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Abstract: Oil fouling is an inherent threaten of membrane-based separation of oil-36 

water emulsion, while common physical sieving membrane separation and 37 

coalescence demulsification fail to achieve long term applications and combat severe 38 

water flux declines. We hereby report an “oil-water-receiving” membrane with 39 

anomalous wettability constructed by sub-10 nm Tween 80 assembly on hydrophobic 40 

PVDF nanofibers to establish independent water and oil transmembrane passageway. 41 

Water can go through the membrane freely along the hydrophilic nanofiber surface. 42 

While emulsified oils were diverted beneath the ultra-thin hydrophilic layer and 43 

captured by PVDF bulk to form coalesced oil phase and discharged out of the 44 

nanofibrous membrane as continuous macroscopic oil phase. The membrane showed 45 

stable permeate flux as high as 536 ± 40 L m-2 h-1 bar-1 after 10 h of continuously 46 

filtering oil-in-water emulsions. The conformation assembly of surfactants with 47 

hydrophilic and hydrophobic chains provides a new strategy to fabricate anti-fouling 48 

membranes for oil/water separation. 49 

 50 
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1. Introduction 71 

Membranes with superwetting interfaces have been widely exploited in recent 72 

years[1]. Commonly, superhydrophilic or superhydrophobic interface exhibited 73 

underwater superoleophobic property or under oil superhydrophobic property. Based 74 

on this unique characteristic, superwetting membranes have been widely used for 75 

oil/water separation[2]. Quite high membrane flux and separation efficiency can be 76 

obtained by manipulating physicochemical properties of membranes. However, 77 

membrane fouling is a huge challenge in the oil/water separation process, which 78 

causes a rapid reduction in membrane permeability within minutes[3, 4]. Therefore, 79 

continuous emulsion separation process calls for a novel antifouling strategy due to 80 

the inevitable constraints. 81 

 82 

Membrane fouling in oil/water separation process was mainly caused by the physical 83 

sieving mechanism, where the dispersed phase tends to absorb on membrane 84 

surface[5, 6]. For removing the fouling layer, several coupling strategies have been 85 

reported[7, 8], such as physical/chemical cleaning[9, 10], catalytic degradation[11-17], 86 

in-situ microbubbles[18-20] and pyrolysis[21, 22] etc. Notwithstanding high 87 

permeance recovery, requirements of additional chemicals, off-line operations, and 88 

thermal resistance of membrane materials greatly limited the application. Membrane 89 

coalescence demulsification offers an alternative method of decontamination[23-26]. 90 

In this process, emulsified oil is adsorbed/collided on the hydrophobic/hydrophilic 91 

pore surface, coalesced and subsequently flowed away from membrane by continuous 92 

water phase.  93 

 94 

Unfortunately, the coalesced oils cannot be completely removed because the 95 

coalesced oil droplets are easily deformed and have strong affinity towards 96 

hydrophobic channel surfaces. We proposed that membranes with tunable hydrophilic 97 
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component (e.g., polyhydroxyethyl methylacrylate, PHEMA) could restrain oil 98 

fouling during coalescence demulsification process[27]. Separation permeance of 99 

membrane was stable during 2 h of continuous separation without cleaning. 100 

Incorporated PHEMA played an important role of enhancing antifouling property of 101 

membrane due to hydration layer formed by PHEMA, similar to the case of 102 

superhydrophilic membranes[28-32]. The hydrated channel wall repelled demulsified 103 

oils and forced them to aggregate in membrane channels (hydrophilic and oil-104 

repellent)[33]. However, membrane channels occupied 60%-95% of the membrane 105 

volume and once membrane channels were blocked by the oils, fouling occurred. 106 

Therefore, the avoiding of oil aggregation in membrane channels is the gold key for 107 

solving membrane fouling. To achieve this target, the anomalous wettability of 108 

membrane pore surface needs be designed different from common hydrophilic or/and 109 

underwater oleophobic property. 110 

 111 

In this study, membrane with anomalous superhydrophilic and underwater 112 

superoleophilic property was constructed by sub-10 nm hydrophilic layer on PVDF 113 

nanofibers through simple surfactant molecular assembly. Benefit from this unique 114 

wetting property, water and demulsified oils can freely go through membrane (“oil-115 

water-receiving”) without oil retention. Meanwhile, demulsified oils can be diverted 116 

to the beneath PVDF nanofiber surface through the ultrathin surfactant layer for 117 

further coalescence and release. Therefore, the pore plugging by oils are facilely 118 

liberated for enhanced membrane antifouling performance. The ultrathin hydrophilic 119 

layer strategy offered new understanding for oil/water separation through coalescence 120 

demulsification and will significantly advance its practical applications. 121 

 122 

2. Experimental  123 

2.1 Chemicals and materials 124 

Poly(vinylidene fluoride) (PVDF, average Mw: 180000, pellets), polystyrene (PS, 125 

average Mw: 192000), polycaprolactone (PCL, Mw: 80000 ) were ordered from 126 
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Sigma-Aldrich (America). Decamethylcyclopentasiloxane (D5), dodecane, 127 

hexadecane, Span 80, Span 20, Span 85, Tween 20, Rhodamine B, sodium 128 

laurylsulfonate (SLS, 98%), dopamine hydrochloride was purchased from Aladdin 129 

Biochemical Technology Co., Ltd. (China). Polyurethane (PU, 1180A) was brought 130 

from BASF Corporation (Germany). Tween 80, N, N-dimethylformamide (DMF), 131 

anhydrous ethanol, trifluoroethanol (TFEA), chloroform, n-butanol, toluene, 132 

hydrochloric acid, sodium hydroxide was obtained from Sinopharm Chemical 133 

Reagent Co., Ltd (China), Tween 85 was purchased from Shanghai Macklin 134 

Biochemical Co., Ltd (China). Decamethylcyclopentasiloxane (D5, ≥97%) was 135 

purchased from Trellis Trade Inc. (China). All chemicals were used as received 136 

without further purification. 137 

Nanofibrous membrane preparation. Different nanofibrous membranes were 138 

fabricated via electrospinning method. PVDF nanofibrous membrane was prepared 139 

based on our previously reported method[34]. Typically, 25 wt% homogeneous 140 

PVDF/DMF solution was used for electrospinning. The injection speed, applied 141 

voltage and receiving distance are 1.0 mL h-1, 16 kV and 15 cm, respectively. Speed 142 

of the receiver is 80 rpm. The thickness of nanofibrous membrane in this work is 143 

120±5 μm. Preparation parameters of other nanofibrous membrane (PS, PSF, PCL, 144 

PU) were shown in Table S2.  145 

2.2 Preparation of the TPVDF nanofibrous membrane 146 

Electrospun PVDF nanofibrous membrane was sandwiched between two filter cups, 147 

and then a certain concentration of Tween 80/ethanol solution (0.1, 0.5, 1.0, 1.5, 2.0, 148 

3.0, 5.0, 7.0, 10.0 g L-1) was filtered through the membrane under gravity condition 149 

for a certain time (5, 10, 30, 60, 90, 120, 150 min). Without special instructions, 150 

Tween 80 concentration and filtration time is 5 g L-1 and 2 h respectively. The 151 

obtained membrane was named as TPVDF. For comparison, ethanol treated PVDF 152 

nanofibrous membrane in the same way for 2 h was named as EPVDF. A schematic 153 

diagram of the preparation process of TPVDF membrane was presented in Figure 1a. 154 

2.3 Preparation of the HTPVDF nanofibrous membrane 155 
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5 g L-1 Tween 80/hexane solution was filtered through the membrane under gravity 156 

condition for 2 h. The obtained membrane was named as HTPVDF. 157 

2.4 Characterizations 158 

 Surface morphologies of membranes were photographed by cold-field emission 159 

scanning electron microscopy (SEM, S4800, Hitachi, Japan). Transmission electron 160 

microscopy (TEM, Talos F200X, Thermo Fisher, USA) with EDAX was used to 161 

observe structure and element distribution of nanofibers. To prepare TEM samples, 162 

firstly, we stick the aluminum foil paper onto the receiving device and keep the end at 163 

a certain distance from the receiving device. Secondly, electrospun for 30 s according 164 

to the corresponding parameters. Thirdly, use a copper mesh to pick up the nanofibers 165 

between the aluminum foil paper and the receiving device. Finally, the copper mesh 166 

containing nanofibers was modified using the same method. Contact angle meter 167 

(OCA25, Dataphysics, Germany) was employed to analyze wetting property. Vis 168 

spectrophotometer (Lambda 950, PerkinElmer, USA) and microscopic infrared 169 

spectrometer (Micro-FTIR, Cary660+620, Agilent, USA) was used to analyze 170 

functional group of the membranes. Thermogravimetry analyzer/differential thermal 171 

comprehensive thermal (Diamond TG/DTA, PerkinElmer, USA) was used to analyze 172 

the content of surfactant on nanofibrous membrane. X-ray powder diffractometer 173 

(XRD, D8 ADVANCE, BRUKER AXS, Germany) was used to measure the crystal 174 

form of PVDF. Quartz crystal microbalance (QCM-D, Biolin Scientific, Sweden) was 175 

used to measure adsorption and desorption of surfactants on membrane. Polarized hot 176 

stage microscope (BX51, OLYMPUS, Japan) and dynamic light scattering particle 177 

size analyzer (Zetasizer Nano ZS, Malvern, Britain) was applied to measure size 178 

distribution of emulsion. TOC Analyzer (Multi N/C 3100, Analytik Jena AG, 179 

Germany) was employed to detect the content of oil in feed and filtrate. 180 

2.5 Determination of thickness and content of surfactant on nanofibers  181 

PVDF nanofibers coated sensors were obtained by electrospinning 25 wt% 182 

PVDF/DMF solution onto a gold sensor at the rate of 1.0 mL h-1 for 4 h. The sensor 183 

was then put into an open test cell (Biolin Scientific). Before tests, ethanol or hexane 184 
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was passed over the sensor until a stable baseline was acquired. After that, kinetic 185 

experiments were conducted by flowing 5 g L-1 Tween 80/ethanol or Tween 186 

80/hexane solution through the QCM-D for 2 h. Desorption experiments were 187 

conducted by changing the test solution to deionized water for 8 h. The mass and 188 

thickness of the loaded Tween 80 was characterized by the frequency change through 189 

the Sauerbrey equation. 190 

∆𝑚 =
−𝐶∆𝑓

𝑛
 191 

∆𝛿 =
∆𝑚

100
 192 

where ∆𝑓 is the frequency change (Hz), C is a constant (17.7 ng cm-2 Hz-1), n is the 193 

resonance overtone number, ∆𝑚 (ng cm-2) and ∆𝛿 (nm) is the mass and thickness of 194 

loaded surfactant, respectively. 195 

2.6 Oil-in-water emulsion separation 196 

 SLS-stabilized oil-in-water emulsion was firstly prepared before separation. 197 

Concentration of SLS and oil was 0.1 g L-1 and 1.0 vol% respectively. The mixed 198 

solution was mechanically stirred for 6 h to form a milky white stable emulsion 199 

(stable at least 24 h). A home-made cross-flow filter apparatus with a cell of 2.8 cm in 200 

diameter was used to estimate the separation performance of membranes. The 201 

membrane needs to be pre-impregnated with water before separation and the 202 

operating pressure was set at 0.2 bar. Volume of filtrate was recorded every 20 min to 203 

evaluate permeation flux. 204 

2.7 Molecular dynamics simulation 205 

 All molecular dynamics (MD) simulations were performed using large scale 206 

atomic/molecular massively parallel simulator, distributed as an open code for 207 

massively parallel simulations[35]. Molecular visualization was performed using 208 

Visual Molecular Dynamics (VMD) tool[36] and Materials Studio software. The 209 

simulation configurations for molecular dynamics simulations were created by 210 

packing optimization via the Packmol code[37]. Short-range interactions were 211 

calculated with a cutoff distance of 12 Å, whereas the coulombic long-range 212 
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interactions were calculated using the PPPM algorithm[38]. Nose-Hoover 213 

thermostat[39] was used to control the temperature of 300 K, and Berendsen 214 

barostat[40] was applied to control the pressure of 1 atm for MD simulations. The 215 

simulation time step was set to 1 fs. Periodic boundary conditions were imposed in all 216 

three Cartesian directions. 217 

Polyvinylidene fluoride (PVDF) chain (C100H102F100, shown in Figure S26, 218 

Supporting Information) was modeled as a 50-mer unit. The bonded and non-bonded 219 

parameters of PVDF were taken from an explicit-hydrogen all-atom model based on 220 

the OPLS-AA force-field of C16H18F16 molecule[41, 42]. However, in order to 221 

maintain the zero charge of each subunit and allow the connection between these 222 

subunits, the partial charge of each atom of PVDF was adjusted as shown in Figure 223 

S25, Supporting Information. The molecular structures of (a) PVDF chain, (b) Tween 224 

80, (c) ethanol and (d) hexane. White, red, cyan and gray colors represent the H, O, F 225 

and C atoms, respectively. An amorphous cell comprised of 60 PVDF chains was 226 

constructed and minimized, followed by a 5 ns NPT run to reach the real density and 227 

obtain equilibrium PVDF structure. 228 

Tween 80, hexane and ethanol molecules were all represented by the OPLS-AA force-229 

field, while the partial charge per atom of Tween 80 were determined by an automated 230 

force field Topology Builder (ATB) method[43]. Three PVDF-Tween 80-solvent 231 

initial MD systems were constructed, all containing the PVDF structure and 20 Tween 232 

80 molecules placed on PVDF surface in a simulation box with dimensions of 80 Å × 233 

80 Å × 180 Å, the first one with an additional 5000 ethanol molecules to solvate the 234 

Tween 80 molecules (Figure S27a, Supporting Information), the second one with an 235 

additional 5000 hexane molecules (Figure S27b, Supporting Information), and the 236 

third one without any solvent molecules (Figure S27c, Supporting Information). After 237 

that, the three MD models were minimized and then performed through a 50 ns NVT 238 

simulation to mimic the adsorption of Tween 80 molecules onto the PVDF polymers.   239 

 240 

3. Results and discussion 241 
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3.1. Superhydrophilic and underwater superoleophilic interface construction.  242 

Interfaces with superhydrophilic and underwater superoleophobic properties are easily 243 

realized and have been widely reported[44-48]. However, interfaces with 244 

superhydrophilic and underwater superoleophilic properties are anomalous. However, 245 

we are able to achieve this unique surface property simply by elaborately tuning the 246 

thickness of hydrophilic layer on PVDF nanofibers. Surfactant (e.g., Tween 247 

80)/ethanol solution was filtrated through a hydrophobic PVDF nanofibrous 248 

membrane under gravity (Figure 1a). Ethanol was chosen as the solvent due to its fast-249 

wetting property to PVDF (Figure S1a, Supporting Information) and high solubility 250 

for Tween 80 (Figure S1b, Supporting Information). The interfacial tension of Tween 251 

80/ethanol solution was stable in a wide concentration range (5-300 g L-1, Figure 252 

1b)[49]. During filtration, ethanol molecules adsorbed on PVDF nanofiber through 253 

hydrophilic hydroxyl groups exposed to the solution. Herein, ethanol exhibited feature 254 

of surfactant to some extent due to its ethyl and hydroxyl group in chemical 255 

structure[50]. Hydrophilic segments of Tween 80 molecules then contacted with the 256 

exposed hydroxyl groups of ethanol due to their strong interaction[51]. After filtration, 257 

a little amount of Tween 80/ethanol solution was left on the surface of PVDF 258 

nanofiber. Ultrathin Tween 80 molecules were finally assembled on PVDF nanofiber 259 

surface due to the evaporation of ethanol. Binding force between Tween 80 and PVDF 260 

might be the hydrophobic interaction (detailed information can be found in molecular 261 

dynamic simulation section). A schematic diagram about the Tween 80 coating on 262 

PVDF nanofiber was shown in Figure 1c. 263 
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 264 

Figure 1. Tween 80 assembly on hydrophobic PVDF nanofibrous membrane to form 265 

oil-water-receiving membrane with superhydrophilic in air and superlipophilic 266 

underwater. Schematic illustrations of (a) preparation of TPVDF nanofibrous 267 

membrane, (b) Surface tension of ethanol as a function of Tween 80 concentration. (c) 268 

Tween 80 was self-assembled on the surface of hydrophobic PVDF nanofiber to form 269 

an ultrathin surfactant layer. SEM micrographs of (d) pristine PVDF and (f) TPVDF 270 

nanofibrous membrane. Water/oil contact angles of (e) PVDF and (g) TPVDF 271 

nanofibrous membrane in air/underwater. 272 

 273 

PVDF nanofibrous membrane was composed of randomly stacked nanofibers (Figure 274 

1d). Water contact angle and underwater oil contact angle of PVDF nanofibrous 275 

membrane was about 141o ± 2o and 0o respectively (Figure 1e).  After filtration of 276 

Tween 80/ethanol solution, TPVDF exhibited a more tightly packed structure (Figure 277 

1f). The water (upper) and underwater oil (below) contact angle was all 0o (Figure 1g, 278 

SV1), which was anomalous to common sense[52-56]. The formation may be due to 279 

the presence of an ultrathin hydrophilic Tween 80 layer on the surface of hydrophobic 280 
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PVDF nanofiber: 1) A self-assembly of Tween 80 with the hydrophilic segments 281 

exposing to the external environment at the interface of PVDF nanofibers (super-282 

hydrophilic in air); 2) Ultrathin hydrophilic Tween 80 layer and hydrophobic PVDF 283 

nanofiber matrix form Janus-like structure, which allows underwater oil droplets enter 284 

the hydrophobic PVDF nanofiber from the ultrathin hydrophilic Tween 80 layer 285 

through the Laplace force (directional penetration, underwater superlipophilic). This 286 

unique wetting property can be obtained in a wide range of Tween 80 concentration 287 

(1.5-10.0 g L-1, Figure S2a, Supporting Information). Water wetting time was 288 

significantly decreased from 140 ms to 5 ms with increasing the concentration (Figure 289 

S2b, Supporting Information). Moreover, if relatively high Tween 80 concentration 290 

was used (e.g., 5 g L-1), the filtration time can be decreased to 5 min for obtaining 291 

superhydrophilic and underwater superoleophilic property (Figure S2c, Supporting 292 

Information). In addition, no obvious surface morphology change was found at 293 

different Tween 80 concentrations (Figure S3, Supporting Information). Notably, 294 

superhydrophilic and underwater superoleophilic property cannot be achieved if 295 

Tween 80 concentration was lower than 1.5 g L-1 (e.g., 0.1-1.0 g L-1, Figure S2a, 296 

Supporting Information).  297 
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 298 

Figure 2. Chemical composition of TPVDF nanofibrous membrane. ATR-FTIR (a) 299 

and (b) UV-Vis spectra of the PVDF and TPVDF nanofibrous membranes. (c-g) EDX 300 

scanning images of TPVDF nanofibrous membrane: (d) C element, (e) F element, (f) 301 

O element, and (g) F, O double element on the surface. (h) The content of elements at 302 

different positions in Figure 2c. The scale bar in Figure 2c-2g is 100 nm.   303 

 304 

New stretching vibration peak of -OH and -C=O group at 3440 and 1735 cm−1 in 305 

ATR-FTIR spectrum suggested the appearance of Tween 80 molecules on PVDF 306 

nanofiber (Figure 2a)[57, 58]. In addition, new absorption peaks at 234 nm and the 307 

peaks in the region of 260 nm to 330 nm also suggested the presence of Tween 80 308 

(Figure 2b). To get a more visible and direct observation of Tween 80 layer on PVDF 309 
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nanofiber, TEM-EDX elemental mapping was carried out. Results in Figure 2c-2g 310 

indicated that a uniform Tween 80 layer was anchored on the surface of PVDF 311 

nanofiber. Compared to PVDF nanofibrous membrane (O: 4.0 wt%, F: 14.5 wt%, 312 

Figure S4, Supporting Information), the content of O element in TPVDF nanofibrous 313 

membrane was increased to 6.7 wt% and 30.8 wt% in #1 and #2 area respectively. 314 

Meanwhile, the content of F element was decreased to 9.3 wt% and 1.5 wt% 315 

correspondingly (Figure 2h). Moreover, a clear enrichment of O element in the outer 316 

surface can be observed in Figure 2f, while F and C element was mainly distributed 317 

on the main nanofiber (Figure 2d, e and g). Benefit from the interaction between 318 

Tween 80 and RB[59], RB was used to validate the Tween 80 loading on membrane 319 

surface. CLSM results in Figure S5, Supporting Information showed that bright green 320 

fluorescence covered the whole surface of the TPVDF, while weak fluorescence exists 321 

in PVDF. The reason was mainly attributed to the hydrophobic property of PVDF 322 

membrane. All the results confirmed the presence of Tween 80 layer on PVDF 323 

nanofiber. 324 

 325 

 326 
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Figure 3. Thickness and stability of Tween80 on PVDF nanofibers. TEM images of 327 

TPVDF nanofibrous membrane before (a) and after (b) cleaning. (c) Adsorption and 328 

desorption of Tween 80 onto PVDF nanofibrous membrane in ethanol measured by 329 

QCM-D. (d) ATR-FTIR spectrums of the TPVDF membrane after being washed in 330 

water/ethanol (WTPVDF/ETPVDF) at 120 rpm for 7 days. (e) DSC spectra of PVDF, 331 

EPVDF, TPVDF and Tween 80. The yellow stained area is the Tween 80 layer. 332 

 333 

Thickness of Tween 80 layer on PVDF nanofiber was directly observed by TEM, 334 

which was about 24 nm (Figure 3a). The experimental results fit the Freundlich 335 

isotherm model (R2=0.99198) as compared to the Langmuir model (R2=0.9888) 336 

(Figure S6a, Supporting Information). After thorough cleaning with ethanol for 24 h, 337 

the isotherm adsorption curve conforms to Langmuir model (R2=0.96898) and the 338 

final thickness of Tween 80 layer was about 10 nm (Figure S6b, Supporting 339 

Information, Figure 3b). To further quantitatively explore the thickness and mass of 340 

Tween 80 on PVDF nanofibrous membrane, QCM-D testing was carried out. Results 341 

in Figure 3c indicated that an initial thickness of 27 nm over the course of 2 h of 342 

adsorption. Then, it was leveled off at about 9 nm after 8 h desorption. This 343 

phenomenon suggests that there was a maximum and stabilized value for the Tween 344 

80 thickness, which was basically consistent with the results of TEM results. The 345 

quantitative results of Tween 80 on PVDF nanofibrous membrane were decreased 346 

from 2700 to 900 ng cm-2 correspondingly (Figure S7, Supporting Information). TEM 347 

and QCM-D results confirmed that the assembled Tween 80 layer on PVDF nanofiber 348 

was quite thin (~ 10 nm). The long-term stability of Tween 80 layer was evaluated 349 

through thorough water and ethanol washing at 120 rpm for 7 days. ATR-FTIR results 350 

in Figure 4d indicated that characteristic absorption peaks (3440 and 1735 cm−1) of 351 

Tween 80 can be clearly identified after water or ethanol washing. Water contact angle 352 

and underwater oil contact angle of membrane after washing was unchanged (Figure 353 

S8, Supporting Information). It is revealed that the superhydrophilic and underwater 354 

superoleophilic feature could stably maintain even after 10 h of cross-flow filtration 355 
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(Figure S9, Supporting Information). 356 

To understand the mechanism of stable anchoring of Tween 80 on PVDF membrane, 357 

we examined the changes in PVDF crystalline shape after ethanol and Tween 80 358 

treatment by XRD and DSC. PVDF membrane (Figure S10, Supporting Information) 359 

are mainly in the α phase and β phase, as shown by the intense peaks at 14.6° and 360 

20.7°, corresponding to the crystal of nonpolar α-phase and the orthorhombic β-phase 361 

reflections in 100 and 110/200 planes[60, 61]. The relative quantities of the β-phase 362 

and α-phase in the PVDF nanofibrous membrane were determined as a function of 363 

ethanol and Tween 80. The β-phase/α-phase ratio of PVDF nanofibrous membrane 364 

was enhanced after ethanol and ethanol-Tween 80 treatment (Figure S11, Supporting 365 

Information)[62]. These results indicated that the ethanol and Tween 80 played a 366 

significant role in enhancing the β-phase content of the crystals. Ethanol was 367 

negatively charged due to the presence of hydroxo-groups. The positive CH2 dipoles 368 

(δ+) in the PVDF chains forms an ion-dipole interaction with the negatively charged 369 

ethanol, facilitating the formation of β-phase crystals[63, 64]. Tween 80 is an 370 

amphiphilic molecule and its hydrophobic group has hydrophobic interaction with 371 

PVDF[65]. Further, Tween 80 reduced the surface energy of PVDF and promoted the 372 

interaction between ethanol-Tween 80 and PVDF[66].  Therefore, Tween 80 could be 373 

stably attached to β-PVDF due to the polar interaction. Figure 3e illustrates DSC 374 

heating curves of pure PVDF, EPVDF, and TPVDF nanofibrous membrane. For 375 

PVDF, the melting point was 169.9 ℃ and the crystallinity was 25.2%. A wide peak 376 

containing strong α phase and weak β phase. Melting endotherms of EPVDF and 377 

TPVDF show a strong melting peak at 166.4 ℃ and 165.6 ℃, separately. The 378 

crystallinity decreases to 21.6% and 20.1%, respectively. Meanwhile, PVDF showed a 379 

new β-phase peak at 181.3°C, which was attributed to ethanol and Tween 80 effect on 380 

the melting point, crystallinity and crystallite shapes. 381 

 382 
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 383 

Figure 4. (a) Tween 80 was aggregated on the surface of hydrophobic PVDF 384 

nanofiber in hexane solution to form a thick surfactant layer. SEM images of 385 

HTPVDF membrane before (b) and after cleaning (c). (d) Air and underwater contact 386 

angles of HTPVDF membrane. TEM images of HTPVDF membrane before (e) and 387 

after cleaning (f). (g) Adsorption and desorption of Tween 80 onto PVDF nanofibrous 388 

membrane in hexane measured by QCM-D. The yellow stained area is the Tween 80 389 

layer. 390 

 391 

3.2. Effect of solvent on superhydrophilic and underwater superoleophilic 392 

interface construction.  393 

As discussed above, ethanol played an important role in Tween 80 assembly on PVDF 394 

nanofiber surface. Solvent that can be used in this process must satisfy two 395 

prerequisites: 1) the solvent can wet PVDF nanofibrous membrane and 2) dissolve or 396 

disperse Tween 80. PVDF nanofibrous membrane was hydrophobic, therefore, it can 397 
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be wetted using either low surface tension polar solvent (e.g., alcohols) or low surface 398 

tension non-polar solvent (e.g., hexane, Figure S12a, Supporting Information). 399 

However, Tween 80 cannot be dissolved in hexane, which caused Tween 80 400 

aggregates dispersed in hexane (Figure S12b, Supporting Information). Meanwhile, 401 

hydrophobic segments were exposed to the hexane solvent and hydrophilic segments 402 

trapped in the center of the aggregates (Figure 4a). Thus, a welded nanofiber structure 403 

with much crosslinking point between nanofibers was obtained (Figure 4b). By 404 

further thorough cleaning with water for 24 h, few weld structure appeared. PVDF 405 

nanofibrous membrane is hydrophilic and underwater superoleophobic (Figure 4d, 406 

WCA=0o, UOCA=155o±3o) due to the presence of thick Tween 80 layer on PVDF 407 

nanofiber (60 nm after filtration and 37 nm after cleaning, Figure 4e and 4f, Figure 408 

S13, Supporting Information) on PVDF nanofiber. Equally, after 2 h of adsorption 409 

(Tween 80/hexane) and 8 h of desorption (water) using QCM-D, the initial thickness 410 

of Tween 80 was 74 nm and the final thickness was 35 nm (Figure 4g), which was 411 

basically consistent with the results of TEM results. 412 
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 413 

Figure 5. MD models of Tween 80 molecular formation on PVDF polymers at 414 

different time for (a1-a4) Tween80/ethanol, (b1-b4) Tween 80/hexane and (c1-c4) 415 

Tween 80. White, red, cyan and pink colors represent the H, O, C and F atoms, 416 

respectively. (d) Number of adsorbed Tween 80 molecules within 1 nm from the 417 

surface of PVDF for Tween80/ethanol, Tween 80/hexane and Tween 80. (e) Radial 418 

pair distribute function of O-F and C-C pairs between ethanol and PVDF. (f) Radial 419 

pair distribute function of C-C pairs between hexane and PVDF. 420 

 421 

To further reveal the underlying effect of solvent on Tween 80 deposition thickness, 422 

we performed MD simulations with Tween 80-solvent (ethanol and hexane)- 423 

deposited PVDF. Figure 5a1-a4 show the snapshots in the deposition process of 424 

Tween 80 in ethanol solution on the PVDF surface. The results indicate that few 425 

Tween 80 molecules were deposited/embedded on the PVDF surface and most of 426 

them went into ethanol solution, which agrees well with our experimental 427 
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observations. However, when ethanol was replaced with hexane or pure Tween 80 428 

was used, almost all Tween 80 molecules are deposited on PVDF surface in Figure 5b, 429 

c.  430 

To quantitatively analyze the deposition process of Tween 80 on PVDF, the number of 431 

adsorbed Tween 80 molecules (within 1 nm distance from PVDF top surface) during 432 

the deposition process was recorded (Figure 5d). It indicated that pure Tween 80 has 433 

20 molecules adsorbed on PVDF in 5 ns (all the added Tween 80 was adsorbed), 434 

Tween 80/hexane has 15 Tween 80 molecules adsorbed on PVDF in 34 ns and the 435 

Tween 80/ethanol has only 4 Tween 80 molecules adsorbed on PVDF in 30 ns. From 436 

the radial distribution function, the CH3CH2 group in ethanol has a significant 437 

hydrophobic interaction with PVDF, which is in contrast to OH in ethanol (Figure 5e). 438 

Therefore, PVDF has a hydrophobic interaction with the CH3CH2 group of ethanol 439 

with its OH group facing outwards, preventing the hydrophobic group of Tween 80 440 

from interacting with PVDF and resulting in few numbers of Tween 80 being 441 

deposited on PVDF. In contrast, the alkane chain of n-hexane promotes the interaction 442 

of the hydrophobic segment of Tween 80 with PVDF, increasing the amount of Tween 443 

80 adsorbed (Figure 5f). 444 

 445 

To further verify this phenomenon, we conducted polydopamine coating on PVDF 446 

nanofibrous membrane due to its well relationship between coating time and coating 447 

thickness[67]. Results in Figure S14a, Supporting Information, indicated that PVDF 448 

nanofibrous membrane with superhydrophilic and underwater superoleophilic 449 

property can be obtained when dopamine coating time was less than 1 min. However, 450 

if the coating time was longer than 1 min, superhydrophilic and underwater 451 

superoleophobic property was obtained (Figure S14b, Supporting Information, 452 

WCA=0°, UOCA=143°±4°). Since the chemical structure of polydopamine layer is 453 

unlikely to change in a few s minutes, the main reason might be the difference in 454 

thickness (Figure S14c, Supporting Information). As indicated in Figure S14d, 455 

Supporting Information, a uniform PDA layer of about 11 nm can be observed, which 456 
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is consistent with the previous conclusion. A clear enrichment of O and N element in 457 

the outer surface can be observed in Supplementary Figure 14 g, h, while F and C 458 

element was mainly distributed on the main nanofiber (Figure S14e, f, Supporting 459 

Information). 460 

 461 

3.3. Effect of surfactant and substrate on superhydrophilic and underwater 462 

superoleophilic interface construction. 463 

 Actually, surfactant is a very big family with different hydrophilic and hydrophobic 464 

segments. Tween 80 is typical water-soluble surfactant with a HLB value of 15.0. To 465 

verify the universality of this strategy to fabricate superhydrophilic and underwater 466 

superoleophilic interface, surfactants with different HLB value (1.8-16.7, details can 467 

be found in Table S1, Figure S15, 16, Supporting Information) were evaluated. 468 

Results showed that superhydrophilic and underwater superoleophilic property can be 469 

obtained for surfactants with HLB value higher than 4.3 (e.g., Tween 20: 16.7, Tween 470 

80: 15.0, Tween 85: 11.0 and Span 20: 8.6, Figure S17, Supporting Information). 471 

Water contact angle of Span 80 (HLB: 4.3) and Span 85 (HLB: 1.8) treated membrane 472 

was 107°±2° and 130°±3° respectively, failing to achieve the above abnormal wetting 473 

property. 474 

Moreover, different hydrophobic nanofibrous membranes (PSF, PU, PCL and PS) 475 

could be modified by ultrathin hydrophilic layer strategy to achieve superhydrophilic 476 

and underwater superoleophilic property (Table S2, Figure S18, 19, Supporting 477 

Information), verifying the universality of this strategy. 478 
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 479 

Figure 6. Permselectivity of TPVDF nanofibrous membranes. (a) Permeability and (b) 480 

separation efficiency of TPVDF, HTPVDF and PVDF membrane for hexane-in-water 481 

emulsion. (c) Optical images of the feed and filtrate solution. (d) Particle size 482 

distribution of surfactant, feed liquid and filtrate. (e-g) Schematic illustration of oil-483 

water separation mechanism for TPVDF membrane. 484 

 485 

3.4. Separation performance and antifouling mechanism of membrane. 486 

 Separation performance of the fabricated membrane for oil-in-water emulsion was 487 

evaluated (Figure S20, Supporting Information). After separation, milky emulsion was 488 

separated into incompatible aqueous phase and oil phase. Figure 6a showed that initial 489 
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water permeability of TPVDF (around 1901 L m-2 h-1 bar-1) and HTPVDF (around 490 

2242 L m-2 h-1 bar-1) membrane was much higher than PVDF (around 1111.4 L m-2 h-1 491 

bar-1) membrane. Hydrophobic PVDF nanofibrous membrane was transformed into 492 

superhydrophilic membrane due to the self-assembly of Tween 80, where hydrophilic 493 

fragments are exposed to the external environment at the interface of PVDF 494 

nanofibers. These hydrophilic groups make the membrane hydrophilic, which is 495 

beneficial for promoting the rapid water flow. TPVDF and HTPVDF exhibit 496 

superhydrophilicity in air, which is conducive to continuous water phase entering the 497 

membrane and improving water permeability during the separation of oil in water 498 

emulsion (as shown in Figure 1 and 4). Moreover, permeability of PVDF membrane 499 

was rapidly decreased within 10 min due to the strong affinity between PVDF and oils 500 

and therefore membrane pores were blocked. Benefiting from the unique “oil-water-501 

receiving” properties, the permeability of the TPVDF membrane remained as high as 502 

500 L m-2 h-1 bar-1 even after 10 h of continuous separation, although permeability of 503 

TPVDF membrane was also declined. Oil passes through the membrane and floats on 504 

the aqueous phase of the filtrate, making the layered oil-water mixture easy to 505 

separate (Figure S21, Supporting Information). The rise in permeation flux was due to 506 

the outflow of accumulated oil droplets away from the membrane. Besides, the 507 

TPVDF membrane also showed favorable separation performances for hexadecane-508 

in-water emulsion, D5-in-water emulsion and dodecane-in-water emulsion (Figure 509 

S22, Supporting Information). The TPVDF membrane showed highly separation 510 

efficiency for various emulsions (> 99.2%). And the permeability of the membrane 511 

slightly decreases due to the increase in oil viscosity.  Compared with HTPVDF and 512 

other membranes, few membranes could operate continuously for 10 h (Table S3). 513 

Permeability of HTPVDF membrane decreased to near zero in about 200 min due to 514 

membrane pore was blocked by oil droplets. Separation efficiency of all membranes 515 

was greater than 99.5% (Figure 6b). The milky feed emulsion solution with numerous 516 

oil droplets turns into transparent filtrate solution in water phase (Figure 6c). Particle 517 

size distribution in the filtrate is consistent with that of surfactant solution, indicating 518 
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that the surfactant in emulsion enters the filtrate solution (Figure 6d). PVDF 519 

membranes modified by surfactants with different HLB values also showed excellent 520 

separation performance (Figure S23, Supporting Information). Such an excellent 521 

antifouling performance was mainly attributed to the superhydrophilic and underwater 522 

superoleophilic property of TPVDF membrane. Firstly, the membrane was prewetted 523 

by water to form a hydrated layer on membrane surface due to its superhydrophilic 524 

property, which could allow the water phase to permeate through freely. Secondly, the 525 

underwater superoleophilic property benefited the oil capture (demulsification) from 526 

oil-in water emulsion solution. Once the emulsified oils got into the membrane, they 527 

can easily pass through the hydrated layer due to the Laplace force (directional 528 

penetration) and coalesced on the hydrophobic PVDF nanofiber (Figure 6e). Finally, 529 

the coalesced oil droplets leaved the PVDF nanofiber by the applied hydration 530 

pressure. Dispersed oil droplets were diverted beneath the ultra-thin hydrophilic layer 531 

and captured by PVDF bulk to form coalesced oil phase and discharged out of the 532 

nanofibrous membrane as continuous macroscopic oil phase. Therefore, water and 533 

emulsified oil transport across the membrane without mutual interference. However, 534 

the oil phase cannot be completely transferred from PVDF nanofibers due to the high 535 

affinity of PVDF nanofibers for the oil phase. Therefore, the flux recovery is low after 536 

oil removal (Figure S24, Supporting Information). The independent transport pathway 537 

sorted out the common membrane fouling issue for oil/water separation, which is a 538 

totally different oil/water separation mechanism form previously reported 539 

superwetting membranes. 540 

 541 

4. Conclusion 542 

Poly (vinylidene fluoride) nanofibrous membrane with superhydrophilic and 543 

underwater superoleophilic property for enhanced membrane antifouling was 544 

fabricated. The obtained membrane exhibited high permeability and emulsion 545 

treatment capacity for surfactant-stabilized oil-in-water emulsions based on a 546 

coalescence demulsification mechanism. High emulsion treatment capacity was 547 
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realized by preventing hydration layer contamination on membrane surface and in 548 

membrane pores. Water and emulsified oils can penetrate in membrane much easier 549 

(“oil-water-receiving” membrane). Meanwhile, emulsified oils were collected and 550 

transported beneath the ultra-thin hydrophilic layer and captured by hydrophobic 551 

PVDF bulk to form coalesced oil phase and discharged out of the nanofibrous 552 

membrane as continuous macroscopic oil phase. The optimized TPVDF nanofibrous 553 

membrane showed long-lasting permeability (10 h) for emulsions. The ultrathin 554 

hydrophilic layer strategy offered new understanding for coalescence demulsification 555 

and might advance its practical applications. 556 
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