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Abstract: The ever-increasing discharge of oily sewage poses serious threats to marine 
ecosystem and human health, which has become a severe environmental problem 
globally. With high porosity, interconnected porous architectures and tunable surface 
wettability, superwetting nanofiber membranes have been proven effective in 
remediating oily sewage. However, constrained by their micron-scale pores, nanofiber 
membranes demonstrate insufficient separation efficiency for sub-150 nm emulsified oil 
droplets, making it difficult to meet the standards of regulations for discharging oily 
sewage in various countries and regions. Herein, a “sieving-repulsion-adsorption” 
mechanism was proposed to break the limitation of “trade-off” between permeability and 
selectivity via the designed hetero-wetting nanofiber membrane, which was engineered 
by intercalating discrete hydrophobic polydimethylsiloxane (PDMS) microdomains 
between hydrophilic polyethylene oxide (PEO)-based hydrogels modified 
polyacrylonitrile (PAN) nanofiber membranes. The hetero-wetting architecture improves 
water transport under the synergistic effect of hydrophobic/hydrophilic layers while 
captures the tiny oil droplets via hydrophobic/oleophilic PDMS microdomains, thereby 
achieving high emulsion permeance of 22,308 L⋅m−2⋅h−1⋅bar−1 with high separation 
efficiency of 99.97% and total organic carbon (TOC) content less than 3 ppm. Notably, the 
membrane demonstrates exceptional fouling resistance (94.6% permeance recovery) 
and cyclic stability, outperforming most previously reported state-of-the-art nanofiber 
membranes. This sandwich-type hetero-wetting nanofibrous membrane provides new 
insights into advanced membranes fabrication for low-carbon and efficient treatment of 
nano-scaled oil-in-water emulsions. 

 

Keywords  
hetero-wetting membranes;  
electrospinning nanofiber;  
sieving-repulsion-
adsorption mechanism;  
nano-scaled oil/water 
emulsions separation 

Highlights 
● The hetero-wetting 

nanofibrous membrane 
with sandwich structure 
was fabricated 

● A novel "sieving-
repulsion-adsorption" 
separation mechanism 
was proposed 

● The membrane can 
efficiently remove oil 
droplets sub-150 nm 
(TOC less than 3 ppm) 

● The membrane has 
superior cycle  
stability for oil/water 
emulsion separation 
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1. Introduction 

The discharge of poorly degradable oily wastewater 
originating from domestic, industrial and accidental 
petroleum release sources disrupts environmental 
systems, kills aquatic creatures, and poses significant 
risks to public health [1–4]. Depending on the dispersed 
phase, these emulsions can be broadly classified into 
dispersed oil, suspended oil, emulsified oil, and dissolved 
oil. Compared with insoluble mixtures, oil-in-water 
emulsions, stabilized by surfactants and ranging in size 
from tens of nanometers to several microns, represent 
challenging separation targets among environmentally 
hazardous wastewater types [5–7]. In particular, nano-
scaled oil-in-water emulsions are relatively hard to 
separate due to small size and good stability [8]. Compared 
with traditional emulsion separation technologies like 
gravity sedimentation [9], air flotation [10] and centrifugal 
separation [11], superwetting nanofiber membranes have 
emerged as promising candidates for emulsion separation 
owing to their interconnected porous architectures, tunable 
surface wettability, and enhanced permeability [12,13]. In 
general, high-performance membranes are designed 
based on two key principles: (I) the pore size of the 
membrane should match the size of the emulsions; (II) the 
as-prepared membranes should exhibit special wettability. 
For instance, hydrophilic/oleophobic membranes allow 
water to penetrate while intercepting oil, thereby 
enabling effective separation of O/W emulsions. However, 
due to the unstable rheological characteristics of 
electrospinning fluid, it is difficult to fabricate nanofibers 
with an average diameter beneath 100 nm, resulting the 
pore size of the electro-spun nanofiber membrane at the 
micron-level. Therefore, the superwetting nanofiber 
membranes are insufficient to remove sub-150 nm oil 
droplets from emulsions due to their relatively large 
pores, which usually fails to meet the standard of the Oslo-
Paris (OSPAR) convention (TOC less than 30 ppm) and 
regulations for discharging oily wastewater in China (TOC 
less than 10 ppm) [5,14–16]. It is still a challenge to 
construct nanofiber membranes for highly efficient water 
remediation of oil-in-water emulsions, especially for 
nano-scaled oil droplets in the emulsions [17–19]. 

Recently, several reports found that the asymmetric 
surface wettability of Janus membranes can significantly 
improve the separation efficiency of oil-in-water 
emulsions [20–22]. The wettability difference between 
the two sides of Janus membranes creates a surface 
energy gradient, which facilitates directional water 
penetration while blocking oil droplets [23]. For example, 
Qin et al. fabricated a Janus membrane by electrospinning 
polylactic acid (PLA)/carbon nanotubes (CNTs) and 
PLA/SiO2 as the two sides of the nanofiber membrane. 
The prepared membrane exhibited a “water diode” effect, 

facilitating unidirectional liquid transport without 
external pressure and demonstrating excellent separation 
efficiency for oil-in-water emulsions, with 100% rejection 
of oil droplets larger than 50 nm [24]. However, the 
serious membrane fouling lead to irreversible 
performance degradation during the treatment of oil-in-
water emulsions. This reduction is primarily attributed to 
the continuous hydrophobic layers of the Janus 
membranes, which may reduce water permeance and 
increase oil contamination [25,26]. 

In current work, to improve the Janus membrane’s 
anti-fouling performance and efficient separation of tiny 
oil droplets in oil-in-water emulsions, we fabricated 
hetero-wetting membranes with hydrophilic/hydrophobic/ 
hydrophilic sandwich-type structures by integrating 
discrete hydrophobic/oleophilic PDMS microdomains 
into hydrophilic PEO hydrogel-modified PAN (PAN-PP) 
composite nanofiber layers through stepwise 
electrospinning/electrospraying of the PAN-PP supporting 
layer, PDMS intermediate layer and PAN-PP selective 
layer (Figure 1). Specifically, as shown in Figure 1a, a 
hydrophilic cross-linked PEO-based hydrogel network 
was formed via the epoxy ring-opening reaction between 
polyether amine (PEA) and polyethylene glycol diglycidyl 
ether (PEGDGE) during the PAN electrospinning process. 
Multi-hydrophilic groups (-CH2-O-CH2-, -OH, etc.) were 
successfully introduced onto the surface of the PAN 
membrane (PAN-PP membrane, supporting layer), which 
could improve the hydrophilicity of the membrane 
surface for ultrafast water permeation. After 
incorporating PDMS microdomains, a hetero-wetting 
nanofiber membrane that creates a wettability gradient 
was formed to accelerate water penetration. The discrete 
hydrophobic/oleophilic PDMS microdomains could 
capture sub-150 nm oil droplets that pass through the 
selective layer, thereby improving separation efficiency. 
Simultaneously, the PEO-based hydrogels in the 
hydrophilic selective layer (PAN-PP) promote the 
formation of a hydration layer, reducing membrane 
fouling by oil droplets. The special sandwich structure 
combined the size sieving and repulsion mechanism of the 
hydrophilic selective layer and the adsorption mechanism 
of the hydrophobic layer, which is expected to break the 
limitations of traditional single superwetting membranes 
and Janus membranes. The surface wettability and 
emulsion separation performance of sandwich-type 
hetero-wetting membrane has been comprehensively 
investigated. This study provides a practical reference for 
the development of efficient nanofiber membranes applied 
to oil-in-water emulsion separation, demonstrating great 
potential application value in the sustainable utilization of 
water resources as well as the inhibition for toxicity of oil 
pollution on the microbial community. 
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Figure 1. (a) Formation mechanism of PEO hydrogels; (b) Schematic diagram of the formation of the hetero-wetting PAN-
PP/PDMS/PAN-PP nanofiber membrane. 

2. Materials and Methods 

2.1. Materials 

Polyacrylonitrile (PAN, M. W. = 150,000) was 
acquired from Huachuang Plasticizing Co., Ltd. (Suzhou, 
China). Polyetheramine (PEA D-400) was purchased from 
Macklin Biochemical Co., Ltd. (Shanghai, China). Sodium 
chloride (analytical grade), N, N-Dimethylformamide 
(DMF) and tetrahydrofuran (THF) were obtained from 
Chemical Industry Co., Ltd. (Tianjin, China). 
Polyoxyethylene bis (glycidyl ether) (PEGDGE), 
trichloromethane (CHCl3), sodium dodecyl sulfate (SDS), 
n-hexane, toluene, dichloromethane, xylene, n-octane, 
hexadecane, oil red O (Sudan III), hydrochloric acid (HCl, 
37%) and sodium hydroxide (analytical purity) were all 
acquired from Aladdin Chemistry Co., Ltd. (Shanghai, 
China). Polydimethylsiloxane (PDMS) and its curing agent 
were purchased from Dow Corning Co., Ltd. (Shanghai, 
China). 4A molecular sieve was obtained from Kelong 
Chemical Reagent Co., Ltd. (Chengdu, China). Ethanol was 
sourced from Shuangshuang Chemical Co., Ltd. (Yantai, 
China). Ultrapure water was used for preparing various 
solutions. Unless otherwise stated, all chemicals were 
used directly as obtained without further purification. 

2.2. Fabrication of Hetero-Wetting Nanofiber Membranes 

Different nanofiber membranes were prepared by 
electrospinning-spray technique. The hetero-wetting 
membranes (PAN-PP/PDMS/PAN-PP) consisting of two 
hydrophilic layers and a middle hydrophobic layer were 
fabricated via an alternative stepwise electrospinning-
spray technology combined with in-situ hydrophilic 
modification strategy and a heat treatment process. The 

PAN-PP precursor solution was formulated as follows: 
15% PAN powder and 1.6% PEGDGE solution were 
dissolved in 82.6% DMF and stirred at 80 °C for 4 h. Then 
cooled to room temperature, after which 0.8% PEA was 
added and mixed for an additional 8 h. The PDMS 
precursor solution was made as follows: 8% PDMS 
solution was prepared by dissolving PDMS in THF and 
stirring the mixture at 30 °C for 12 h. Subsequently, the 
PAN-PP and PDMS solutions were poured into plastic 
syringes equipped with metal needles (inner diameters of 
0.86 mm and 0.4 mm, respectively) and connected to the 
pumps of the electrospinning machine. The PAN-
PP/PDMS/PAN-PP sandwich nanofiber membrane was 
fabricated by adjusting the conditions of the 
electrospinning-spray process. The syringes were 
alternately electrospun-sprayed onto the grounded 
rotating metal roller covered with aluminum foil. The 
negative voltage for both electrospinning and spray was 
maintained at 2 kV, while the positive voltages were set to 
15 kV and 17 kV, respectively. The distances between the 
spinneret and the receiver were set to 15 cm for 
electrospinning and 8 cm for spraying, respectively. The 
PAN-PP solution was supplied at a rate of 0.6 mL·h⁻¹, 
while the PDMS solution was delivered at 0.24 mL·h⁻¹. 
The rotating metal drum receiver operated at a speed of 
228 revolutions per minute (rpm). The electrospinning 
time for the PAN-PP support layer was 6 h, while the 
electrospinning time for the PAN-PP selective layer was 
2.5 h. The electrospray time for the PDMS intermediate 
layer was 30 min (denoted as the PAN-PP/PDMS/PAN-
PP membrane). The relative humidity was maintained at 
35 ± 5% and the ambient temperature was set at 25 ± 5 °C. 
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After electrospinning, the precursor membranes were 
carefully removed from the collector and hot-pressed at 
80 °C for 1 h. The preparation conditions, the concentration 
of PDMS were optimized. It was found that the separation 
performance for oil-in-water emulsions was optimal 
when the PDMS concentration was 8% (see Figure S1 for 
details). PAN-PP nanofiber membranes and PDMS/PAN-PP 
nanofiber membranes were prepared as control samples. 
For the PAN-PP nanofiber membranes, the electrospinning 
time was 8.5 h. As for the PDMS/PAN-PP membrane, it 
lacked the PAN-PP hydrophilic selective layer. 

2.3. Characterization 

The as-prepared membranes were analyzed using 
field-emission scanning electron microscopy (FESEM, 
Merlin Compact, Zeiss, Oberkochen, Germany) to examine 
their micromorphology and generate energy-dispersive 
X-ray spectroscopy (EDS) maps. Additionally, the surface 
roughness of the membranes was evaluated using laser 
confocal microscopy (CLSM, LSM700, Zeiss, Oberkochen, 
Germany). The phase distribution on the membrane 
surface was characterized by a laser microconfocal 
Raman spectrometer (Xplora Plus, HORIBA FRANCE SAS, 
Villeneuve-d’Ascq, France). The chemical structures of the 
newly fabricated membranes were analyzed via X-ray 
photoelectron spectroscopy (XPS; PHI5000, VersaProbe, 
Physical Electronics (Chanhassen, MN, USA)) and an ATR-
FTIR spectrometer (TENSOR II, Bruker, Billerica, MA, 
USA). The porous characteristics of the membranes were 
measured by utilizing a bubble pressure filter membrane 
pore size analyzer (BSD-PB, Beijing BEST Instruments 
Company, Beijing, China). Differential scanning 
calorimetry (DSC) was employed to record the 
thermograms of the membranes recorded on a Mettler 
Toledo 821 e instrument (Bruker DSC 3100SA, Mettler 
Toledo, Columbus, OH, USA) over a temperature range of 
−70 °C to 100 °C. The total organic carbon (TOC) content 
of the feed and permeate solutions was measured by TOC 
analysis (Shimadzu TOC-LCPH, Kyoto, Japan). Water 
contact angles (WCA) and underwater oil contact angles 
(UOCA) were measured using a contact angle instrument 
(SL200KS, Kino Industry Co., Ltd., Boston, MA, USA). For 
contact angle measurements, the average value of five or 
more measurements was computed. Optical microscopy 
images of both the initial emulsion and the filtrate were 
captured using an optical digital microscope (DSX 510, 
Olympus, Tokyo, Japan). The size distribution of oil 
droplets in the emulsion and permeate was analyzed using 
a Malvern nanometer particle size and zeta potentiometer 
(Zetasizer Nano ZS90, Malvern Panalytical, Malvern, UK). 
To ensure the accuracy and representativeness of the data, 
each measurement was measured at least three times. 
The membrane was immersed in acids, bases, salts, and 
hot water for 5 days to examine its wetting stability. 

Besides, the membrane was directly placed in different pH 
solutions to investigate the wettability underwater. 

2.4. Oil-in-Water Emulsions Separation Performance 

The process of preparing surfactant-stabilized oil-in-
water emulsions involves several key steps. First, oils 
stained with oil red O (50 mg·L−1) were mixed into 
deionized water at a volume ratio of 1:99, with 100 mg·L−1 
SDS added as a surfactant. The mixtures were then 
vigorously stirred for 8 h at 1000 rpm to obtain a 
homogeneous emulsion. An emulsion separation 
experiment was conducted by employing a dead-end 
filtration apparatus. The system maintained a constant 
liquid height of 10 cm with an effective filtration area of 
1.77 cm2. The permeance was calculated by measuring the 
volume of filtered liquid collected over 5 min using the 
following equation [27]: 

L = 
V

A × t × P
 (1) 

where L (L·m−2·h−1·bar−1) is the permeance of emulsion, V 
(L) is the volume of emulsion that permeates through the 
membrane, A (m2) is the effective separation area, t (h) is 
the effective filtration time and P (bar) refers to the trans-
membrane pressure. The TOC content of the feed and the 
filtrate after membrane filtration were measured, and the 
separation efficiency was acquired according to the 
following equation [28]: 

R(%) =（1 −
TOCp

TOCf
) × 100% (2) 

where TOCp and TOCf represent the total organic carbon 
concentrations (ppm) in the filtrate and feed emulsion, 
respectively. 

To evaluate the anti-fouling performance of the 
prepared membranes for emulsion separation, the 
membranes were also tested for 20 times of measuring-
washing cycles of emulsion separation, with each cycle 
tested for 5 min. After each separation test, the 
membranes were cleaned with water and the separation 
process was repeated to record the permeance and 
separation efficiency of each cycle. During the 60-min 
separation cycle, the membrane surface was rinsed with 
deionized water every 20 min. The irreversible fouling 
rate IRF (%) and permeance recovery rate PRR (%) of the 
prepared membranes were calculated using the following 
equations [29]: 

IRF (%) = 1 −
Liw − Ls

L0−Ls
  × 100% (3) 

PRR (%) = 
Liw

L0
  × 100% (4) 

where Liw (L·m−2·h−1·bar−1) is the permeance after cleaning, 
Ls (L·m−1·h−1·bar−1) is the emulsion permeance after scaling 
and L0 (L·m−2·h−1·bar−1) is the initial emulsion permeance. 
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3. Results and Discussions 

3.1. Characterization of Hetero-Wetting PAN-
PP/PDMS/PAN-PP Membrane 

The chemical composition of the as-prepared 
membranes was tested by FT-IR (Figure 2a). The PAN-PP 
membrane exhibited a typical characteristic peak at 
2242 cm−1, which correspond to the stretching vibration 
of -CN group [30]. Additionally, a peak at 1100 cm−1 
indicated the stretching vibration of the CH2-O-CH2 group, 
suggesting a cross-linking reaction between PEA and 
PEGDGE (Figure S2) [31]. Compared to the PAN-PP 
membrane, the PDMS/PAN-PP membrane exhibited peaks 
corresponding to Si-O-Si bond stretching at 1020 cm−1 and 
Si-CH3 rocking vibrations at 801 cm−1 and 1260 cm−1, 
respectively, confirming the presence of PDMS 
microdomains on the PAN-PP membrane surface [32]. All 
of these peaks also appeared in the FI-IR spectra of the 

PAN-PP/PDMS/PAN-PP membrane. In the XPS spectra of 
the PAN-PP membranes, only C, N and O elements were 
observed, while two new peaks at 154.1 eV (Si 2s) and 
102.3 eV (Si 2p) appeared in the XPS spectra of the 
PDMS/PAN-PP and PAN-PP/PDMS/PAN-PP nanofiber 
membranes, indicating the existence PDMS microdomains 
(Figure 2b) [33]. As shown in Figure 2c, the C 1s spectra 
further showed that the presence of peaks at 285.9 eV (C-
N) and 286.6 eV (C-O) in the PAN-PP membrane confirmed 
the successful incorporation of the PEA/PEGDGE cross-
linked structure on the membrane surface [32]. In 
addition, three distinct peaks were identified at binding 
energies of 101.4 eV (Si-O), 102.4 eV (Si-O-Si) and 103.8 eV 
(Si-OH) in the fine Si spectra of the PDMS/PAN-PP 
membranes (Figure 2d), indicating the successful 
introduction of PDMS microdomains between the PAN-PP 
layers [34]. 

 

Figure 2. (a) FT-IR spectra and (b) XPS total spectra of PAN-PP, PDMS/PAN-PP and PAN-PP/PDMS/PAN-PP membranes; 
(c) C 1s XPS spectra of the PAN-PP membrane; (d) Si 2p XPS spectra of the PDMS/PAN-PP membrane. 

The PAN-PP membrane exhibited a porous structure 
formed by stacked smooth and disordered nanofibers 
(Figure 3a), whereas micrometer-sized microdomains 
(3–6 μm in diameter) were randomly dispersed on the 
surface of the PDMS/PAN-PP membrane (Figure 3b). 
After the THF evaporates during the electro-spraying 
process, the PDMS precursor molecular chains will 
deposit on the fiber surface, re-aggregate, entangle, and 
eventually be solidified through heating and anchored 
onto the surface of the PAN-PP nanofibers, making it 
difficult to detach from the membrane. Interestingly, the 
microdomains disappeared and the morphology of the 

nanofiber membranes became smooth again after the 
deposition of the selection layer (Figure 3c). In addition, 
with increment of concentration of PDMS precursor, the 
diameter of PDMS microdomains became larger (Figure S3), 
while the surface of the PAN-PP/PDMS/PAN-PP nanofiber 
membranes remained smooth (Figure S4), indicating that 
the PDMS microdomains were fully covered by the PAN-
PP selective layer. Cross-sectional SEM images of the 
PDMS/PAN-PP membrane showed that PDMS 
microdomains were dispersed on the surface of the PAN-
PP (Figure S5). Meanwhile, cross-sectional SEM images of 
the 87 μm thick PAN-PP/PDMS/PAN-PP membrane 
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(Figure S6a) with a thickness of approximately 29 μm 
selective layer. Notably, the PDMS hydrophobic 
microdomains could not be observed since the PDMS 
microdomains were successfully covered by the selective 
layer (Figure S6b). The PAN-PP membrane demonstrated 
uniform surface distribution of C, N, and O elements 
(Figure S7a), confirming effective integration between the 
hydrogel and PAN nanofibers. As a comparison, the 
PDMS/PAN-PP membrane exhibited characteristic 
signals of C, N, O, and Si (Figure 3d). The Si distribution 
demonstrated PDMS attachment to nanofibers or in the 
formation of microspheres. Notably, C, N, O, and Si 
elements were also simultaneously detected of on the 
PAN-PP/PDMS/PAN-PP membrane surface (Figure S7b). 
The surface roughness of the prepared membranes was 
further examined (Figure 3e–g). After incorporating the 
discretely hydrophilic PDMS microdomains, the surface 
roughness (Ra) increased from 1.53 μm to 5.98 μm. After 
PAN-PP selective layer deposition, the surface roughness 
decreased to 3.32 μm. 2D Raman imaging (Figure S8a) of 
the as-prepared membranes validated PDMS micro-
domains (red) discretely distributed on the PAN-PP 
supporting layer (blue), while Figure S8b,c mapped 
PEA/PEGDGE (red) within the tri-layer membrane. The 
lack of detectable PDMS signals in the PAN-

PP/PDMS/PAN-PP membranes confirmed complete 
coverage by the PAN-PP selective layer [35]. 

The pore size of the PAN-PP nanofiber membrane 
was approximately 2.9 μm, decreasing to 2.7 μm after 
incorporating the PDMS hydrophobic microdomains 
(Figure 4a). Due to the coverage of the selective layer, the 
average pore size of the PAN-PP/PDMS/PAN-PP 
membrane was further reduced to 2.1 μm. Notably, the 
porosity of all nanofiber membranes exceeded 80% 
(Figure 4b). In addition, the DSC curves of the PAN-PP and 
PDMS/PAN-PP membranes showed that the enthalpy of 
melting decreased from 24.71 J·g−1 to 5.98 J·g−1 after the 
introduction of hydrophobic PDMS microdomains 
(Figure 4c), which was caused by the hydrophobicity of 
PDMS. After overlaying the PAN-PP selective layer, the 
enthalpy of melting increased to 43.41 J·g−1, indicating the 
high hydration capacity. The adsorption capacity of the 
prepared membranes was further tested in Figure 4d. 
Similar to the results of DSC, the PAN-PP/PDMS/PAN-PP 
membrane exhibited the highest water adsorption 
capacity. As shown in Table S1, compared to the PAN-PP 
and PDMS/PAN-PP membranes, the non-refrigerated 
water content in the PAN-PP/PDMS/PAN-PP membrane 
increased to 82.85%, indicting its improved ability to bind 
water more effectively. 

 

  
(e) (f) 
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(g) 

Figure 3. Morphologies of the prepared (a) PAN-PP; (b) PDMS/PAN-PP and (c) PAN-PP/PDMS/PAN-PP membranes; (d) 
EDS mapping images of the PDMS/PAN-PP membrane. Three-dimensional surface contour images of (e) PAN-PP; (f) 
PDMS/PAN-PP and (g) PAN-PP/PDMS/PAN-PP membranes. 

 

Figure 4. (a) The mean effective pore size and (b) porosity of PAN-PP, PDMS/PAN-PP and PAN-PP/PDMS/PAN-PP 
membranes. (c) DSC curves of as-prepared membranes showing the presence of water in the membranes. (d) Water uptake 
capability of as-prepared membranes. 

3.2. Wetting Property of the as-Prepared Membranes 

The wetting performance of the as-prepared 
membranes were characterized. As shown in Figure 5a, 
for the PAN-PP membrane, a water droplet with a WCA of 
about 21.8° in air spread rapidly and permeated through 
the membrane within 0.3 s. This behavior was attributed 
to the presence of numerous hydrophilic groups and the 
formation of a porous structure as aforementioned [31]. 

The PDMS/PAN-PP membrane exhibited stable super-
hydrophobicity with a WCA of 153°, which could be 
attributed to the hydrophobic PDMS microdomains on its 
surface. In contrast, the WCA of the PAN-PP/PDMS/PAN-
PP membrane decreased from 92.8° to 0° within 9 s, 
indicating that the coverage with the PAN-PP selective 
layer significantly improved the hydrophilicity of the 
PDMS/PAN-PP membrane. The UOCA (n-octane) of PAN-
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PP, PDMS/PAN-PP, and PAN-PP/PDMS/PAN-PP tri-layer 
membranes were 150°, 125° and 165°, respectively. 
Correspondingly, the underwater chloroform contact 
angles of the as-prepared membranes were 153°, 128°, 
160°, respectively (Figure 5b). The UOCA of PDMS/PAN-
PP membrane exhibited obviously decrease, which could 
be attributed to the oleophilicity of PDMS microdomains 
facilitating oil spreading. Conversely, the PAN-
PP/PDMS/PAN-PP tri-layer configuration demonstrated 
enhanced underwater oleophobicity, owing to surface 
roughness and hydrophilic selective layer modulating its 
wettability (Figure 5c). Notably, the PAN-PP/PDMS/PAN-
PP membrane exhibited oil-independent superoleophobicity 
(UOCA > 150°) and maintained environmental stability 

across a pH range of 2–12 and various salinity gradients 
(Figure 5d,e). 

To uncover the reasons of the observed wettability, 
we further analyzed the apparent surface energy of the as-
prepared membranes. Figure 5f revealed a 65% reduction 
in surface energy for PDMS/PAN-PP membranes versus 
PAN-PP controls, originating from synergistic effects of 
the intrinsic low surface energy of PDMS and increased 
roughness as aforementioned [36]. The total surface 
energy of PAN-PP/PDMS/PAN-PP membrane exhibited 
132% higher than that of PDMS/PAN-PP membrane. This 
structural reorganization-involving PDMS-mediated 
wettability gradients and roughness modulation-directly 
correlates with the macroscopic wetting behavior, 
validating the structure-property correlation [37,38]. 

 

Figure 5. (a) WCAs and (b) UOCAs of PAN-PP, PDMS/PAN-PP and PAN-PP/PDMS/PAN-PP membranes; (c) UOCAs of 
various oils of PAN-PP/PDMS/PAN-PP membrane; (d) UOCAs of the PAN-PP/PDMS/PAN-PP membrane in different water 
environments (the oil is dichloromethane); (e) UOCAs of the PAN-PP/PDMS/PAN-PP membrane in different pH solution 
(the oil is n-octane); (f) Apparent surface energy of PAN-PP, PDMS/PAN-PP and PAN-PP/PDMS/PAN-PP membranes. 
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3.3. Performance of Emulsion Separation 

The separation performance of as-prepared membranes 
was investigated in Figure 6a,b. The PAN-PP, PDMS/PAN-
PP and PAN-PP/PDMS/PAN-PP membranes exhibited 
permeance of 13,760 L⋅m−2⋅h−1·bar−1, 15,497 L⋅m−2⋅h−1·bar−1 
and 22,308 L⋅m−2⋅h−1·bar−1, respectively, with separation 
efficiencies of 99.61%, 99.43% and 99.97%, respectively. 
The wettability gradient of the PDMS/PAN-PP and the 
PAN-PP/PDMS/PAN-PP nanofiber membranes induced 
supplementary Laplace forces accelerating water 
permeation [39]. Meanwhile, the high porosity exceeding 
80% might also contribute to the high permeance of the 
as-prepared membranes. Notably, the TOC content in the 
filtrate of the PAN-PP, PDMS/PAN-PP and PAN-
PP/PDMS/PAN-PP membranes stood at 31 ppm, 46 ppm 
and 3 ppm, respectively, indicating that the designed 

hetero-wetting membrane possessed the higher 
treatment capacity to meet both domestic and 
international standards (OSPAR:30 ppm, China 
standards:10 ppm). The treated water not only can be 
reused in various aspects such as cooling, cleaning, and 
greening in the factory, significantly saving fresh water 
resources, but also prevent toxic oily substances from 
entering natural water bodies to accumulate in aquatic 
organisms. In addition, digital and optical microscopic 
images revealed that the n-octane-in-water emulsion 
appeared turbid before separation, but became clear after 
filtration through the PAN-PP/PDMS/PAN-PP membrane, 
with no visible oil droplets observed under microscopy 
(Figure 6c). The average particle size of oil droplets in the 
emulsion was measured to be around 488 nm, while the 
average particle size of oil droplets in the filtrate 
decreased drastically to below 50 nm (Figure 6d). 

 

Figure 6. (a) Emulsion permeances and (b) separation efficiency and TOC content of PAN-PP, PDMS/PAN-PP and PAN-
PP/PDMS/PAN-PP membranes; (c) Filtration apparatus and optical microscopy images of the emulsion before and after 
filtration; (d) Particle size and distribution of the emulsion before and after filtration. 

The cyclic separation experiments were carried out 
to analyze the anti-fouling performance under the same 
experimental conditions. After 20 separation cycles, the 
emulsion permeance of the PAN-PP/PDMS/PAN-PP 
membrane stabilized within the range of 21,676 to 
22,848 L⋅m−2⋅h−1·bar−1(Figure 7a) with separation above 
99.93%, indicating that the hetero-wetting membrane 
exhibited excellent stability and reusability. No obvious 
swelling phenomenon was observed for the as-prepared 

PAN-PP/PDMS/PAN-PP membrane. The IRF and PRR of 
the PAN-PP/PDMS/PAN-PP membrane reached 4.4% and 
94.6%, respectively (Figure 7b), which indicated that the 
PAN-PP/PDMS/PAN-PP membrane was more durable 
than the PAN-PP and PDMS/PAN-PP membranes. The 
reason could be attributed that the PDMS middle layer 
increased the surface roughness (Ra) from 1.53 μm to 
3.32 μm, which can increase the UOCA from 150° to 165° 
for higher anti-oil-fouling performance. 
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After 60 min of separation cycles, the PAN-
PP/PDMS/PAN-PP membrane maintained low TOC levels 
and high separation efficiency in cyclic separation 
(Figure S9a–c). Furthermore, the membrane retained its 
wettability with WCA of 98° and UOCA of 157° (Figure S9d), 
confirming the membranes with excellent anti-fouling 
performance. Furthermore, after a series of stretching 
and bending process, the UOCA of the PAN-
PP/PDMS/PAN-PP nanofiber membrane didn’t change 
significantly and remained stable at approximately 

155.2°, achieving underwater superhydrophobicity 
(UOCA > 150.0°) (Figure 7 c,d). The emulsion separation 
performance of the PAN-PP/PDMS/PAN-PP membrane 
outperformed previously reported superhydrophilic 
nanofiber membranes, as displayed in Table 1 
[9,17,31,40–46]. These results collectively demonstrate 
the structural-engineered membrane’s effectiveness in 
oily emulsion separation through synergistic wettability 
gradients and surface energy modulation. 

Table 1. Comparison of the separation performance of our membrane against that of other superhydrophilic nanofiber 
membranes reported in the literature. 

Membrane Separation Substances and Efficiency Permeance  
(L·m−2·h−1·bar−1) Droplets Size in Filtration Ref. 

PVDF-PG/KH792 Dodecane, soybean ˃ 99.0% 377–7166 / [9] 
H-PLA-AS N-octane ˃ 99.6% 21,000 68–142 nm [31] 

PAN-PPG-AS N-octane, toluene 22,206 68–122 nm [40] 
PVDF-PEG-SiO2 Toluene ˃ 99.57% 6780 ~1000 nm [41] 

CS/PVA-SMa N-octane ˃ 99.5% 21,000 78–280 nm [42] 
LDH@DCA N-hexane, petroleum ether, soybean ˃ 98.93% 2000–27,346 / [43] 
PAN-COF N-octane > 99.3% 34,000 ~110 nm [44] 
GO@SiO2 Chloroform, soybean ˃ 99% 654.11 / [45] 
GFM/SSP Diesel, n-hexane, petroleum ether ˃ 99.8% 2600 / [46] 

PAN-PP/PDMS/-AN-PP N-octane > 99.97% 22,308 ˃50 nm This work 

 

Figure 7. (a) Changes in permeance and efficiency with increasing cycle number; (b) Irreversible fouling and permeance 
recovery during separation cycles of the prepared membranes; (c) UOCA of the PAN-PP/PDMS/PAN-PP membrane after 
stretching; (d) UOCA of the PAN-PP/PDMS/PAN-PP membrane after curling and bending. 
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3.4. Mechanism of the Membrane Separation 

The PAN-PP/PDMS/PAN-PP membrane is fabricated 
by incorporating hydrophobic PDMS microdomains into 
hydrophilic PAN-PP fibers. The hetero-wetting structure 
of PAN-PP/PDMS/PAN-PP can be regarded as the 
composite of hydrophilic selective layer and Janus 
structure (thin hydrophobic layer and thick hydrophilic 
layer). To clearly clarify the highly efficient emulsion 
separation efficiency of the hetero-wetting PAN-
PP/PDMS/PAN-PP membrane, we proposed a three-step 
“sieving-repulsion-adsorption” mechanism as shown in 
Figure 8. During the “sieving” process, oil droplets larger 
than the pore size of the nanofiber membrane (2.1 μm) 
are unable to pass through the PAN-PP/PDMS/PAN-PP 
membrane. For the “repulsion” process, the PAN-PP 
hydrophilic selective layer has rich hydrophilic groups 
and exhibits excellent underwater superoleophobicity. 
Due to the strong water affinity of selective layer, the 
membrane surface will form a stable water/solid 
composite interface. The oil intrusion pressure ΔP can be 
calculated by the following equation. 

ΔP = −
2γow cos θ

r
 (5) 

where γow is the oil/water surface tension. θ is the oil 
contact angle underwater, and r represents the radius of 
meniscus. Due to the underwater superoleophobicity of 
selective layer, cos θ < 0, therefore ΔP > 0. Meanwhile, for 
water intrusion pressure, the water contact angle is less 

than 90°, and ΔP < 0. Thus, the water can penetrate into 
the pores of the fiber membrane, while oil droplets find it 
difficult to pass through the PAN-PP selective layer. In the 
“adsorption” stage, the superhydrophobic PDMS 
microdomains provide enough adsorption sites for 
further adsorb tiny oil droplets (sub-150 nm) in the 
filtrate throughout the emulsion separation process, 
thereby enhancing separation efficiency. In addition, an 
imbalanced force (F) at the hydrophobic microdomain 
boundary acts as the primary driving force for nearby oil 
droplets. The equation can be calculated as follows [18]: 

F  ≈  γoil(cos θoleophilic surface − cos θoleophobic surface ) (6) 

where γoil is the surface tension of oil, θoleophilic surface and 
θoleophobic surface are the oil contact angles on the oleophilic 
PDMS microdomain surface and the oleophobic PAN-PP 
surface, respectively. In our cases, due to the difference 
between θoleophilic surface and θoleophobic surface, a driving force is 
generated to propel oil droplets towards the oleophilic 
PDMS microdomains. The Janus structure, composed by 
PDMS/PAN-PP, could generate the difference in Laplace 
force under the synergistic effect of superhydrophobic/ 
hydrophilic layers and thereby increasing the emulsion 
separation permeance [47–50]. As a result, the design of 
hydrophilic/hydrophobic/hydrophilic structure facilitates 
water permeation while enhancing the rejection and 
adsorption of oil droplets. This enables efficient removal 
of oil droplets with diameter of sub-150 nm from oil-in-
water emulsions. 

 

Figure 8. (a) Emulsion separation mechanism and (b) schematic illustration of oil droplets repulsion of the hetero-wetting 
PAN-PP/PDMS/PAN-PP membrane. 

4. Conclusions 

In conclusion, a novel hydrophilic/hydrophobic/ 
hydrophilic hetero-wetting membrane (PAN-PP/PDMS/ 
PAN-PP) was fabricated via an alternative electrospinning-

spray method combining hydrophilic modification 
techniques. The constructed membrane effectively 
bridges the gap between its large pore sizes and small 
emulsion droplets due to the combined effect of the 
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hydrophobic and hydrophilic layers. On the basis of 
“sieving-repulsion-adsorption” separation mechanism, 
water can pass smoothly through the PAN-
PP/PDMS/PAN-PP membrane, while most large oil 
droplets are repelled by the hydrophilic PAN-PP selective 
layer and a small part of smaller oil droplets are further 
adsorbed by the intercalated PDMS microdomains. As a 
result, the prepared membranes exhibited outstanding 
emulsion permeance of 22,308 L∙m−2∙h−1∙bar−1, along with 
a separation efficiency reaching up to 99.97% and TOC 
content less than 3 ppm, which is superior to most state-
of-the-art membranes. Moreover, the hetero-wetting 
PAN-PP/PDMS/PAN-PP membrane can efficiently 
remove sub-150 nm oil droplets and demonstrate robust 
reusability even after 20 cycles of filtration experiments. 
Compared to the single superwetting PAN-PP membrane 
lacking a hydrophobic layer, this work achieves highly 
efficient separation of oil-in-water emulsions, indicating 
potential applications in stable oil/water emulsion 
separation, offshore oil spill treatment and oily 
wastewater resource utilization. 
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