) and SEM images (Figures S4 and S5) of the NFcontrol and 

167 various MOF-TFN membranes confirmed the successful loading of MOF nanoparticles into 

168 polyamide. The amounts of the MOF nanoparticles on membrane surface increased with the 

169 increase of MIL-101(Cr) dosages in TMC/n-hexane (Figures S4 and S5). The results of XPS 

170 survey revealed the presence of chromium on MOF-TFN membranes (Figure 1e and Table S2). 
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171 For MOF0.20, a Cr content of 1.2% was detected, which corresponds to 9.0 wt% MIL-101(Cr) 

172 particles in the top polyamide layer based on the formula of MIL-101(Cr) 

173 [Cr3O(OH)(H2O)2[C6H4(CO2)2]3·25H2O]32. The maximum Cr content of 3.4% was observed 

174 for MOF0.25, much greater than that of MOF0.20, potentially due to the particle aggregation 

175 for MOF0.25 at the highest MOF loading. The high-resolution XPS spectra (Figure 1g, h) for 

176 O 1s provided further evidence of the presence of MIL-101(Cr) on the membrane surface: (1) 

177 an additional peak at 534.3 eV associated with chromium species containing coordination bond 

178 (C-O*-Cr) was observed for MOF0.20; (2) the ratio of N-C=O* to O*-C=O for MOF0.20 

179 decreased compared to that of NFcontrol, possibly associated with the carboxylic acid groups 

180 of MIL-101(Cr) and/or the decrease of crosslinking degree. The enhanced peak intensity of 

181 peak at 1404 cm-1 after MOF incorporation in ATR-FTIR characterization (Figure 1f) also 

182 validated the increase of C−O bond of carboxylic groups. 

183
184 Figure 1. Characterization of fabricated membranes: (a-d) TEM cross-sections of the NFcontrol and 

185 MOF0.20 membranes; (e) XPS spectra of top surface of membranes; (f) ATR-FTIR spectra of the top surface 

186 of membranes; (g, h) XPS analysis of oxygen 1s in a high-resolution for NFcontrol and MOF0.20 membranes.

187
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188 Loading MIL-101(Cr) decreased the water contact angle of the membrane from 52.3 ± 0.8° 

189 (NFcontrol) to 31.8 ± 4.8° for MOF0.25 (Table 1). Surface energy analysis indicates that the 

190 incorporation of MOF increased the total surface energy, which was mainly ascribed to the 

191 increase in the polar components. These results indicated that the surface of membranes became 

192 more hydrophilic after MOF incorporation.

193 Table 1. Membrane surface properties of NFcontrol and MOF-TFN membranes

Surface energy (mN/m)
Membrane

Water 
contact 

angle (°)

Diiodomethane 
contact angle (°) Total Polar Dispersive

Roughness Ra 
(nm)

NFcontrol 52.3 ± 0.8 25.5 ± 0.7 58.2 ± 0.6 12.2 ± 0.3 45.7 ± 0.3 26.7 ± 9.7

MOF0.10 46.7 ± 0.6 19.0 ± 1.0 62.4 ± 0.2 14.3 ± 0.5 48.1 ± 0.3 36.2 ± 10.3

MOF0.15 41.2 ± 3.2 18.6 ± 0.6 64.7 ± 1.1 16.5 ± 1.2 48.2 ± 0.2 46.7 ± 12.8

MOF0.20 35.3 ± 0.1 18.2 ± 0.3 68.2 ± 0.1 19.9 ± 0.1 48.3 ± 0.1 47.3 ± 20.6

MOF0.25 31.8 ± 4.8 15.3 ± 2.0 70.3 ± 2.3 21.2 ± 1.8 49.0 ± 0.4 52.3 ± 24.0

194 Note: Contact angle values have been corrected for the roughness effect using the Wenzel equation36. The 

195 results were calculated based on at least three measurements.

196

197 MOF dominates membrane transport properties. Figure 2(a, b) shows that increasing the 

198 MIL-101(Cr) loading significantly enhanced membrane water permeability together with mild 

199 reduction in NaCl rejection (with the exception of the MOF0.25 membrane). Specifically, the 

200 MOF0.20 membrane showed a high water permeability of 39.5 ± 3.2 L m-2 h-1 bar-1, which was 

201 approximately 2.3 times compared to that of the control TFC membrane (Figure 3a). The size 

202 of nanochannels inside the MOFs were 1.2/1.6 nm, while in comparison, the average pore size 
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203 of polyamide active layer was estimated to be ~0.60 nm based on the rejection tests of multiple 

204 neutral solutes (SI, Section S8). Therefore, the water molecules may tend to pass preferentially 

205 through the nanochannels of MIL-101(Cr) of larger size (1.2/1.6 nm).

206

207 Figure 2. Evidence for dominance of MOFs on membrane rejection performance: (a) Pure water flux; (b) 

208 single salt (NaCl, CaCl2 and Na2SO4) rejections of NFcontrol and MOF-TFN membranes; (c) Zeta potential 

209 as a function of pH of MIL-101(Cr) suspension, NFcontrol and MOF-TFN membranes. The error bars 

210 represent the standard deviations of the results of at least three independent tests.

211

212 Rejection of asymmetric charged salts, such as CaCl2 and Na2SO4, is governed by the ions 

213 with higher valency (i.e., Ca2+ for CaCl2 and SO4
2- for Na2SO4), because the rate of salt transport 

214 is controlled by the electrostatic repulsive or attractive interactions between the ion and the 

215 membrane37,38. Therefore, we used CaCl2 and Na2SO4 to probe the role of MIL-101(Cr) in 

216 membrane separation properties. Interestingly, compared to NFcontrol, the MOF incorporated 

217 membranes MOF0.10, MOF0.15 and MOF0.20 had decreased Na2SO4 but increased CaCl2 

218 rejections, which is consistent with the positively charged nature of MIL-101(Cr) (Figure 2c). 

219 However, the surface charge of all membranes was still negative at neutral pH. This shift in 

220 rejection behavior, along with the dramatic increase in water permeability, reveals the important 

221 role of MOFs in MOF-TFN membranes, i.e., nanochannels (pores) in MOFs may dominate the 
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222 membrane transport properties. A recent study39 also suggests the possibility of additional 

223 selective nanochannel formation around hydrophilic nanofillers. The rejections of CaCl2 and 

224 NaCl decreased slightly with the increase of MOF concentrations from 0.10 to 0.20 wt/v %, 

225 which might also be partially attributed to the increased membrane pore size and thus reduced 

226 size exclusion effect (as evidenced by the decreased rejection of the neutral hydrophilic probe 

227 molecule dextrose as shown in Figure S7).
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228
229 Figure 3. Cross-section TEM images showing gold nanoparticle deposition on the surfaces of NFcontrol 

230 and MOF-TFN membranes after 10-min filtration tests (1.0 × 1012 particles/mL, 25°C, 5 bar)

231

232 To further verify the hypothesis that the nanochannels (pores) of MOFs dominate the 

233 membrane transport properties, we used gold nanoparticles (GNPs) in combination with TEM 

Page 14 of 29

ACS Paragon Plus Environment

Environmental Science & Technology



15

234 to visualize the spatial distribution of sites for water permeation in the MOF-TFN membranes 

235 (Figure 3). Due to the fine size of GNPs, they are expected to closely follow the streamlines 

236 and are therefore useful markers for water transport pathways 40,41. Cross-section TEM 

237 micrographs of GNP-filtrated membranes revealed that the deposition of GNPs was less 

238 uniformly distributed for the MOF-TFN membrane surfaces compared with NFcontrol 

239 membrane. There was a clear tendency for GNPs to cluster around the MOF particles. In 

240 contrast, under static test conditions (without water flow through the membrane), GNPs 

241 deposition was rarely observed (Figure S8). These results provide strong evidence supporting 

242 the existence of relatively higher water permeability sites (nanochannels) of the MIL-101(Cr) 

243 MOFs. Therefore, the significant enhancement in water permeability (Figure 3a) should be 

244 attributed to the nanochannels inside the MOFs, acting as shortcuts for water transport with 

245 significantly reduced membrane hydraulic resistance.

246 For MOF0.25, large quantities of GNPs were enriched around MOFs and some GNPs even 

247 penetrated into the substrate, which did not happen for other membranes. It indicates the 

248 presence of defects on the surface of MOF0.25, which agrees well with the severe loss of ion 

249 rejections for this membrane (Figure 2b). The defects can be caused by the aggregation of 

250 MOFs26,28,32, as MIL-101(Cr) cannot be dispersed completely in TMC/n-hexane when the MOF 

251 concentration reached 0.25 wt/v %.

252

253 Rejection of EDCs. Figure 4a presents the rejection of EDCs by NFcontrol and MOF-TFN 

254 membranes. Except for defect-laden MOF0.25, the MOF incorporation significantly improved 

255 membrane rejection for all tested EDCs, and the highest rejection was achieved by MOF0.20. 
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256 The rejection rates against methylparaben, propylparaben, benzylparaben and BPA by 

257 MOF0.20 were 47.4%, 45.9%, 51.1% and 79.8%, respectively. These values were significantly 

258 higher than those of NFcontrol (27.7%, 25.2%, 31.3% and 64.9%, respectively). The MOF0.20 

259 presented nearly 2 times larger water/EDC selectivity (e.g., A/BBPA) compared to NFcontrol 

260 membrane (Figure 4b), despite that the permeability of EDCs for MOF0.20 remained 

261 comparable to that of NFcontrol (Figure S9). In contrast, largely ascribed to the defects, 

262 MOF0.25 membrane showed unfavorable EDCs rejection (~10%), as well as the lowest 

263 water/EDC selectivity. Notably, for most membranes (NFcontrol, MOF0.10-0.20), the rejection 

264 rate of EDCs showed opposite tendency compared to that of molecular probe (dextrose, 180 

265 Da), whose rejection decreased with the increase of MOF loadings (Figure S7). Since the 

266 rejection of dextrose is governed by size exclusion while that of EDCs are governed by both 

267 hydrophobic interactions in addition to size exclusion, this contrast in rejection behavior 

268 highlights the critical role of suppressing hydrophobic interactions by the selective pathways of 

269 MOFs for achieving enhanced EDCs rejection. 

270

271 Figure 4. (a) The rejection and of EDCs and (b) water/EDCs selectivity (A/B) for NFcontrol and MOF-TFN 

272 membranes. The error bars represent the standard deviations of the results of three independent tests.
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273

274 Mechanistic Insights. To better understand the underlying mechanisms, sorption of four EDCs 

275 by both NFcontrol and MOF-TFN membranes was conducted. We also determined the 

276 adsorption capacity of the EDCs at 200 μg/L by sole MIL-101(Cr) via Langmuir isotherm (SI, 

277 Section S12). Figure 5 indicates that all the modified membranes show a reduced rate of overall 

278 sorption against all the EDCs with the increase of MIL-101(Cr) incorporation. In general, MIL-

279 101(Cr) MOFs had relatively low contribution to the adsorption of EDCs, which is consistent 

280 with its hydrophilic nature. The reduction in overall sorption for MOF-TFN membranes was 

281 largely attributed to the formation of more hydrophilic polyamide layers (Table 1). XPS 

282 analysis further suggests an increase of carboxylic groups on the MOF-loaded membrane 

283 surfaces as implied by the increased O/N ratios (Table S2), which is also consistent with their 

284 more hydrophilic membrane surfaces based on contact angle results. According to the solution-

285 diffusion theory42, the transport of a hydrophobic solute through a dense membrane is largely 

286 governed by its sorption onto the membrane, and its further diffusion in the membrane. Inverse 

287 correlation between the sorption of EDCs and its rejection by a NF membrane has been 

288 reported10. In the current study, the change in hydrophilicity of polyamide due to the 

289 incorporation of MIL-101(Cr) can reduce the sorption and mitigate the further transmission of 

290 EDCs across the membrane (Figure 6a, b).
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291
292 Figure 5. Contribution of MIL-101(Cr) and polyamide to sorption of EDCs on NFcontrol and MOF-TFN 

293 membranes. The error bars represent the standard deviations of the results of three independent tests. 

294 Detailed analysis shows that MOF0.20 and NFcontrol had nearly identical solute 

295 permeability coefficients for the various EDCs (B values, Figure S9). Therefore, the enhanced 

296 rejection of EDCs by MOF0.20 can be considered as a direct consequence of the dilution effect: 

297 despite the similar solute flux of EDCs through the membrane, the significantly enhanced water 

298 transport through the selective nanochannels of MOFs resulted in reduced EDC concentrations 

299 in the permeate water (Figure 6). In a recent study, selective nanochannels were shown to form 

300 around hydrophilic AgNPs in a polyamide layer, which also increased the removal of 

301 hydrophobic compounds by suppressing hydrophobic interaction39. Nevertheless, compared to 

302 solid fillers such as AgNPs, MOFs of high porosity are capable of offering more abundant 

303 nanochannels, thus providing unique advantages over conventional solid nanofillers for 

304 selective removal of EDCs. 
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305

306 Figure 6. Schematic diagram of the mechanism of enhanced rejection of EDCs by MIL-101(Cr) in the 

307 polyamide layer. (a) EDC rejection by control membrane; (b) & (c) EDC rejection by the modified membrane. 

308

309 Implications. Fabricating TFN membranes via incorporation of NPs is an effective way to 

310 break the trade-off between water and salt permeability26–28. However, the rejection of organic 

311 micropollutants (e.g., EDCs) is not well elaborated in the field of TFN membrane fabrication, 

312 despite their critical environmental significance and health concerns over common mineral salts 

313 such as NaCl in the context of wastewater reclamation33. In the current study, we enhanced the 

314 rejection of hydrophobic EDCs via incorporation of MOFs into a polyamide active layer. This 

315 enhancement was achieved without compromising the water permeability of the membrane, 

316 thereby overcoming the critical limitation of conventional enhancement methods by surface 

317 coating 10,22. Indeed, the water permeability and water/EDCs selectivity of MOF0.20 membrane 

318 were both doubled compared to their respective values of the control, suggesting that the 

319 incorporation of MOFs into polyamide is an effective strategy to break the trade-off between 

320 water permeability and EDCs rejection. 

321 In spite of the moderate enhancement in the rejection of EDCs, the mechanistic 

322 understanding gained from this study provides critical insights to guide the future development 
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323 and optimization of TFN membranes used for water reuse applications. For example, 

324 incorporating MOF materials with better selectivity and improving their dispersion at high 

325 loadings can likely lead to further improvement in EDC rejections. Together with their good 

326 membrane stability and the availability to treat EDCs-polluted real wastewater, as well as the 

327 stable long-term EDCs rejection performance (SI, Section S13-16), the novel engineered MIL-

328 101(Cr) MOF-TFN membranes may have a great potential for toxic EDCs rejection and 

329 wastewater reclamation with low energy consumption.

330 The current study shows that MOFs can play a dominant role in the transport through TFN 

331 membranes. This offers exciting opportunities to tune the membrane separation performance 

332 by proper design/selection of the characteristics of MOFs. In this study, one important concern 

333 of the MIL-101(Cr)-loaded membranes is the reduced passage of divalent macrominerals such 

334 as Ca2+, which is not favoured in potable water reuse applications43. Future studies may consider 

335 to further manipulate the charge properties of MOFs (e.g., by post-modification44,45 such as the 

336 introduction of sulfonic acid groups46) to tune the rejection properties of ionic species. 

337 Moreover, besides the tunable pore charge, the adjustable pore size and flexible structure for 

338 MOFs 30–32 open a new paradigm to optimize the performance of MOF-TFN membranes in 

339 terms of rejecting micropollutants and a wide range of other contaminants. 

340
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