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32 S1. SEM micrographs, silver mass density, contact angles and permeability of 

33 the control and AgNPs modified PSF substrates

34 The control PSF showed flat surface (Figure S1). With the increased concentration of 

35 NaBH4 and CuSO4, increasing amounts of fine particles appeared on the PSF surface 

36 and subsequently the substrate pore size decreased. These nanoparticles are AgNPs 

37 based on the reaction between NaBH4 and AgNO3.
1 The PSF-Ag substrate with 

38 AgNPs coating became more hydrophilic compared to the control PSF.

39  

40 To determine the total amounts of silver in the AgNPs incorported TFN membranes, 

41 the membrane coupon (Membrane area = 1 cm2) was immersed in a HNO3 solution 

42 (0.2 ml 69% HNO3 dissolved in 20 ml DI water) shaking under 100 rpm for 3 days. 

43 The dissolved silver concentrations leached in the HNO3 solutions were also 

44 determined by ICP. Figure S1 shows significantly increased silver loading at higher 

45 AgNO3.
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46
47 Figure S1. SEM surface micrographs, AgNPs mass density, and contact angle results of the 
48 control PSF and AgNPs modified PSF.

49

50 Figure S2 shows the water permeability of the control PSF and PSF-Ag substrates. 

51 The water permeability of the substrate was not significantly affected when AgNPs 

52 loading was relatively low (e.g., PSF-Ag1,5,20). Even at the highest silver loading, 

53 the PSF-Ag100 substrate showed only approximately 10% flux reduction compared to 

54 the control PSF.
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56 Figure S2. Water permeability of the control PSF and AgNPs modified PSF substrates

57
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58 S2. Size distributions of the AgNPs induced nanochannels 

59 Figure S3 shows the size distribution of the nanochannels in the vicinity of each 

60 AgNPs. Their size of approximately 2.5 nm is nearly independent on the AgNPs 

61 loading. 

62
63 Figure S3. Size distribution of the nanochannels of silver nanoparticles in (a) TFC-Ag1, (b) 
64 TFC-Ag5, (c) TFC-Ag20 and (d) TFC-Ag100 membranes. 

65

66
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67 S3. Physiochemical properties of TFC membranes 

68 Figure S4 presents the contact angle results of all membranes. With the exception of 

69 TFC-Ag1 (within experimental variations), the other TFC-Ag membranes showed 

70 slightly decreased contact angles, thanks to the hydrophilicity of the AgNPs. 

71

72

73 Figure S4. Contact angle results of all membrane.

74

75 FTIR results (Figure S5) show the characteristic peaks at 1541 cm-1 (the Amide II 

76 band), 1609 cm-1 (aromatic N-H deformation vibration) and 1663 cm-1 (the Amide I 

77 band), confirming the formation of polyamide chemistry formed by 

78 m-phenylenediamine (MPD) and trimesoyl chloride (TMC).2 
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79

80 Figure S5. ATR-FTIR results of all membranes.

81

82 The elemental content of the polyamide rejection layers was determined by XPS. 

83 Since the AgNPs were covered by polyamide, the Ag peak cannot be detected at 

84 typical silver loading (e.g., TFC-Ag20, see Figure 4b in the main text) due to the low 

85 penetration depth of XPS. Figure S6 shows the XPS spectrum of TFC-Ag100 

86 membrane. The Ag peak was identified for this membrane, which was likely caused 

87 by the aggregation of AgNPs under this high AgNP loading.
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88
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89 Figure S6. XPS spectrum of TFC-Ag100 membrane.

90

91 Figure S7 shows the high resolution TEM cross-sections of the TFC-Ag20 membrane 

92 (obtained by FEI Tecnai G2 20 Scanning TEM). In Figure S7a, AgNPs were typical 

93 present in individual particles with minimum aggregation. The corresponding 

94 magnified image (Figure S7b) shows the presence of nanochannels around the 

95 AgNPs. 

96



Page S10

97
98 Figure. S7. High solution TEM cross-sections of the TFC-Ag20 membrane.

99

100
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101 S4. Zeta potential of AgNPs

102 Surface zeta potential of AgNPs were measured using the zeta analyzer (ZEN3600, 

103 Malven Ltd. UK). AgNPs solution (100 mg/L in deionized water) with pH adjusted at 

104 6 or 7 was used for the determination of zeta potential. Table S1 shows that AgNPs 

105 are negatively charged with zeta potential of -31.2 ± 0.2 and -32.1 ± 0.5 at testing pH 

106 of 6 and 7.

107

108 Table S1. Zeta potential of AgNPs

100 mg/L zeta potential (mV) pH=6 pH=7

AgNPs -31.2 ± 0.2 -32.1 ± 0.5

109

110
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111 S5. Calculation of Debye length

112 The Debye length can be calculated by Equation S1:3

113 (S1)

103.043 10
D I






114 where λD is the Debye length (m) and I is the ionic strength (M). With a feed NaCl 

115 concentration of 2000 ppm and assuming a rejection of ~99%, the permeate 

116 concentration is ~ 20 ppm (0.00034 M), which corresponds to a Debye length of 

117 approximately 16.5 nm. Even if a much high NaCl concentration of 0.0034 M is used 

118 (with a NaCl rejection of 90%), the Debye length is still as large as 5.2 nm, which is 

119 approximately twice of the average size of the AgNP induced nanochannels. 

120
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121 S6. Calculation of membrane crosslinking degree

122 The crosslinking degree of a polyamide membrane can be determined from its O/N 

123 ratio. Figure S8 shows a polyamide chemical structure with both crosslinked (n) and 

124 linear (1 – n) fractions. The O/N ratio (rO/N) can be calculated based on this chemical 

125 structure, and its value is 1 for n = 1 (fully crosslinking) and 2 for n = 0 (fully linear):

126

127 (S2)
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128

129 Therefore, the crosslinking degree (n) can be determined once O/N ratio is measured:
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131

132

133 Figure S8. Interfacial polymerization reaction and chemical structure of polyamide. 

134
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135 S7. Membrane rejection of neutral hydrophilic solutes

136 Figure S9 presents the removal of neutral solutes (e.g., boron, ethylene glycol, 

137 diethylene glycol and pentaerythritol) by the TFC-Ag20 membranes. In general, the 

138 rejection improved compared to the control TFC. Two commercial RO membranes, 

139 i.e., BW30 and SW30HR, were also included as benchmarks for comparison. The 

140 solutes rejection of TFC-Ag20 membrane is higher than that of the brackish water RO 

141 membrane BW30 and was nearly comparable to that of the seawater RO membrane 

142 SW30HR.

143
144 Figure S9. Neutral solutes rejection of the control TFC, TFC-Ag20 and two commercial RO 
145 membranes (BW30 and SW30HR). 
146
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147 S8. Membrane fouling behavior

148 Fouling tests were performed for the TFC control membrane and the TFC-Ag20 membrane 

149 using a feed water containing 20 ppm humic acid, 2000 ppm NaCl and 1 mM CaCl2 (Figure 

150 S10). Since membrane fouling is highly sensitive to flux, an identical initial water flux of 17 

151 Lm-2h-1 was applied for both membranes to ensure the fouling results can be directly 

152 compared. In the current study, the TFC-Ag20 membrane was able to maintain a more stable 

153 flux compared to the TFC control membrane. The enhanced antifouling property of the 

154 TFC-Ag20 membrane can be explained by its enhanced crosslinking degree with fewer 

155 surfaces –COO- groups to participate the membrane-Ca2+-foulants bridging.4

156
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157 Figure S10. Membrane fouling tests by humic acid. Both membranes were pre-compacted at 
158 an applied pressure of 20 bar using a 2000 ppm NaCl solution as feed solution (pH 6.8, 
159 cross-flow velocity at 22.4 cm/s, and temperature at 25℃). Subsequently, the applied pressure 
160 was adjusted to achieve an initial flux of 17 Lm-2h-1 for both membranes. To start the fouling 
161 tests, humic acid (20 ppm) and CaCl2 (1 mM) were added into the feed solution. The fouling 
162 tests were continued for 12 h.
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