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ABSTRACT 31 

Although membrane distillation (MD) has been identified as a promising technology to treat 32 

hypersaline wastewaters, its practical applications face two prominent challenges: membrane 33 

wetting and fouling. Herein, we report a facile and scalable approach for fabricating a Janus MD 34 

membrane comprising a dense polyvinyl alcohol (PVA) surface layer and a hydrophobic 35 

polyvinylidene fluoride (PVDF) membrane substrate. By testing the Janus membrane in direct 36 

contact MD experiments using feeds containing sodium dodecyl sulfate (SDS) surfactant or/and 37 

mineral oil, we demonstrated that the dense Janus membrane can simultaneously resist wetting 38 

and fouling. This method represents the simplest approach to date for fabricating MD membranes 39 

with simultaneous wetting and fouling resistance. Importantly, we also unveil the mechanism of 40 

wetting resistance by measuring breakthrough pressure and surfactant permeation (through the 41 

PVA layer) and found that wetting resistance imparted by a dense hydrophilic layer is attributable 42 

to capillary pressure.  This new insight will potentially change the paradigm of fabricating wetting 43 

resistant membranes and enable robust applications of MD and other membrane contactor 44 

processes facing challenges of pore wetting or/and membrane fouling. 45 

 46 
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SYNOPSIS 51 

A new understanding of wetting resistance enables a simple and scalable approach of fabricating 52 

robust membranes for membrane distillation.  53 
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INTRODUCTION 54 

Intensified global freshwater scarcity imposes growing demands on wastewater treatment.1, 2 55 

Membrane distillation (MD) is an emerging thermal desalination technology that is promising to 56 

treat highly saline wastewaters.3, 4 The key component in a typical MD system is a microporous 57 

hydrophobic membrane that separates the hot feed and cold distillate streams. In an MD process, 58 

the temperature difference-induced partial vapor pressure difference drives the water vapor to 59 

transport through the membrane pores from the feed stream to the distillate stream, while the non-60 

volatile species (e.g., salts) are rejected and remain in the feed stream. Compared to the state-of-61 

the-art thermal desalination technology, mechanical vapor compression (MVC), MD is potentially 62 

cheaper in capital cost and can leverage low-grade thermal energy (e.g., industrial waste heat and 63 

geothermal energy) instead of electricity.5-7 Recently, MD has been proposed for off-grid 64 

applications because of its small footprint.8, 9 65 

Membrane wetting and fouling are two prominent challenges in practical MD applications.10, 66 
11 Membrane wetting is caused by amphiphilic contaminants that reduce the liquid entry pressure 67 

(LEP) of the membrane pores and lead to the direct penetration of feed water through the 68 

membrane.12, 13 As a result of membrane wetting, salt rejection is substantially compromised. 69 

Membrane wetting is a major hurdle for MD to treat wastewaters containing surfactants (e.g., most 70 

industrial wastewaters).14, 15 Membrane fouling occurs as the foulants attach to the membrane 71 

surface, block the membrane pores, and lead to a significant flux decline. When MD is applied to 72 

treat wastewaters containing abundant hydrophobic contaminants (e.g., shale gas/oil 73 

wastewaters),16, 17 membrane fouling is a particular concern because of the strong hydrophobic-74 

hydrophobic interaction.18, 19 75 

To overcome membrane wetting and fouling, novel MD membranes with special wettability 76 

have been employed.20-23 Specifically, omniphobic MD membranes that are resistant to wetting by 77 

low-surface-tension liquids have been proposed for wetting mitigation,24-26 and composite MD 78 

membranes with a superhydrophilic surface layer and a hydrophobic substrate have been 79 

developed for fouling mitigation.27-29 Since the compositions of industrial brines are usually 80 

complex, membrane wetting and fouling could occur simultaneously. However, based on previous 81 

studies,10, 11 neither omniphobic nor composite MD membranes can resist membrane wetting and 82 

fouling at the same time. To achieve simultaneous wetting and fouling resistance, Janus MD 83 

membranes comprising a superhydrophilic surface layer and an omniphobic membrane substrate 84 
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have been developed.30, 31 However, the fabrication of Janus membranes with omniphobic 85 

substrates is complicated, hindering the adoption of such membranes in practical applications. 86 

Inspired by nanofiltration (NF) membranes that can remove surfactants from wastewaters due 87 

to the size exclusion effect,32, 33 an NF/MD membrane composed of a dense top layer and a 88 

polyvinylidene fluoride (PVDF) substrate has been developed very recently.34 The as-developed 89 

NF/MD membrane showed an excellent resistance to both membrane wetting and fouling. 90 

However, despite the absence of omniphobic substrate, the fabrication of the NF/MD membrane 91 

is still difficult to scale up because of the inverted co-deposition of hydrophilic polymer and use 92 

of sodium-functionalized carbon quantum dots. Therefore, an alternative approach to fabricate a 93 

robust MD membrane with simultaneous wetting and fouling resistance is still needed. More 94 

importantly, beyond the specific membrane fabrication approach, the mechanism of wetting and 95 

fouling resistance of the as-fabricated MD membrane needs to be elucidated, as it can provide 96 

critical guidance to the future membrane development. 97 

In this study, we report a facile and scalable approach of fabricating a Janus MD membrane 98 

comprised of a dense PVA layer and a hydrophobic PVDF membrane substrate. The morphology 99 

and wettability of the as-fabricated Janus membrane are characterized. We then conduct DCMD 100 

experiments with a saline feed containing surfactants to investigate the wetting resistance of the 101 

dense PVA/PVDF Janus membrane. The mechanism of wetting resistance is elucidated by probing 102 

the surfactant permeability of the membrane via diffusion experiment and determining the 103 

breakthrough pressure of the membrane with an ethanol-water mixture. We further conduct direct 104 

contact membrane distillation (DCMD) experiments with an oily saline feed to investigate the 105 

fouling resistance of the dense PVA/PVDF Janus membrane. The mechanism of fouling resistance 106 

is elucidated by measuring the underwater oil-membrane interaction via force spectroscopy. 107 

Finally, we conduct DCMD experiments with a saline feed containing both surfactants and oil to 108 

demonstrate the simultaneous wetting and fouling resistance of the dense PVA/PVDF Janus 109 

membrane.   110 

 111 

MATERIALS AND METHODS 112 

Materials and Chemicals. The substrate membranes used in this study were commercial 113 

PVDF membranes (0.45 μm, Merck Millipore Ltd.). Polyvinyl alcohol (PVA, Mw≈67,000), poly 114 

(acrylic acid-co-2-acrylamido-2-methyl propanesulfonic acid) (P(AA-AMPS), 98%), sodium 115 
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dodecyl sulfate (SDS, 99%), ethanol (99.5 %, v/v), and humic acid were purchased from Aladdin, 116 

China. Sodium chloride (NaCl) and sulfuric acid (H2SO4, 98%) were acquired from Guangzhou 117 

chemical reagent factory, China. Polyethylene glycols (PEG, Mw = 400, 600, 2000, and 4000 Da) 118 

were obtained from Macklin Co. Ltd, China. 119 

Fabrication of Dense PVA/PVDF Janus Membrane. A homogeneous PVA solution 120 

was obtained by adding 1.1g PVA to 98 mL deionized (DI) under vigorous stirring at 90 °C for 2 121 

hours. The pH of the PVA solution was adjusted to 1 using a 1.0 M H2SO4 aqueous solution. After 122 

pH adjustment, 0.9 g P(AA-AMPS) was added to the PVA solution as the crosslinker. The PVA-123 

P(AA-AMPS) dope solution was prepared after P(AA-AMPS) being completely dissolved under 124 

stirring at room temperature.  125 

The dense PVA/PVDF Janus membrane was prepared via spray coating (Figure 1).35 126 

Specifically, 5 mL PVA-P(AA-AMPS) dope solution was sprayed onto a 6.5 cm × 1.5 cm PVDF 127 

membrane substrate using a spray gun. The spraying pressure was controlled at 0.1 MPa. The dope 128 

solution-sprayed PVDF membrane was heated at 100 °C for 15 mins in a muffle furnace to 129 

facilitate the crosslinking of PVA. After being cooled down at room temperature and soaked in 130 

deionized (DI) water for 24 h to remove soluble impurities and residual acids, the dense 131 

PVA/PVDF Janus membrane was ready for testing. 132 

 133 

Figure 1. Schematic illustration of the fabrication of a dense PVA/PVDF Janus membrane. 134 

Membrane Characterizations. The surface morphology of the pristine PVDF membrane 135 

and dense PVA/PVDF Janus membrane was observed using scanning electron microscopy (SEM, 136 

Tescan, LTRA 3 XMU). The pore size distribution of the PVA layer was measured using the solute 137 

filtration method (detailed procedures reported in the Supporting Information).34 The chemical 138 

composition of the dense membrane was verified with attenuated total reflection-Fourier transform 139 

infrared spectroscopy (ATR-FTIR, IRTracer-100, Shimadzu). The surface wettability of the dense 140 

PVA/PVDF Janus membrane was characterized by measuring the static contact angles (CA) using 141 
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an optical tensiometer (Attension Theta Lite, Biolin Scientific). Both the in-air water CA and 142 

underwater oil CA (with mineral oil) were measured. Specifically, the in-air water CA was 143 

determined using the sessile drop method, and the underwater oil CA was determined using the 144 

captive bubble method by replacing the air bubble with a mineral oil droplet. 145 

Evaluation of Wetting and Fouling Resistance. Direct contact MD (DCMD) 146 

experiments were used to evaluate the performance of the pristine PVDF membrane and the dense 147 

PVA/PVDF Janus membrane. The schematic of the system setup can be found in Supporting 148 

Information. In all DCMD experiments, the temperatures of the feed and distillate were maintained 149 

to be 60 and 20 ℃, respectively, while the flow rates of feed and distillate streams were controlled 150 

at 0.8 L/min and 0.4 L/min, respectively, resulting in a larger hydraulic pressure on the feed side 151 

to facilitate the detection of membrane wetting (as wetting will unequivocally results in flux 152 

increase under this condition). The cumulative mass and the conductivity of the distillate stream 153 

were constantly recorded, from which the real-time vapor flux and salt rejection can be obtained 154 

(Details in Supporting Information). For DCMD experiments with the dense PVA/PVDF Janus 155 

membrane, the dense PVA layer was facing the feed. 156 

The wetting tests were carried out using a saline feed containing 35 g L-1 NaCl and SDS 157 

surfactant. In each test, the wetting agent, SDS, was incrementally added to the saline feed every 158 

2 h. After each addition, the SDS concentration in the feed increased by 0.05 mM. The wetting 159 

test was terminated once the membrane was wetted as indicated by both increases of distillate 160 

conductivity and measured water flux (flux increased due to direct liquid permeation under a 161 

pressure difference from the feed to distillate). Otherwise, the experiments were terminated when 162 

the SDS concentration reached 0.2 mM. 163 

The fouling tests were conducted using an oily saline feed containing 35 g L-1 NaCl and 2,000 164 

ppm mineral oil. Instead of using hydrophilic natural organic contaminants (e.g., humic acids), 165 

mineral oil was selected as the model foulant not only because of its relevance in oil and gas 166 

wastewater management but also because hydrophobic MD membranes are more prone to the 167 

fouling induced by the hydrophobic contaminants due to the strong hydrophobic-hydrophobic 168 

interaction underwater (Figure S3 in the Supporting Information).36 Therefore, the MD membranes 169 

were challenged to a greater extent by using mineral oil as a fouling agent. The feed was prepared 170 

by vigorously mixing 2 g mineral oil and 1 L NaCl aqueous solution at 16,500 rpm for 20 min 171 

using a homogenizer (FJ200-SH, Huxishiye). No obvious phase separation was observed during 172 
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the whole fouling tests. Based on dynamic light scattering (DLS) measurements, the oily saline 173 

feed showed an average oil droplet size of 1.63 ± 0.35 µm (Figure S4 in Supporting Information).  174 

The simultaneous wetting and fouling tests were performed using an oily saline feed containing 175 

35 g L-1 NaCl, 0.1 mM SDS, and 1,000 ppm mineral oil. Like the oily saline feed used for fouling 176 

tests, the oily saline feed used for simultaneous wetting and fouling tests was prepared by 177 

vigorously mixing 0.029 g SDS, 1 g mineral oil, and 1 L NaCl aqueous solution at 16,500 rpm for 178 

20 min using a homogenizer (FJ200-SH, Huxishiye). The averaged oil droplet size in the as-179 

prepared feed was measured to be 0.78 ± 0.17 µm using DLS (Figure S4 in Supporting 180 

Information), which suggests that SDS promotes the formation of more finely dispersed oil 181 

droplets. For the long-term test with the dense PVA/PVDF Janus membrane, the membrane was 182 

rinsed with DI water for 15 min every 30 hours.   183 

Force Spectroscopy Measurement. To directly measure the underwater oil-membrane 184 

interactions, oil-probe force spectroscopy was performed using a force tensiometer (DCAT21, 185 

Dataphysics).28, 37, 38 For each measurement, a small membrane coupon was immobilized at the 186 

bottom of a glass cell using a double-sided tape, and then the cell was filled with DI water. In the 187 

glass cell, a mineral oil droplet (~10 µL) was hung onto a homemade Titanium force probe 188 

underwater (Figure S5 in Supporting Information). During each measurement, the force probe 189 

approached the membrane surface at a constant speed of 0.3 mm min-1, and once the oil droplet 190 

was in contact with the membrane, retracted from the membrane surface at the same constant speed. 191 

The force applied on the force probe was measured by a micro-electro-mechanical sensor and 192 

recorded as a function of the force probe displacement. 193 

Diffusion Experiment. Diffusion experiments were conducted to determine the 194 

permeability of SDS through the pristine PVDF membrane and dense PVA/PVDF Janus 195 

membrane.39 In each diffusion experiment, a small membrane coupon with an area of 2.27 cm2 196 

was assembled into custom-made two-chamber diffusion cell after being wetted by ethanol and 197 

rinsed by DI water (Figure S6 in Supporting Information). The two chambers of the diffusion cell 198 

were filled with 5 mM SDS aqueous solution and DI water, respectively. The solution conductivity 199 

in the DI water chamber was constantly monitored over time. The permeability of SDS was 200 

indicated by the time-dependent SDS concentration obtained from the conductivity data. 201 

Breakthrough Pressure Measurement. The breakthrough pressure of the pristine PVDF 202 

membrane and dense PVA/PVDF Janus membrane with an ethanol-water mixture were 203 
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determined using a crossflow ultrafiltration cell (Figure S7 in Supporting Information). The 204 

surface tension of the ethanol-water mixture was kept the same as that of the saline feed with 0.2 205 

mM SDS in the wetting tests (Details can be found in the later discussion and Supporting 206 

Information). During each test, the hydraulic pressure of the ethanol-water mixture stream was 207 

incrementally raised by a gear pump and determined by a pressure gauge. Once liquid permeation 208 

through the membrane was observed, the applied hydraulic pressure was recorded as the 209 

breakthrough pressure.   210 

 211 

RESULTS AND DISCUSSION 212 

Membrane Characterizations. The morphologies of the pristine PVDF membrane and 213 

dense PVA/PVDF Janus membrane were revealed by SEM. Micron-sized pores were observed on 214 

the surface of the pristine PVDF membrane (Figure 2A) but not the Janus membrane coated with 215 

a PVA layer (Figure 2B), because a relatively dense PVA layer formed on the surface of the PVDF 216 

membrane. The morphologies of the bottom surface (Figure 2C) and cross-section (Figure 2D) of 217 

the Janus membrane suggest that the PVA coating only affects the morphology of the top surface 218 

of the PVDF membrane and results in an asymmetric structure composed of a thin surface layer of 219 

PVA and a thick substrate made of the original PVDF membrane. Such a structure is achieved 220 

because the hydrophobicity of the PVDF membrane substrate prevented the deep penetration of 221 

PVA solution in the membrane fabrication process. However, the partial (and thin) penetration of 222 

the PVA layer into the PVDF substrate (Figure 2D) provides strong anchoring of the dense surface 223 

coating layer to the porous PVDF membrane substrate. Additionally, the pore size distribution of 224 

the PVA layer is below 4 nm with a mean value of 1.25 nm (Figure 2E), which is two orders of 225 

magnitude smaller than the nominal pore size of the PVDF substrate (0.45 µm). 226 

  227 
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 228 
Figure 2. Morphology of the dense PVA/PVDF Janus membrane. SEM images featuring the 229 
morphologies of (A) a pristine PVDF membrane surface, (B) the top surface of the Janus 230 
membrane (i.e., the PVA layer), (C) the bottom surface of the Janus membrane (i.e., the PVDF 231 
substrate), and (D) the cross-section view of the Janus membrane. The insets in panels (A) and 232 
(B) feature the local morphologies at a larger magnification. (E) Pore size distribution of the PVA 233 
layer. The dashed line refers to the mean pore size of the PVA layer. (F) ATR-FTIR spectra of the 234 
pristine PVDF membrane (blue curve), the bottom surface of the Janus membrane (green curve), 235 
and the top surface of the Janus membrane (orange curve). 236 
ATR-FTIR spectra were used to validate the chemical compositions of the dense PVA/PVDF 237 

Janus membrane (Figure 2F). The spectra of the pristine PVDF membrane (blue curve) and the 238 

bottom surface of the Janus membrane (green curve) are the same, which confirms that the bottom 239 

of the Janus membrane is simply PVDF. In comparison, the spectrum of the top surface of the 240 

Janus membrane (orange curve) shows two new peaks characteristic of PVA at wavenumbers of 241 

1,656 and 1,039 cm-1, which correspond to the stretched vibrations of C=O and S–O, respectively35, 242 
40. Therefore, ATR-FTIR spectra further verifies the successful fabrication of the dense 243 

PVA/PVDF Janus membrane. 244 

The wetting behaviors of the top and bottom surfaces of the dense PVA/PVDF Janus 245 

membrane were observed with three liquids, including water, ethanol, and mineral oil (Figure 3A). 246 

All three liquids spread on the top surface of the dense PVA/PVDF Janus membrane (i.e., the 247 

dense PVA layer), but the membrane substrate was not wicked through likely because the PVA 248 

layer that is too dense for the liquids to penetrate through. In contrast, although water beads up on 249 

the bottom surface of the dense PVA/PVDF Janus membrane (i.e., the pristine PVDF membrane 250 

substrate), the membrane was immediately wetted and wicked through by ethanol and mineral oil 251 
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because low-surface-tension liquids would result in a low or even negative liquid entry pressure 252 

(LEP) of the membrane pores, consequently leading to membrane wetting.41, 42 The drastically 253 

different wetting phenomena on the two sides of the dense PVA/PVDF Janus membrane suggest 254 

that PVA surface coating could potentially mitigate membrane wetting by preventing the wetting 255 

agents from reaching the hydrophobic membrane substrate. 256 

 257 

Figure 3.  Wettability of the dense PVA/PVDF Janus membrane. (A) Photographic images of 258 
three different liquids (i.e., water, ethanol, and mineral oil) on the top and bottom surfaces of the 259 
dense PVA/PVDF Janus membrane. For the purpose of differentiation, water, ethanol, and 260 
mineral oil were dyed to blue, red, and orange colors, respectively. (B) Contact angles (CA) for 261 
the top (green columns) and bottom (orange columns) surfaces of the dense PVA/PVDF Janus 262 
membrane with water in air (left) and with oil underwater (right). The insets denote the two different 263 
CA measurement methods.  264 
 265 

The wettability of the dense PVA/PVDF Janus membrane was further quantified by contact 266 

angle (CA) measurements (Figure 3B). The top surface of the dense PVA/PVDF Janus membrane 267 

is highly superhydrophilic with a water CA of 11.83 ± 1.81°, whereas the bottom surface of the 268 

dense PVA/PVDF Janus membrane is hydrophobic with a water CA of 113.2 ± 2.26°. The CA 269 

measurements confirm the asymmetric wettability of the dense PVA/PVDF Janus membrane. To 270 

acquire information that is directly relevant to membrane fouling, underwater oil CAs of the dense 271 

PVA/PVDF Janus membrane were determined. The top surface of the dense PVA/PVDF Janus 272 

membrane presents excellent underwater oleophobicity with a large oil CA of 150.42 ± 2.78° 273 

(Figure 3A). Such underwater oleophobicity implies that the dense PVA/PVDF Janus membrane 274 

can effectively resist oil adhesion and wetting in MD operation. In comparison, the bottom surface 275 
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of the dense PVA/PVDF Janus membrane is underwater oleophilic with a small oil CA of 17.35 ± 276 

1.73°, implying a high fouling propensity of the pristine PVDF membrane when exposed to 277 

mineral oil under water. 278 

Wetting Resistance of the dense PVA/PVDF Janus Membrane. The pristine PVDF 279 

membrane and dense PVA/PVDF Janus membrane were challenged by saline feeds containing 280 

SDS surfactant to evaluate their wetting resistance. Soon after the addition of 0.05 mM SDS in the 281 

feed solution, the pristine PVDF membrane was wetted, indicated by the rapidly increased vapor 282 

flux and drastically decreased salt rejection (Figure 4A). This observation is consistent with the 283 

observation that low-surface-tension liquids (e.g., ethanol and mineral oil) could readily wet a 284 

PVDF membrane (Figure 3A), except that in the MD wetting experiment the surface tension of 285 

the feed solution was reduced by the addition of SDS. The wetted membrane pores allowed direct 286 

permeation of the feed solution in its liquid form, resulting in an increase of the apparent flux (a 287 

combination of vapor flux through unwetted pores and liquid flux through wetted pores) and a 288 

decrease of the salt rejection. 289 

 290 
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 291 
Figure 4. Wetting resistance of the dense PVA/PVDF Janus membrane. Normalized vapor flux, 292 
J/J0 (blue left vertical axis), and salt rejection rate (orange right vertical axis) for (A) the pristine 293 
PVDF membrane and (B) Janus membrane in DCMD wetting experiments. The initial feed was 294 
35 g/L NaCl solution, and the green dashed lines denote the addition of SDS with the SDS 295 
concentration after addition indicated on the top. The feed and permeate temperatures were set 296 
at 60 and 20 °C, respectively, while the flow rates of feed and permeate streams were controlled 297 
at 0.8 L/min and 0.4 L/min, respectively. The initial vapor fluxes, J0, in panels (A) and (B) were 298 
23.31 ± 2.25 and 24.18 ± 2.01 L m-2 h-1, respectively. (C) SDS concentration in receiving solution 299 
(started as DI water) contacting the pristine PVDF membrane (orange diamonds) and dense 300 
PVA/PVDF Janus membrane (green diamonds) in the diffusion experiment. The opposite side of 301 
the membrane was in contact with a 5 mM SDS solution. (D) Breakthrough pressures of the 302 
pristine PVDF membrane (orange column) and dense PVA/PVDF Janus membrane (green 303 
column) with an ethanol-water mixture. The surface tension of the ethanol-water mixture was the 304 
same as that of saline feed with 0.2 mM SDS (~36 mN/m). The insets represent the origins of the 305 
breakthrough pressures of the two membranes. (E) Schematic illustrations of the wetting and anti-306 
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wetting mechanisms of the pristine PVDF membrane (left) and dense PVA/PVDF Janus 307 
membrane (right), respectively. 308 
In comparison, the dense PVA/PVDF Janus membrane showed an outstanding wetting 309 

resistance with a stable vapor flux and nearly perfect salt rejection even after the addition of 0.2 310 

mM SDS in the feed solution (Figure 4B). The outstanding wetting resistance of the dense 311 

PVA/PVDF Janus membrane is consistent with the wetting behavior shown in Figure 3A. Like 312 

ethanol and mineral oil, the low-surface-tension SDS solutions could not permeate through the 313 

dense PVA layer, and thereby the PVDF membrane substrate can remain unwetted and sustain a 314 

stable DCMD performance. Notably, despite the very different surface morphologies (Figures 2A 315 

and B), the initial vapor fluxes of the pristine PVDF membrane and dense PVA/PVDF Janus 316 

membrane were almost the same, which is consistent with what have been observed in previous 317 

studies.43-45  318 

In the recent literature, size exclusion effect is considered as the major mechanism of wetting 319 

resistance for MD membranes with a dense surface layer.34, 46 Specifically, it was argued that the 320 

permeation of SDS through the dense layer is prevented because the pores in the dense layer are 321 

too small for SDS to enter. To verify this explanation, diffusion experiment was conducted to 322 

probe the SDS permeability of the pristine PVDF membrane and dense PVA/PVDF Janus 323 

membrane. The results from the diffusion experiments (Figure 4C) clearly suggest that SDS can 324 

permeate through the dense PVA layer. Furthermore, the SDS permeability of the PVA/PVDF 325 

Janus membrane is ~1/5 of that of the pristine PVDF membrane. If size exclusion were the major 326 

mechanism of wetting resistance, the dense PVA/PVDF Janus membrane would still be wetted 327 

with a prolonged test time or/and an increased SDS concentration, which is inconsistent with the 328 

wetting test results (Figures 4A and B). In addition, the SDS rejection rate of the dense PVA/PVDF 329 

Janus membrane in filtration was only 84.43 ± 1.42 % (details in the Supporting Information). 330 

which further confirms that size exclusion effect cannot explain the outstanding wetting resistance 331 

of the dense PVA/PVDF Janus membrane.  332 

To elucidate the mechanism of wetting resistance of the dense PVA/PVDF Janus membrane, 333 

the breakthrough pressures of the pristine PVDF membrane and Janus membrane were determined 334 

with an ethanol-water mixture. The SDS-containing feed solution was not used to determine the 335 

breakthrough pressure because the breakthrough pressure with the SDS feed was similar to that 336 

with DI water (Figure S7 in Supporting Information). Such a phenomenon is attributable to the 337 
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adsorption of SDS onto the PVDF membrane surface at the solution-membrane-air interface (i.e., 338 

wetting frontier).47, 48 During the breakthrough pressure measurement, the replenishment of SDS 339 

from the bulk feed to the wetting frontier is far slower than the adsorption rate of SDS, leading to 340 

a substantially declined SDS concentration at the wetting frontier. The declined SDS concentration 341 

renders the surface tension of the wetting fronter similar to that of DI water, consequently leading 342 

to similar breakthrough pressures with the SDS feed and with DI water. Alternatively, another 343 

low-surface-tension liquid, an ethanol-water mixture, was used in the breakthrough pressure 344 

measurements due to its ability to maintain a relatively constant surface tension during the 345 

measurements.12 Compared to the breakthrough pressures determined with the SDS-containing 346 

feed solution, the breakthrough pressures determined with the ethanol-water mixture are more 347 

relevant to the membrane wetting in prolonged MD experiments . To relate the measured 348 

breakthrough pressures to the results of wetting experiments, the surface tension of the ethanol-349 

water mixture was controlled to be the same as that of the saline feed containing 0.2 mM SDS (i.e., 350 

the highest SDS concentration in the wetting experiments). 351 

The breakthrough pressures of the PVDF membrane and dense PVA/PVDF Janus membrane 352 

with the ethanol-water mixture were measured to be 2.7 ± 0.2 and 570.0 ± 10.0 kPa, respectively 353 

(Figure 4D). The measured breakthrough pressures suggest that the PVDF membrane could be 354 

easily penetrated through by the ethanol-water mixture, whereas the dense PVA/PVDF Janus 355 

membrane exhibited strong resistance to the penetration by the ethanol-water mixture. The drastic 356 

difference between breakthrough pressures of the two membranes is, at first sight, surprising. 357 

Based on the equation for predicting LEP, a hydrophilic porous matrix should have a negative LEP, 358 

which suggests spontaneous wetting. Our measurements, however, suggest that the Janus 359 

membrane with a hydrophilic PVA layer is substantially more difficult to penetrate through than 360 

the hydrophobic PVD membrane. The key to resolve this conundrum is to recognize that 361 

penetration of a liquid through a porous membrane requires not only entry into the porous matrix 362 

but also exit from the same matrix.  363 

 For a symmetric hydrophobic PVDF membrane, the breakthrough pressure is the LEP, 364 

because once the liquid enters the membrane pores, it can readily flow out. As the PVDF 365 

membrane with relatively large pores has a small LEP with a low-surface-tension liquid, its 366 

breakthrough pressure with the ethanol-water mixture is very small. In contrast, while the dense 367 

hydrophilic PVA layer is spontaneously wicked via capillary force, pushing water out of the same 368 
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layer is challenging due to the exact same capillary force.49, 50 Thus, the breakthrough pressure of 369 

the Janus membrane is the capillary pressure in the dense PVA layer. Based on the Young-Laplace 370 

equation, the capillary pressure in the dense PVA layer is very large because of the strong 371 

hydrophilicity of PVA and the very small pore size.51, 52 Therefore, the breakthrough pressure of 372 

the dense PVA/PVDF Janus membrane is very large.  373 

From the diffusion experiment and breakthrough pressure measurement, the mechanism of 374 

wetting resistance of the dense PVA/PVDF Janus membrane becomes evident and is illustrated in 375 

Figure 4E. For the PVDF membrane, adding SDS to the feed reduces the surface tension of the 376 

feed solution, resulting in a declined LEP of the hydrophobic membrane. Once the hydraulic 377 

pressure applied in the MD operation exceeds the LEP, the SDS-containing feed solution starts to 378 

intrude into the membrane pore and consequently leads to membrane wetting. For the dense 379 

PVA/PVDF Janus membrane, the SDS-containing feed solution can easily wick the dense PVA 380 

layer because of the strong capillary force. However, for the SDS-containing feed solution to exit 381 

the dense PVA layer and wet the underlying PVDF substrate, the same capillary needs to be 382 

overcome. Since the capillary pressure in the dense PVA layer is several orders of magnitude larger 383 

than the hydraulic pressure applied in MD operations, the SDS-containing feed solution is retained 384 

by the PVA layer and the PVDF membrane substrate can thus remain unwetted. Therefore, by 385 

trapping the SDS-containing feed solution in the dense PVA layer using capillary force, the dense 386 

PVA/PVDF Janus membrane can effectively mitigate membrane wetting in MD operations. 387 

Fouling Resistance of the dense PVA/PVDF Janus Membrane. Both the pristine 388 

PVDF membrane and dense PVA/PVDF Janus membrane were tested in direct contact MD 389 

(DCMD) experiments using a saline feed containing mineral oil. As shown in Figure 5A, the vapor 390 

flux of the pristine PVDF membrane declined rapidly shortly after the start of the experiment, 391 

indicating that the membrane was severely fouled by mineral oil. As the pristine PVDF membrane 392 

is underwater oleophilic (Figure 3B), mineral oil droplets tend to attach to and spread on the 393 

membrane surface, thereby blocking the membrane pores and leading to the decline of vapor flux.28 394 

Salt rejection was not compromised as oil fouling alone did not result in pore wetting. 395 
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  396 

Figure 5. Fouling resistance of the dense PVA/PVDF Janus membrane. Normalized vapor flux, 397 
J/J0, (blue left vertical axis) and salt rejection rate (red right vertical axis) for (A) the pristine PVDF 398 
membrane and (B) dense PVA/PVDF Janus membrane in DCMD fouling tests. The feed was 399 
saline oil-in-water emulsion with 35 g/L NaCl and 2000 ppm mineral oil (inset in panel A). The 400 
feed and permeate temperatures were set at 60 and 20 °C, respectively, while the flow rates of 401 
feed and permeate streams were controlled at 0.8 L/min and 0.4 L/min, respectively. The initial 402 
vapor fluxes, J0, in panels (A) and (B) were 25.34 ± 2.51 and 24.29 ± 1.93 L m-2 h-1, respectively. 403 
(C) Force curves for the interactions of a mineral oil droplet with the pristine PVDF membrane 404 
(orange curve) and dense PVA/PVDF Janus membrane (green curve). (D) Schematic illustrations 405 
of the mechanism of fouling for the pristine PVDF membrane (top) and the mechanism of fouling 406 
resistance for the dense PVA/PVDF Janus membrane (bottom), respectively. 407 
In contrast, the PVA/PVDF Janus membrane was able to maintain a relatively stable vapor 408 

flux and perfect salt rejection over 9 hours (Figure 5B), suggesting an excellent fouling resistance. 409 

The fouling resistance is in accordance with the underwater oil CA measurement. Since the dense 410 

PVA surface coating is highly underwater oleophobic, the oil droplets cannot adhere to and spread 411 

on the PVA-coated membrane surface, leaving the membrane pores intact for vapor transport and 412 

salt rejection. 413 
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To better understand the anti-fouling mechanism of the dense PVA/PVDF Janus membrane, 414 

force spectroscopy was performed to unveil the interaction between the pristine PVDF membrane 415 

and dense PVA/PVDF Janus membrane. As shown in Figure 5C, each force curve comprises an 416 

advancing stage and a receding stage. In the advancing stage, the oil droplet approached the 417 

membrane surface without oil-membrane contact. As soon as the oil droplet touched the membrane, 418 

it retracted from the membrane surface, which marks the start of the receding stage. 419 

The force curves in the advancing stage were similar for both the pristine PVDF membrane 420 

and dense PVA/PVDF Janus membrane, recording a zero “adhesion force” due to the lack of 421 

interaction between the oil and the membrane. Once the oil droplet touched the membrane surface, 422 

a strong adhesion force was observed with the PVDF membrane, indicating a strong oil-membrane 423 

attraction. Such an attraction can be attributed to the strong hydrophobic interaction between the 424 

oil droplet and the PVDF membrane underwater.18, 19 In stark contrast, no adhesion force was 425 

observed for the dense PVA/PVDF Janus membrane upon the contact of the oil droplet and the 426 

membrane surface, suggesting the lack of oil-membrane attraction. The highly hydrophilic PVA 427 

layer introduces a hydration layer that it is energetically unfavorable for the adhesion and spreading 428 

of oil droplets.28, 53 429 

In the receding stage, an abrupt decrease was observed on the force curve for the interaction 430 

with the PVDF membrane. Such a decrease was caused by the split of the oil droplet upon the oil 431 

detachment from the membrane under a strong oil-membrane attraction. In comparison, the 432 

receding force curve of the dense PVA/PVDF Janus membrane was flat because the entire oil 433 

droplet detached from the membrane surface in the absence of oil-membrane attraction. After the 434 

oil-membrane separation, the force curves of both membranes remained flat due to the lack of oil-435 

membrane interaction. However, for the PVDF membrane, the receding force did not overlap with 436 

the advancing force curve because a large portion of the oil droplet remained on the membrane 437 

surface (Figure S5 in Supporting Information).  438 

The oil-membrane interactions measured using oil-probe force spectroscopy provides insights 439 

to the mechanism of fouling resistance with the dense PVA/PVDF Janus membrane as illustrated 440 

in Figure 5D. For the PVDF membrane, driven by the strong hydrophobic attraction between the 441 

oil droplets and the membrane, the oil droplets in the feed solution readily attach onto the 442 

membrane surface and block the membrane pores, consequently resulting in severe membrane 443 

fouling. For the dense PVA/PVDF Janus membrane, the hydration layer on the highly hydrophilic 444 
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PVA surface deters the adhesion of the oil droplets onto the membrane surface and thereby 445 

mitigates oil fouling in the MD process. 446 

Simultaneous Wetting and Fouling Resistance of the dense PVA/PVDF Janus 447 

Membrane. DCMD tests using a saline feed containing both mineral oil and SDS surfactant were 448 

conducted with the pristine PVDF membrane and dense PVA/PVDF Janus membrane. As shown 449 

in Figure 6A, the PVDF membrane could maintain a stable performance for only ~15 min. After 450 

15 min, the normalized vapor flux significantly increased, while the salt rejection substantially 451 

decreased, indicating the occurrence of severe membrane wetting. According to our previous 452 

discussion, wetting of the PVDF membrane is induced by SDS that reduces the surface tension of 453 

the feed and the LEP of the membrane pores. Interestingly, different from the fouling test (Figure 454 

4A), the mineral oil in the feed did not lead to an observable decline of vapor flux. The lack of oil 455 

fouling in the presence of SDS can be explained by the reduction of interfacial tension between oil 456 

and water, which effectively renders the oil droplet hydrophilic and not being able to spread on 457 

the membrane.10 458 

 459 

 460 
Figure 6. Simultaneous wetting and fouling resistance of the dense PVA/PVDF Janus membrane. 461 
Normalized vapor flux, J/J0 (blue left vertical axis), and salt rejection rate (red right vertical axis) 462 
for (A) the pristine PVDF membrane and (B) dense PVA/PVDF Janus membrane in DCMD tests 463 
using feed containing 35 g/L NaCl, 1,000 ppm mineral oil, and 0.1 mM SDS. The feed and 464 
permeate temperatures were set at 60 and 20 °C, respectively, while the flow rates of feed and 465 
permeate streams were controlled at 0.8 L/min and 0.4 L/min, respectively. For the DCMD test 466 
using the dense PVA/PVDF membrane, the membrane was rinsed every 30 hours using DI water. 467 
The initial vapor fluxes in panels (A) and (B) were 23.33 ± 3.33 and 24.00 ± 2.66 L m-2 h-1, 468 
respectively. 469 
In contrast, the dense PVA/PVDF Janus membrane simultaneously resisted membrane wetting 470 

and fouling, evidenced by nearly 100 % salt rejection and a relatively stable vapor flux during a 471 

prolonged DCMD experiment of 100 hours (Figure 6B). Based on the previous discussion, the 472 
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SDS surfactant cannot reach the PVDF substrate of the PVA/PVDF membrane as it cannot 473 

penetrate through the dense PVA layer, which provides highly robust wetting resistance in the 474 

prolonged MD experiments. As the SDS-containing feed solution cannot penetrate through the 475 

PVA layer but water continues to evaporate, the accumulation of SDS in the dense PVA layer 476 

would eventually reach a steady state in which advective transport of SDS into the PVA matrix is 477 

offset by the diffusive transport of SDS back to the feed solution. 478 

 In the first 30 hours of the prolonged DCMD experiment with the PVA/PVDF membrane, the 479 

vapor flux slightly decreased as the oil accumulated at the membrane surface. After rinsing with 480 

DI water, the vapor flux was restored, suggesting that the oil can be easily washed off from the 481 

membrane surface (Figure 6B). This experimental observation corroborates the previous 482 

discussion that the oil droplets did not attach to the PVDF membrane substrate due to the presence 483 

of the dense PVA layer.  Such a dense hydrophilic layer both substantially delayed fouling, and 484 

more importantly, rendered fouling reversible upon washing, which is critical to sustaining a robust 485 

MD operation. 486 

IMPLICATIONS 487 

Conventional hydrophobic membranes are prone to membrane wetting and fouling, which 488 

significantly constrains practical MD applications. In this study, we demonstrate a simple and 489 

highly effective approach of mitigating wetting and fouling by fabricating a Janus MD membrane 490 

via applying a single dense layer of PVA onto commercial PVDF membrane. While coating 491 

hydrophobic membrane with a hydrophilic layer for fouling mitigation is not new and the use of a 492 

dense hydrophilic layer for preventing wetting has also been very recently suggested, the approach 493 

demonstrated in this study is by far the simplest and most scalable to achieve simultaneous fouling 494 

and wetting resistance.  Even more importantly, the current study elucidates, for the first time, the 495 

most probable mechanism of wetting resistance imparted by a dense hydrophilic layer. This new 496 

approach to achieve wetting resistance fundamentally differs from, and is likely far more robust 497 

than, that offered by omniphobic membranes. We believe that this new approach of achieving 498 

simultaneous wetting and fouling resistance will not only provide a pathway for designing highly 499 

operationally robust MD membranes but also inspire the development of novel membranes for the 500 

separation of low-surface-tension organic solvents (e.g., ethanol and ethylene glycols). 501 

 502 
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