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27 ABSTRACT

28 Membrane distillation (MD) has been receiving considerable attentions as a promising 

29 technology for desalinating industrial wastewaters. While hydrophobic membranes are essential 

30 for the process, increasing membrane surface hydrophobicity generally leads to the reduction of 

31 water vapor flux. In this study, we investigate the mechanisms responsible for this trade-off 

32 relation in MD. We prepared hydrophobic membranes with different degrees of wetting 

33 resistances through coating quartz fiber membranes with a series of alkylsilane molecules while 

34 preserving the fiber structures. A trade-off between wetting resistance and water vapor flux was 

35 observed in direct-contact MD experiments, with the least wetting-resistant membrane exhibiting 

36 twice as high vapor flux as the most wetting-resistant membrane. Electrochemical impedance 

37 analysis, combined with fluorescence microscopy, elucidated that a lower wetting resistance 

38 (still water-repelling) allows deeper penetration of liquid-air interfaces into the membrane, 

39 resulting in an increased interfacial area and therefore a larger evaporative vapor flux. Finally, 

40 we performed osmotic distillation experiments employing anodized alumina membranes that 

41 possess straight nanopores with different degrees of wetting resistance, observed no trade-off, 

42 and substantiated this proposed mechanism. Our study provides a guideline to tailoring the 

43 membrane surface wettability to ensure stable MD operations while maximizing the water 

44 recovery rate.

45

46

47

48
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49 INTRODUCTION

50 Consuming approximately 20% of global freshwater withdrawal, industrial sector is the second 

51 largest consumer of freshwater resources following the agriculture sector.1 Its rapidly growing 

52 freshwater consumption makes water reclamation from industrial wastewaters an important 

53 practice in reducing the freshwater demand.2 Moreover, the increasingly stringent discharge 

54 regulation such as zero liquid discharge also necessitates the efficient water reclamation and 

55 reuse from industrial wastewaters.3 A significant fraction of industrial wastewaters such as those 

56 generated from manufacturing, mining, oil and gas sectors,4 typically contains a variety of 

57 contaminants including highly concentrated salts (up to 360,000 ppm), oil, alcohols, and other 

58 organic pollutants.2,5 As a state-of-the-art membrane separation technology for recovering clean 

59 water from industrial wastewaters, reverse osmosis (RO), however, has a treatable salinity limit 

60 (< ~70,000 mg L−1) due to the prohibitively high osmotic pressure to overcome, and exhibits 

61 unsatisfactory rejection against some specific organic pollutants.5,6

62 Membrane distillation (MD) has attracted considerable attentions in recent years as an 

63 alternative process for water reclamation from highly-saline wastewaters.7-12 MD is a thermal 

64 desalination process, in which water vapor is driven by vapor pressure gradient from a hot feed 

65 to a cold permeate across a porous hydrophobic membrane. The phase-change desalination 

66 mechanism makes its water flux and energy consumption fairly insensitive to the feed salinity 

67 and enables near-complete salt rejection. Like other thermal desalination processes, MD is an 

68 energy-intensive process. However, MD can be operated at a moderate temperature, much lower 

69 than the boiling point of water, which renders MD a potentially low-energy-cost process if low-

70 grade heat or waste heat is utilized.13
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71 In MD process, the membrane must resist wetting to keep the feed and permeate separated.14 

72 However, ubiquitous low-surface-tension contaminants in industrial wastewaters, such as oil, 

73 alcohols, and surfactants, can increase the risk of membrane pore wetting in the MD 

74 operation.10,15,16 As such, developing highly wetting-resistant membranes has been extensively 

75 investigated, commonly through modifying the membrane surface by grafting low-surface-

76 energy materials and/or creating a re-entrant structure to the extent that the membrane becomes 

77 omniphobic (i.e., resisting low-surface-tension liquids).17-22 

78 While those modified membranes exhibited excellent wetting resistance, a noticeable 

79 reduction of MD water vapor flux has been observed in many experiments. Figure 1 shows a 

80 summary of MD water flux changes in recent publications (detailed data shown in Table S1),8-

81 10,19,23-32 as a result of surface modifications of hydrophobic membranes made of poly(vinylidene 

82 fluoride) (PVDF) or poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) with low-

83 surface-energy materials. Lower water vapor fluxes were observed after the modifications 

84 (Jafter/Jbefore < 1) in all surveyed cases, though a few exceptions were also reported.33-35 While 

85 MD water flux is significantly influenced by membrane structures,13 detailed information on the 

86 change in thickness, porosity, and pore size after such modifications is rarely available in the 

87 literature (summarized in Table S1), making it difficult to examine the sole impact of wetting 

88 resistance on water flux. 

89 In a very recent study, this trade-off relation between wetting resistance and water vapor flux 

90 has been investigated using PVDF-based membranes with different wettabilities.31 It was 

91 suggested that a membrane with a lower wetting resistance (but still water-repelling) has a larger 

92 number of partially wetted pores, leading to a higher liquid-air interfacial area and thus a higher 

93 water vapor flux. While this hypothesis was supported by the numerical simulations of dynamic 
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94 liquid-air interface formation, further experimental verification is necessary to thoroughly 

95 substantiate and validate this hypothesis. In addition, while PVDF membranes of irregular 

96 structures were used in the study, generalization of this hypothesis to other types of membranes 

97 warranties further investigation. Since an enhanced wetting resistance at the expense of water 

98 vapor flux may cause a reduced efficiency of MD process for water reclamation, it is of great 

99 importance to elucidate the underlying mechanism of such a trade-off relation, which will be 

100 critical to guarantee a stable MD operation without compromising the water vapor flux.

101
102 Figure 1. Ratios of water flux after the surface modification of PVDF or PVDF-HFP based membrane 

103 with low-surface-energy materials (Jafter) to water flux before the modification (Jbefore), calculated from the 

104 data in the literature of direct-contact membrane distillation (DCMD). PVDF stands for poly(vinylidene 

105 fluoride) and PVDF-HFP stands for poly(vinylidene fluoride-co-hexafluoropropylene).

106
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107        In this work, we elucidate the underlying mechanism for the trade-off relation between the 

108 membrane wetting resistance and water vapor flux in MD. We modify a fibrous membrane with 

109 a series of low-surface-energy alkylsilane molecules to fabricate hydrophobic/omniphobic 

110 membranes that possess varying degrees of wetting resistance while maintaining identical 

111 membrane structures and morphologies. We confirm the trade-off relation in direct-contact 

112 membrane distillation (DCMD) experiments with the fabricated membranes. We examine the 

113 impact of membrane thermal conductance, air-gap distance in the membrane, and liquid-air 

114 interfacial area on the water flux using various techniques including thermal conductivity 

115 measurement, fluorescence microscopy, and electrochemical impedance spectroscopy (EIS). 

116 Further, we perform osmotic distillation (OD) experiments using porous alumina membranes that 

117 comprise straight nanopores, which exhibit different wettabilities but possess identical liquid-air 

118 interfacial areas available for water evaporation and condensation. Taken together, we identify 

119 the determining factor for the trade-off relation and propose potential mechanisms. Our findings 

120 can serve as a guideline for membrane fabrications suitable for MD in various industrial 

121 applications. 

122

123 MATERIALS AND METHODS

124 Materials and Chemicals. Quartz fiber (QF) membranes (membrane type: QR-100) with an 

125 average thickness of 0.38 mm were supplied by Sterlitech (WA, USA). This type of QF 

126 membrane retains 99.99% of dioctylphthalate-derived particles having a diameter of 0.3 µm 

127 (data provided by the supplier) and the porosity of QR-100 is 79.3 ± 1.3% determined by the 

128 pycnometric method.36 Nanoporous anodized aluminum oxide (AAO) membranes with the 

129 nominal diameter of 200 nm and porosity of approximately 10 % were supplied by InRedox 
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130 (CO, USA). Four silane agents were selected for the surface silanization of QF membranes and 

131 AAO membranes: trimethoxy(propyl)silane (AS, 97%, Sigma-Aldrich), (3,3,3-

132 trifluoropropyl)trimethoxysilane (FAS-3, 98%, Gelest Inc.), nonafluorohexyltriethoxysilane 

133 (FAS-9, 98%, Gelest Inc.), and 1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS-17, 98%, 

134 Gelest Inc.). N,N-dimethylformamide (DMF, 99.8%) was purchased from VWR International.  

135 Hexadecane (≥98%), sodium chloride (NaCl, ≥99%), and sodium dodecyl sulfate (SDS) were 

136 obtained from Fisher Scientific. Distilled water was generated by a Synergy® UV water 

137 purification system (Millipore, Billerica, MA). The other chemicals were supplied by Sigma-

138 Aldrich unless otherwise stated. 

139 Fabrication of Hydrophobic Membranes with Different Wetting Resistances. The 

140 hydrophobic modification processes of QF and AAO membranes were schematically illustrated 

141 in Figure S1. The pristine QF membrane was immersed in a DMF solution containing 3.5 wt% 

142 poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, MW ~400,000) and 1% v/v 

143 silane (i.e., AS, FAS-3, FAS-9, and FAS-17) for 2 hours under a continous shaking, which was 

144 subsequently placed in an oven at 105 °C for 4 hours to completely remove DMF. The modified 

145 QF membrane was subjected to a hot-press treatment under 0.5 bar at 160 °C for 1 hour to 

146 enhance its compactness. The hydrophobic AAO membranes were fabricated by soaking the 

147 pristine membrane in a hexane solution containing 1% v/v silane (i.e., AS, FAS-3, FAS-9, and 

148 FAS-17) for 20 hours, followed by a heat-treatment at 105 °C for 4 hours after a thorough rinse 

149 with hexane.

150 Membrane Characterizations. The surface morphologies and cross-section structures of 

151 modified membranes were characterized using a scanning electron microscope (SEM, FEI 

152 Quanta 650). The surface wettabilities were characterized by measuring the static contact angles 
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153 of different liquids using a goniometer (Ramé-Hart 200-F1). Thermal conductivities of 

154 membranes were assessed by using a thermal conductivity analyzer (Hot Disk TPS 2500S) 

155 equipped with a thin film sensor with a nickel double spiral insulated in a thin layer of Kapton. 

156 For the thermal conductivity analysis, twenty membrane samples with the same size were 

157 stacked and placed on each side of the sensor, which were compressed under a fixed pressure 

158 (0.6 bar). 

159      Silicon wafers were used to assess the surface energies of different silanes. Prior to the 

160 surface silanization, the silicon wafer was first cleaned with a piranha solution (3:1 v/v sulfuric 

161 acid : hydrogen peroxide mixture) for 2 hours, followed by a thorough rinse with distilled water. 

162 After rinsing, the silicon wafer was dried at 105 °C for 2 hours. The silanization of the cleaned 

163 silicon wafer was performed following the same protocol as that used for AAO membrane 

164 modification. The method proposed by Wu37 was used to calculate the surface energy of a silane-

165 modified surface as it is suitable for analyzing the surface with a relatively low surface energy.38 

166 The total surface energy ( ) may be decomposed into dispersion ( ) and polar components 𝛾𝑠𝑣 𝛾𝑑
𝑠𝑣

167 ( ):𝛾𝑝
𝑠𝑣

𝛾𝑠𝑣 = 𝛾𝑑
𝑠𝑣 + 𝛾𝑝

𝑠𝑣 (1.)

168 By measuring the static contact angles of water (θwater) and diiodomethane (θD-M) on modified 

169 silicon wafers,  and  can be calculated by using the following equations:𝛾𝑑
𝑠𝑣 𝛾𝑝

𝑠𝑣

[1 + 𝑐𝑜𝑠 (𝜃𝑊𝑎𝑡𝑒𝑟)]𝛾𝑤𝑎𝑡𝑒𝑟 = 4( 𝛾𝑑
𝑤𝑎𝑡𝑒𝑟 ∙ 𝛾𝑑

𝑠𝑣

𝛾𝑑
𝑤𝑎𝑡𝑒𝑟 + 𝛾𝑑

𝑠𝑣
 +  

𝛾𝑝
𝑤𝑎𝑡𝑒𝑟 ∙ 𝛾𝑝

𝑠𝑣

𝛾𝑝
𝑤𝑎𝑡𝑒𝑟 + 𝛾𝑝

𝑠𝑣
)  (2.)

[1 + 𝑐𝑜𝑠 (𝜃𝐷 ― 𝑀)]𝛾𝐷 ― 𝑀 = 4( 𝛾𝑑
𝐷 ― 𝑀 ∙ 𝛾𝑑

𝑠𝑣

𝛾𝑑
𝐷 ― 𝑀 + 𝛾𝑑

𝑠𝑣
 +  

𝛾𝑝
𝐷 ― 𝑀 ∙ 𝛾𝑝

𝑠𝑣

𝛾𝑝
𝐷 ― 𝑀 + 𝛾𝑝

𝑠𝑣
)  (3.)
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170 The dispersive components of water ( ) and diiodomethane ( ) are 21.8 mNˑm-1 𝛾𝑑
𝑤𝑎𝑡𝑒𝑟 𝛾𝑑

𝐷 ― 𝑀

171 and 49.5 mNˑm-1, respectively, while the polar components of water ( ) and diiodomethane 𝛾𝑝
𝑤𝑎𝑡𝑒𝑟

172 ( ) are 51.0 mNˑm-1 and 1.3 mNˑm-1, respectively.39 𝛾𝑑
𝐷 ― 𝑀

173 The protrusion of liquid-air interfaces into the membrane pores was assessed via 

174 electrochemical impedance spectroscopy (EIS). The modified QF membrane was mounted in a 

175 cross-flow membrane cell having an effective area of 3 cm2 (12 mm × 25 mm). Each channel 

176 oilkjwas filled with the electrolyte solution (1 M NaCl solution with different concentrations of 

177 SDS). A titanium sheet was inserted into each flow channel to directly contact the membrane, 

178 and the other end was connected to a potentiostat (Interface 1010E, Gamry Instruments) with a 

179 built-in software to monitor the impedance of the system. The frequency was varied from 103 Hz 

180 to 106 Hz. The detailed procedure to estimate the effective capacitance from EIS measurements 

181 is described in the Supporting Information Section 1.

182 The degree of penetration of feed water into the membranes was visualized via fluorescence 

183 microscopy. The modified QF membrane was assembled in a dead-end filtration cell which was 

184 filled with an aqueous solution containing 0.01 mg/mL Rhodamine B and 0.01 mM SDS (γ ≈ 66 

185 mNˑm-1, the same surface tension as the feed water at 60 C) for 0.5 hour. The height of the 

186 liquid solution in the dead-end cell was 10 cm and the hydraulic pressure applied on the 

187 membrane was approximately 1 kPa, simulating the hydraulic pressure in the feed channel of the 

188 membrane cell during DCMD tests. After staining, the membrane sample was trimmed with 

189 blades and visualized by an upright configuration wide field microscope (Olympus BX53).

190 DCMD Experiments of Modified Membranes. Water vapor fluxes across the modified QF 

191 membranes were measured by a bench-scale DCMD unit with a cross-flow membrane cell with 

192 an effective membrane area of 15 cm2 (60 mm × 25 mm). NaCl solution (0.5 M) at 60 °C and 
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193 distilled water at 20 °C were used as the feed and permeate solutions, respectively, whose 

194 temperatures were maintained by using two recirculating water baths (Polystat Standard, Cole-

195 Parmer). The feed had a slightly higher crossflow velocity (5.6 cm/s) than the permeate (3.7 

196 cm/s), which caused a higher pressure in the feed side than in the permeate side and therefore 

197 allowed for an explicit detection of membrane pore wetting. Details on measuring the water 

198 vapor flux and salt rejection are described in the Supporting Information Section 2 as well as in 

199 our previous publication.20 

200 Osmotic Distillation (OD) Experiments of Modified Membranes. Water vapor fluxes 

201 across the modified AAO membranes under isothermal condition were assessed by a bench-scale 

202 OD setup used in our previous studies.40,41 The OD setup comprises two chambers that were 

203 filled with deionized water (feed) and 4 M NaCl solution (draw), respectively, with the silane-

204 modified AAO membrane mounted in between. The effective membrane area was 28.3 mm2 

205 (diameter is 6 mm). The temperature of the entire OD setup was kept constant at 40 °C by using 

206 a water jacket circulated from an external temperature-controlled water bath (Polystat Standard, 

207 Cole-Parmer). Magnetic stir bars were used to facilitate the mixing of liquid bulk and minimize 

208 concentration polarization.

209      The conductivity of the feed solution was monitored using a conductivity probe (isoPod, 

210 eDaq, CO, USA) and a Matlab-coded program to detect salt leakage. The volume change of the 

211 draw solution was determined through a glass syringe (Hamilton Company, NV, USA, 250 μL 

212 volume, accuracy of ±2.5 μL) that was connected to the draw solution chamber. The water flux, 

213 Jw (L m-2 h-1), through the membrane was calculated from the rate of volume change of water in 

214 the syringe.

215
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216 RESULTS AND DISCUSSION

217 Enhancing wetting resistance of hydrophobic membranes leads to a lower water 

218 vapor flux in DCMD. Investigating the impact of surface wettability on water vapor flux in 

219 DCMD requires us to fabricate a series of membranes with different surface wettabilities but 

220 having nearly identical membrane structures. Accordingly, all pristine QF membranes were 

221 modified following the same protocol except the type of silane molecules used. SEM 

222 micrographs in Figure 2a and 2b depict the surface morphology of two QF membranes modified 

223 with AS (AS QF membrane) and FAS-17 (FAS-17 QF membrane), respectively. SEM images of 

224 other modified QF membranes are also available in Figure S2. The resembled structures and 

225 similar fiber diameter distributions in modified membranes suggest that the modification with 

226 PVDF-HFP/silanes had little effect on the structure of the QF membrane. The variations of 

227 thickness, pore size, and porosity in all modified QF membranes were also insignificant (Table 

228 S2).

229
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    (a)     (b)

    (c)     (d)

230 Figure 2. Characteristics of pristine and modified quartz fiber (QF) membranes. SEM micrographs of the 

231 morphologies of (a) AS QF and (b) FAS-17 QF membranes. The insets are fiber diameter distributions for 

232 each membrane sample. The average diameters (davg) of fibers in AS QF and FAS-17 QF membranes are 

233 679.1 ± 298.0 nm and 688.2 ± 321.8 nm, respectively. (c) Static contact angles of four different testing 

234 liquids (water, mineral oil, hexadecane, and ethanol) on the surface of the AS QF, FAS-3 QF, FAS-9 QF, 

235 and FAS-17 QF membranes (bar chart). Black circles show the surface energies of the silane-modified 

236 silicon wafer surfaces, calculated from Eqs. (1) – (3). “Wicking” means that the membrane was wetted by 

237 testing liquid droplet, and no stable contact angle could be acquired. Error bars represent the standard 

238 deviations from three different membrane samples (both left and right contact angles were measured on 

239 each sample). (d) Thermal conductivities of the pristine QF membrane and modified QF membranes. 

240 Error bars represent the standard deviations from at least five measurements.

241
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242 The different carbon chain lengths and fluorine contents of the four silanes impart the QF 

243 membranes with different degrees of hydrophobicity. We used the method proposed by Wu37 to 

244 estimate the surface energies of atomically smooth silicon wafers which were coated with the 

245 four silanes (Figure 2c). As expected, the estimated surface energy decreases in the order of AS, 

246 FAS-3, FAS-9, and FAS-17 modified silicon wafers, and these values agree well with previously 

247 reported values in the literature.39 The wettabilities of the modified QF membranes were assessed 

248 by measuring static contact angles of several liquids having different surface tensions (γ): water 

249 (γ = 72.8 mNˑm-1), mineral oil (~30 mNˑm-1), hexadecane (27.5 mNˑm-1), and ethanol (22.1 

250 mNˑm-1). All modified QF membranes exhibited water contact angles greater than 130°, 

251 indicating appropriate surface hydrophobicity for MD (Figure 2c). However, the membrane 

252 modified with a lower-surface-energy silane retained a lower-surface-tension liquid on its 

253 surface without being wetted. As two extreme cases, the FAS-17 QF membrane retained the all 

254 testing liquids and exhibited the highest liquid entry pressure (Table S2), while the AS QF 

255 membrane only repelled water (the lowest liquid entry pressure, Table S2) and was readily 

256 wetted by organic liquids. 

257 Water vapor flux in MD is substantially impacted by thermal conductivity of the 

258 membrane.14 A low thermal conductivity is desired for MD in order to establish a steep 

259 temperature gradient across the membrane and therefore provides a large driving force for water 

260 vapor transport. We measured thermal conductivities of the four differently modified QF 

261 membranes using a thermal conductivity meter. Likely due to the negligible mass fraction of 

262 coated silanes to the QF substrate, the measured thermal conductivities for the all membranes 

263 have very similar values (Figure 2d, ~0.05 Wˑm-1ˑK-1), from which we anticipate that the thermal 

264 conductivity would have little impact on water vapor flux in our DCMD experiments. 
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  (a)      (b)

 

265 Figure 3. DCMD performance of modified QF membranes. (a) Water vapor flux and salt rejection of the 

266 AS QF (circle symbols) and FAS-17 QF (diamond symbols) membranes in DCMD tests. (b) DCMD 

267 water vapor fluxes of AS QF, FAS-3 QF, FAS-9 QF, and FAS-17 QF membranes. Error bars represent 

268 the standard deviations from three different membrane samples. All DCMD tests were conducted by 

269 using 0.5 M NaCl at 60 °C as the feed solution and distilled water at 20 °C as the permeate solution.

270
271 The water vapor fluxes for the four differently modified QF membranes were measured in a 

272 lab-scale DCMD setup. Figure 3a shows the time traces of water flux and salt rejection of the AS 

273 QF and FAS-17 QF membranes. Time traces of water fluxes of all four membranes are available 

274 in Figure S3. Here, 0.5 M NaCl solution (60 °C) was used as a feed and distilled water (20 °C) as 

275 a permeate. Both membranes maintained stable water fluxes and nearly perfect salt rejections 

276 (>99%) over 10-hour tests. Noticeably, the water vapor flux of AS QF membrane was 

277 approximately 30 Lˑm-2ˑh-1, nearly twice as high as that of the FAS-17 QF membrane. Combined 

278 with the FAS-3 QF and FAS-9 QF membranes, also with the nearly perfect salt rejections, a 

279 monotonic decrease of water vapor flux was observed as the wetting resistance of the modified 

280 QF membrane increases (Figure 3b). Since all modified QF membranes exhibited similar 

281 membrane structures and thermal conductivities (Figure 2), we exclude the possibility that this 

282 trend in water flux was caused by any alteration of membrane structures or thermal properties. 
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283 As such, our results corroborate the previously observed trade-off between membrane wetting 

284 resistance and water vapor flux in the MD process.31 This observation directs us to investigate 

285 the mechanism, as explored in the following sections.

286

287 The membrane with a higher wetting resistance has a smaller liquid-air interfacial 

288 area. Assuming identical membrane structures and thermal conductivities, supported by the 

289 previous results, the different water vapor fluxes in DCMD tests may be attributed to potential 

290 differences in: (1) liquid-air interfacial areas available for evaporation and condensation, and/or 

291 (2) the actual gap distance between the two membrane-solution interfaces across the membrane 

292 (i.e., effective membrane thickness). We first applied EIS to examine the differences in these two 

293 attributes of the modified QF membranes used in the DCMD process. EIS has been recently 

294 implemented to probe the wetting state of hydrophobic membranes in MD process.42 Placed 

295 between electrolyte solutions (1 M NaCl), a hydrophobic membrane with trapped air may be 

296 modeled as a parallel circuit of a resistor and a capacitor when measuring its electrical 

297 impedance (Figure 4a).42 The high ionic strength of the electrolyte solutions renders the solution 

298 impedance negligibly small compared to the membrane impedance (Figure S4). Therefore, we 

299 attribute the measured impedance to the membrane only. Based on this simple resistor-capacitor 

300 circuit model, we determined the equivalent capacitance of the air-filled hydrophobic membrane 

301 via EIS, which is correlated with the liquid-air interfacial area and effective membrane 

302 thickness.42,43 Taking an air-filled hydrophobic membrane enclosed by the electrolyte as an ideal 

303 capacitor, its capacitance can be expressed as:44 

𝐶 = 𝜀𝑜𝜀𝑚
𝐴𝑒𝑓𝑓

𝑑𝑒𝑓𝑓
(4.)
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304 where εo is the permittivity of air (or vacuum) and εm is the relative permittivity of membrane-air 

305 matrix. The value of εm can be estimated by assuming the matrix as a homogeneous composite 

306 material of silica and air, but we obviate the need to calculate εm by normalizing capacitances to 

307 a reference value (Figure 4b). Aeff is the effective liquid-air interfacial area and deff is the 

308 effective thickness of the unwetted membrane (i.e. the distance between two liquid-air 

309 interfaces). Detailed procedure for estimating the capacitance from EIS is available in the 

310 Supporting Information Section 1.

311 If membrane pores are partially wetted, the penetration of the solution into pores can increase 

312 the liquid-air interfacial area (Aeff) and/or decrease the effective membrane thickness (deff), 

313 resulting in an increased capacitance (C). If the membrane pores are fully wetted, the membrane 

314 is equivalent to a resistor with negligible resistance, which can essentially be represented as a 

315 short circuit, leading to a drastically reduced overall impedance (Figure S4). 

316 In our DCMD tests, the feed (0.5 M NaCl solution) temperature was 60 °C at which its 

317 surface tension becomes ~66 mNˑm-1, lower than that of water at 25 °C (72 mNˑm-1).45 To 

318 simulate this reduced-surface-tension of the feed in our EIS measurement, we added surfactant 

319 (sodium dodecyl sulfate, SDS) into the electrolyte (1 M NaCl solution) to reduce its surface 

320 tension to 66 mNˑm-1 and also to 46 mNˑm-1. The Bode plots indicated that all modified QF 

321 membranes were in a nonwetted or partially wetted state during EIS measurements, except that 

322 AS QF membrane was fully wetted and therefore the measurement was not possible when the 

323 surface tension of the electrolyte was reduced to 46 mNˑm-1 (Figure S4). When measured with a 

324 surfactant-free electrolyte, FAS-17 QF membrane showed a much lower capacitance than the 

325 other membranes (Figure S5), probably because its exceptionally high water repellency does not 
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326 allow the electrolyte to be in contact to the membrane surface and prevents the penetration of 

327 liquid into membrane pores.

328 Figure 4b shows the normalized capacitances of modified QF membranes after progressively 

329 adding SDS into the electrolyte. Reducing the surface tension of electrolyte is well-correlated 

330 with an increase of the equivalent capacitances for all modified membranes, suggesting that the 

331 membrane exposed to a lower-surface-tension liquid attains a higher liquid-air interfacial area or 

332 a lower effective membrane thickness, or both, which we attribute to the progression of liquid-air 

333 interface into membrane pores. The interface progression into the membrane pores seems to be 

334 more prominent for the membrane having a lower wetting resistance, congruent with the higher 

335 increment of capacitance for the less wetting-resistant membrane.

336

   (a)           (b)

337 Figure 4. (a) Schematic illustration of the EIS system used for measuring the impedance of modified QF 

338 membranes. (b) Capacitances of the modified QF membranes estimated from the impedance 

339 measurements using 1 M NaCl solution with different surface tensions (SDS added) as the electrolyte 

340 solution. For each membrane sample, the capacitances were normalized to that with 1 M NaCl with no-

341 added SDS. Error bars represent the standard deviations from three different membrane samples.

342
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343 Next, we employed fluorescence microscopy to investigate the penetration of liquid into the 

344 membrane. We selected FAS-9 QF and AS QF membranes due to their distinctly different 

345 wettabilities. The top surfaces of both membranes were stained by an aqueous solution 

346 containing 0.01 mg/mL Rhodamine B and 0.01 mM SDS under a hydraulic pressure of 1 kPa, 

347 simulating the feed surface tension (γ ≈ 66 mNˑm-1) and the hydraulic pressure applied on the 

348 membrane in our DCMD experiments. 

349 Figure 5 visualizes the extent of the penetration of the aqueous dye into the two membranes. 

350 The thin bright strips observed on the upper edge of both membranes qualitatively showed that 

351 the liquid-air interface did not penetrate into the membrane, which implies that the gap distance 

352 between the two interfaces remained to be the membrane thickness during the DCMD 

353 experiments for both membranes. The observed maximum strip thickness of AS QF membrane 

354 (~30 μm) was greater than that of FAS-9 QF membrane (~10 μm). Even these maximum 

355 thicknesses of the dye strips only accounted for a very small fraction of the entire membrane 

356 thickness (less than 6% even for AS QF membrane). The effective thickness (the thickness of 

357 nonwetted part) of the AS QF membrane was only approximately 4% lower than that of FAS-9 

358 QF membrane. This difference is substantially smaller than the difference between the equivalent 

359 capacitances (15%) for AS QF and FAS-9 QF membranes which were determined using EIS 

360 with the electrolyte of a surface tension of 66 mNˑm-1 (Figure 4b). Since the equivalent 

361 capacitance can be expressed using the interfacial area (Aeff) and effective thickness (deff), given a 

362 certain type of membrane (Eq. 4), we conclude that the trade-off between wetting resistance and 

363 water vapor flux (Figure 3b) mainly stems from the differences of liquid-air interfacial area. 

364 Figure 5c and 5d illustrate potential mechanisms on how the liquid-air interfacial area can be 

365 changed by membrane wettability. For the membrane having a high wetting resistance (Figure 
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366 5c), the intrinsically high contact angle at the cylindrical fiber surface prevents water penetration 

367 into membrane pores. The cross-section of cylindrical fibers features re-entrant curvature 

368 structure. Therefore, when the wetting resistance is reduced, the fiber network allows liquid-air 

369 interface to be formed at the bottom side of the fibers in order to maximize the surface tension 

370 forces that resists the wetting front progression.39,46,47 The formation of sagging liquid-air 

371 interfaces, in particular for fibers with a large interspacing, can induce the contact of the 

372 interface to the fiber surface in the subsequent layer, which results in a larger liquid-air 

373 interfacial area available for water evaporation and thereby allows for a higher water vapor flux 

374 (Figure 5d). This illustration is congruent with the larger thickness of fluorescence dye layer 

375 (Figure 5a and 5b) and the greater dependency of the effective capacitance change on the surface 

376 tension for the less wetting-resistant membrane (Figure 4b). 

377 We note that a more penetration of liquid into the membrane pores can cause a more severe 

378 temperature polarization and lead to a reduced water vapor flux.15 However, Figure 5a and 5b 

379 suggest that the water penetration in our membranes is marginal. In such case, the flux 

380 enhancement caused by the increased liquid-air interfacial area would dominate. 

381
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382

1 2

(b)(a)

(c) (d)

Water molecule

Fiber with high wetting resistance Fiber with Low wetting resistance

383 Figure 5. Optical (left) and fluorescence (right) microscopy images of the cross-sections of (a) FAS-9 QF 

384 membrane and (b) AS QF membrane after the top surfaces of membranes were brought in contact with 

385 Rhodamine B solution with 0.01 mM SDS (γ ≈ 66 mNˑm-1). The green strips in the fluorescence 

386 microscope images visualize the penetration depth of the solution into the membrane. The scale bar is 200 

387 m. Schematics (not drawn to scale) of membrane cross-sections illustrating the degree of liquid-air 

388 interface penetration and the liquid-air interfacial areas for fiber surfaces exhibiting (c) a high wetting 

389 resistance and (d) a low wetting resistance.  is the local contact angle formed between the fiber surface 

390 and the liquid-air interface (1 > 2). 

391

392 The trade-off between wetting resistance and water vapor flux is absent in the 

393 membrane having straight cylindrical pores. While we employed fibrous membranes in 

394 this study, the trade-off relation between wetting resistance and water vapor flux in DCMD has 

395 also been observed for microporous membranes fabricated by phase inversion (Figure 1). As 

396 illustrated in Figure 5, fibrous or irregular pore structure are proposed to result in the increase of 
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397 liquid-air interfacial area when the liquid protrudes into membrane pores. If this is the case, we 

398 can anticipate that the trade-off relation would not be observed for membranes consisting of 

399 straight pores because the liquid-air interfacial areas would vary little even for different wetting 

400 resistances as long as pore wetting does not occur. 

401 To validate this hypothesis, we employed anodized aluminum oxide (AAO) membranes that 

402 comprise cylindrical and straight nanopores with the nominal diameter of 200 nm (Figure 6a). 

403 The AAO membranes were hydrophobized by treating them with the four silane molecules (i.e., 

404 AS, FAS-3, FAS-9, and FAS-17). Like the QF membranes, the AAO membrane modified with 

405 the silane of a longer fluorocarbon chain was more hydrophobic (Figure 6b). The water vapor 

406 flux across the membranes was measured using a bench-scale OD setup (Figure 6c) used in our 

407 previous studies.40,41 In the OD setup, the feed (distilled water) chamber and the draw (4 M NaCl 

408 solution) chamber were separated by the AAO membrane, which were both maintained at the 

409 same temperature (40 °C). In the OD process, the driving force of water vapor flow is the water 

410 vapor pressure gradient across the membrane created by the osmotic pressure difference between 

411 feed and draw. Therefore, OD can be considered as an isothermal variant of MD. The 

412 conductivity of feed (distilled water) remained constantly low for all tested membranes, without 

413 any occurrence of the membrane pore wetting. As shown in Figure 6d, the water vapor fluxes of 

414 AAO membranes modified with the four different silanes did not show significant differences 

415 (one-way ANOVA, F = 3.14, p = 0.096), and no trade-off relation between wetting resistance 

416 and water flux was observed. The results of OD experiments substantiate the impact of fibrous or 

417 irregular structures that allow liquid-air interfacial area expansion when the wetting resistance is 

418 lower.
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   (a)       (b)

   (c)       (d)

 

419 Figure 6. (a) Cross-sectional SEM micrograph of the pristine AAO membrane (the inset is the micrograph 

420 of the membrane surface). (b) Static contact angles of water on the surface of the AS, FAS-3, FAS-9, and 

421 FAS-17 AAO membranes. Error bars represent the standard deviations from three different membrane 

422 samples (both left and right contact angles were measured on each sample). (c) Schematic illustration of 

423 the osmotic distillation (OD) experimental setup. (d) OD water vapor fluxes of AS, FAS-3, FAS-9, and 

424 FAS-17 AAO membranes measured by using distilled water at 40 °C as the feed solution and 4 M NaCl 

425 at 40 °C as the draw solution. Error bars represent the standard deviations.

426

427 IMPLICATIONS

428 In this study, we investigated the underlying mechanism for the wettability-flux trade-off relation 

429 in MD using quartz fiber (QF) membranes. We outline potential approaches for minimizing the 
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430 impact of trade-off relation on attaining high water flux and their limitations. First, decreasing 

431 the thickness of a highly wetting-resistant membrane can be a feasible way to reduce the mass 

432 transfer resistance of water vapor and thus offset the declined water flux. As previously shown, 

433 the penetration of liquid into the membrane pores was marginal even for the membrane having a 

434 relatively high surface energy (e.g., AS QF membrane). Fabrication of composite membranes 

435 consisting a thin hydrophobic porous layer on a thermally conductive supportive layer would 

436 increase the water flux for a given temperature difference.48 It should be noted that water flux 

437 enhancement by reducing the membrane thickness would be limited by temperature polarization, 

438 in particular when the thickness becomes less than ~10 m, and also be accompanied by a 

439 significant thermal conduction loss.49,50 

440 Second, fabricating a membrane that comprises straight pores would not likely exhibit the 

441 trade-off relation. Many techniques for fabricating inorganic or polymeric membranes that have 

442 cylindrical pores have been explored, including electrochemical processes, selective-etching of 

443 block-copolymers, and imprinting.51-53 However, fibrous or irregular pore structures are 

444 generally preferred for MD, due to the high porosity and ease of membrane fabrication. 

445 Therefore, benefits from the membranes of straight pores with high wetting resistances may not 

446 be obvious for MD applications. 

447 Third, the membrane surface energy can be tailored to obtain a high water vapor flux if feed 

448 water of specific compositions is treated. The surface energy must be determined based on the 

449 minimum possible surface tension of the feed water. In such case, a consistent minimum surface 

450 tension of the feed water needs to be guaranteed and a rigorous assessment for the risk of 

451 potential membrane wetting and the benefit of high water yield will be required. 

452
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