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Abstract 

Antifouling performance of membranes is the key obstacle limiting their practical 

applications for oil/water separation. In this study, a sustaining antifouling membrane 

was fabricated by constructing polydopamine (PDA) micro-/nano-spheres on a 

polyacrylonitrile (PAN) nanofibrous membrane. The secondary PDA nano-spheres not 

only strengthened the bonding of primary micro-spheres with the substrate, but also 

diversified the hierarchical structure and chemistry. The composite showed enhanced 

superhydrophilicity and underwater superoleophobicity. Permeability of PAN-PDAc 

membrane was maintained as high as 11666 ± 978 Lm-2h-1bar-1 with separation 

efficiency of higher than 99.9% over a 2-h continuous filtration. This permeability was 

about 2.7 times of pristine PAN membrane (4260 ± 430 Lm-2h-1bar-1). The extrusion 

and cutting demulsification on the confined space of PAN-PDA surface was proposed. 

Antifouling mechanism of the superhydrophilic membrane was first theoretically 

elucidated based on hydration ability and adhesion free energy with recourse to thermal 

analysis and Derjaguin-Landau-Verwey-Overbeek theory respectively. It was found 

that PDA micro-/nano-spheres mediated membrane showed strong hydration ability 

(higher fraction of non-freezable water) and weak adhesion towards toluene (low free 

energy of adhesion) compared to pristine PAN membrane. These findings would lead 

to a better understanding of antifouling demulsification mechanism and improved 

design of sustaining antifouling membranes for oil/water separation. 

Key words: Superhydrophilicity; Antifouling; Polydopamine; Nanofibrous 

membrane; Oil/water separation. 
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With the rapid progress of industry and the improvement of people’s living standards, 

more and more oily wastewaters are being produced. Developing economic and 

effective strategies for treating oily wastewaters is of great importance for both 

environmental protection and the health of human beings. Compared with conventional 

strategies for oil/water separation, such as skimming, burning, centrifuge, coagulation 

and flotation [1, 2], membrane separation is recognized as a more promising method 

due to its high selectivity, high productivity, energy efficiency and its ability to 

demulsify the emulsions without applying additional electric field or chemicals [3, 4]. 

However, the pervasive development of membrane separation is still challenging due 

to serious fouling issue, e.g., due to oil droplets adhesion, surfactant adsorption, surface 

wettability/anti-wettability invalidation and microstructure distortion especially during 

the continuous long term operation. This fouling issue causes rapid decline of flux, 

separation efficiency and the lifespan of the membrane for separating surfactant-

stabilized emulsions [5-7]. In addition, different from common ultrafiltration or 

microfiltration liquid-solid separation process, the liquid-liquid oil/water separation 

mechanism via membrane is much less studied. Therefore, it is significant to reveal the 

fouling mechanism through both theoretical and experimental means. Constructing 

robust membranes to mitigate fouling for continuous oil/water separation is highly 

desired.  

 

Generally, improving superwetting property is one of the key methods that can enhance 

the antifouling performance of the membranes. Up to date, great efforts have been 

devoted to constructing the superwetting membrane interface based on the integration 

of hierarchical structure and surface chemistry [8-10]. Based on these considerations, 

many strategies have been reported, such as electrospray [11-16], surface loading [17-

21] and in situ structure manipulation [22-24]. From these strategies, we can find that 

the irregular micro/nano-structure (including organic and inorganic) are usually 

constructed on the membrane surface. The wettability/anti-wettability was enhanced 

after the introduction of these micro/nanostructures, such as the electrosprayed 

polystyrene microspheres [9], polyacrylonitrile microspheres [16] and poly(vinylidene 
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fluoride) microspheres [14], the surface loaded titanium dioxide or polyethyleneimine 

microspheres [17, 19, 25] and also the in situ formed poly(vinylidene fluoride) 

microspheres [22, 26] etc. Although the surface structure and chemistry of the 

membrane were significantly improved by taking advantage of these micro/nano- 

spheres, their practical applications were limited due to the following considerations: 

(1) difficult control in the size and morphology of the regular micro/nano-spheres, and 

(2) low bonding of micro/nano-spheres with the membrane surface, which may cause 

leaching of spheres and secondary pollution. Therefore, mechanically robust, easily 

tunable and persistently antifouling membranes are imperative for oil/water separation.  

 

Dopamine (DA), a bio-inspired building block for surface coating, is a nontoxic, nature 

derived and environmental friendly material, which can be spontaneously self-

polymerized on almost any surface to form a uniform coating layer [27]. The formed 

polydopamine (PDA) layer exhibited several excellent properties including the 

enhancement of surface hydrophilicity, surface antifouling and surface reactive ability 

[28-34]. In addition to the forming of two-dimensional PDA surface coating layer, one-

dimensional (nanowire and nanofiber [35, 36]) and zero-dimensional 

(micro/nanosphere [37-39]) PDA can also be synthesized. Specifically, the 

morphologies (solid or hollow) and size (from 100 nm to 1000 nm) of PDA spheres can 

be well controlled. In addition, the existence of a large amount of polar functional 

groups in PDA (e.g., catechol and amine groups) endows the surface with strong affinity 

with water, which provides stable hydration layer potentially used for direct antifouling 

applications (e.g., oil/water separation) [40, 41]. However, few reports are endeavored 

to reveal the fouling mechanism theoretically and experimentally and construct robust 

membranes with significant mitigation of fouling through combing regularly controlled 

micro/nanospheres and chemistry. 

 

 

In this study, a superhydrophilic and underwater superoleophobic composite membrane 

with enhanced antifouling performance was fabricated by integration of PDA 
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microspheres and polyacrylonitrile (PAN) nanofibrous membrane. Regular PDA 

microspheres were firstly synthesized in a water/ethanol mixed solution initiated by 

ammonia. The obtained PDA microspheres were loaded on the surface of the PAN 

nanofibrous membrane through a simple gravity filtration process, and then welded in 

dopamine Tris-HCl solution. The obtained membrane was used for oil-in-water 

emulsion separation. The fabricated membrane exhibits high permeability, excellent 

separation efficiency and anti-oil adhesion ability during long-term filtration. The anti-

oil adhesion mechanism of this fabricated membrane was theoretically analyzed in a 

view of hydration ability and Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory. 

The construction strategy for superwetting membrane and the antifouling mechanism 

proposed in this study may supply new ideas for oil/water separation applications.  

 

2. Experimental section 

2.1 Materials 

Polyacrylonitrile (PAN) (average Mw = 150 000) was purchased from Sigma-Aldrich 

(USA). N,N-dimethylformamide (DMF, ≥99.5%), anhydrous ethanol (≥99.7%), 

hydrochloric acid (HCl, 36.0%~38.0%) and toluene (≥99.5%) were all purchased from 

Sinopharm Chemical Reagent Co., Ltd (China). Dopamine hydrochloride (DA, 98%), 

ammonia solution (25~28%), ethanediol (>99%), n-butanol (99%), 

tris(hydroxymethyl)aminomethane (≥99.7%), sodium laurylsulfonate (SLS, 99%) and 

potassium chloride (KCl, ≥99.99%) were all obtained from Aladdin (China). 

 

2.2 Fabrication of PAN nanofibrous base membrane 

PAN powder was added to the DMF to form homogeneous PAN/DMF solution with 

concentration of 6.0 wt% under constant stirring for 6 h at 70 oC. Then, PAN 

nanofibrous membrane was fabricated through electrospinning according to our 

previous reported method with some minor changes [42]. Typically, PAN/DMF solution 

was firstly filled in a syringe with stainless needle (20 G) that was mounted to an 

electrospinning setup (SS-2535H, Ucalery Co., Ltd. China). Specific details for 
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electrospun were as follows: the feed rate was kept at 1.13 mL/h, collection distance 

was 10 cm, rolling speed of the collective metal drum was 80 rpm, the applied voltage 

was 19 kV with an applied negative voltage (-3 kV) to the collector. After a certain time 

of electrospun, the obtained PAN nanofibrous membrane was peeled off from the metal 

drum and heat-pressed at 100 oC for 4 h before usage. 

 

2.3 Fabrication of the composite nanofibrous membrane 

Prior to the fabrication of the composite nanofibrous membrane, PDA microspheres 

suspensions were firstly synthesized according to the previously reported method [37]. 

Typically, 0.8 mL of ammonia solution, 80 mL of anhydrous ethanol and 200 mL of 

deionized water were mixed with gently stirring to get a homogeneous solution. 

Meanwhile, 20 mL of DA aqueous solution with a concentration of 50 g/L was prepared. 

The above two solutions were mixed together with continuous stirring for 30 h to 

synthesis the PDA microspheres suspensions. 

 

The composite membrane was fabricated through the gravity-driven filtration of PDA 

suspensions (Figure 1). Typically, 15 mL of the synthesized PDA suspensions were 

filtered through a piece of PAN nanofibrous membrane with a diameter of 4.0 cm under 

the condition of gravity to get the PDA microspheres loaded nanofibrous membrane. 

Then the membrane was cleaned with deionized water and dried at room temperature 

for 24 h (denoted PAN-PDA membrane). After that, the obtained PAN-PDA membrane 

was immersed into dopamine Tris-HCl solution (2g/L, pH=8.5) for enhancing the 

integrative stability of the PDA microsphere layer with different time (0 h, 3 h, 6 h, 9 h, 

12 h). The corresponding membranes were denoted as PAN-PDAcx, where x denotes 

the time. Before further use, the membranes were washed with deionized water and 

ethyl alcohol to remove the residues and dried at room temperature.  

 

2.4 Oil/water separation experiments 

Firstly, 0.03 g of SLS was dissolved in 297 mL of deionized water, and then 3.0 mL of 

toluene was added to the above solution with continuous stirring for 12 h to form the 
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toluene-in-water emulsion. Separation experiments for the emulsion were carried out 

under the condition of gravity-driven using a custom-made filtration device. A 

membrane disk with a diameter of 4 cm was fixed between two quartz tubes. The 

emulsions were filtrated through this membrane at a constant water head of 10 ± 0.5 

cm. Permeability of the membranes was tested at a time interval of 10 min. Recycle 

experiments were carried out by washing the membrane using deionized water after 

each 10 min of filtration. 

 

2.5 Characterizations 

Morphologies of the membranes are analyzed by a cold field emission scanning 

electron microscopy (FE-SEM, S4800, Japan) with an applied voltage of 4 kV. Surface 

tension/dynamic contact angle measuring instrument (DCAT21, China) was employed 

to characterize the surface tension and wetting performances of the membranes. 

Intelligent Fourier infrared spectrometer (FTIR, NICOLET 6700, USA) was used to 

analyze the chemical composition of the membranes. 3D images of membranes were 

analyzed by confocal laser scanning microscope. Liquid–Liquid Porometer (LLP-

1200A, PMI, USA) was employed to measure membrane pore size. Differential 

scanning calorimeter (DSC214, Germany) was used to analyze the enthalpy change of 

the membranes. During the measurement process, the hydrated membrane was placed 

in an open Al crucible. The heating and cooling rate were 10 oC/min and the temperature 

range was set from -80 to 100 oC for all runs. Oil content before and after separation 

was examined by total organic carbon analyzer (MultiNC2100, Germany). Polarized 

optical microscopy (BX51, Japan) was used to record the situations of emulsion before 

and after separation. Porosity (ε) of membranes were calculated by weighing the dry 

and wet membrane (wetted with n-butanol) through the following equation [43]: 

Porosity (ε)% =

𝑚1 − 𝑚0
𝜌1

𝑚1 − 𝑚0
𝜌1

+
𝑚0
𝜌0

 

where, m1 is the weight of wet membrane wetted with glycol, m0 is the weight of the 

dried membrane, ρ1 is the density of glycol and ρ0 is the density of polymer.  
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Figure 1. Schematic diagram of the fabrication process for the composite membrane 

PAN-PDAc. 

 

3. Results and discussion 

3.1 Morphologies of the composite membranes 

 

Figure 2. SEM micrographs of a) PAN, b) PAN-PDAc0, c) PAN-PDAc3, d) PAN-

PDAc6, e) PAN-PDAc9 and f) PAN-PDAc12; cross-section micrographs of PAN-
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PDAc6 (g-i). 

 

Figure 2a presents the morphology of PAN nanofibrous membrane. The results indicate 

that the membrane was composed of nanofibers with average diameter of 300 nm. After 

filtration of PDA microsphere suspension, top surface of the nanofibrous membrane 

was impregnated by the primary PDA microspheres (Figure 2b). However, these PDA 

microspheres were loosely deposited and can be easily detached from the membrane 

surface. In order to enhance the integrative stability of the PDA microsphere layer and 

to further create a hierarchical structure, the PDA loaded PAN nanofibrous membrane 

was welded by an additional PDA coating through an easy immersion-coating method 

[27]. As shown in Figure 2c-2f, the pristine smooth microspheres were surrounded by 

smaller PDA particles. With extending the immersion time from 3 to 6 h, the membrane 

was gradually covered by the coating. Notably, when the coating time was less than 6 

h, the pre-loaded PDA microspheres were firmly welded with each other without 

sacrificing much of the porosity (Figure S1) and more PDA particles deposited on the 

microspheres can be found. However, when the coating time was longer than 6 h, more 

and more surface pores were blocked by the coated PDA layer (Figure 2e-2f). 

Considering the permeability performance of the nanofibrous membrane, PAN-PDAc6 

was used for the following oil/water separation experiments. The cross-section 

micrographs of PAN-PDAc6 were showed in Figure 2g-2i, and a clear dual layer 

structure can be found with PDA microspheres deposited on PAN nanofibrous 

membrane. The constructed PDA microsphere top layer might further enhance the 

hydrophilicity of the membrane due to the intrinsic hydrophilicity of PDA [44, 45] and 

enhanced surface roughness.  



10 
 

 

Figure 3. Photographs of the water droplet on PAN (a) and PAN-PDAc6 (b) nanofibrous 

membrane in air; photographs of the oil droplet on PAN (c) and PDA/PAN (d) 

nanofbrous membrane under water. 

 

3.2 Wetting performance of the membranes 

As wetting property of the membrane plays an important role for its antifouling 

performance, water contact angles of pristine PAN and PAN-PDAc membranes were 

tested and the results are showed in Figure 3. Despite the quick water wetting process 

(about 2.00 s, see supporting information SV1) for 2 μL of water when PAN 

nanofibrous membrane was used, PAN-PDAc6 membrane exhibited a faster (about 0.12 

s, see supporting information SV2) wetting compared to PAN. Underwater oil contact 

angle (OCA) serves as a more direct parameter to reveal the oleophobic property of the 

membrane towards oil during filtration process. It is commonly used as an index for 

antifouling performance of the oil/water separation membranes [16, 46]. As indicated 

in Figure 3c and d, PAN-PDAc composite membrane showed an enhanced underwater 

oil contact angle (165±1°) compared to PAN nanofibrous membrane (151±1°), 

implying better antifouling property. The improved hydrophilicity and oleophobicity 
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under water might be ascribed to: 1) versatile hierarchical structure composed of 

primary and secondary PDA micro/nano-spheres, noting that the RSa value (obtained 

from the CLSM analysis) of the membrane increased from 0.57 μm (PAN membrane) 

to 2.36 μm (PAN-PDAc6) (Figure 4a-4c); 2) intrinsic hydrophilicity of the PDA 

attributed to the large amounts of catechol and amine groups (as shown in Figure 4d) 

[27, 47]; and 3) enhanced capillarity effect due to the multi-scale spheres deposited 

structure [48, 49]. 

 

Figure 4. Confocal laser scanning microscope images of PAN (a), PAN-PDAc0 (b) 

and PAN-PDAc6 (c) membrane; ATR-FTIR spectra of PAN pristine membrane and 

PAN-PDAc6 membrane (d). 

 

3.3 Sustained separation performance and antifouling mechanism 

As shown in Figure 5a, the initial permeability of PAN-PDAc6 nanofibrous membrane 

for toluene-in-water emulsions was as high as 32256±925 Lm-2h-1bar-1, which was 23.3% 

higher than PAN membrane. This might be mainly due to the enhanced hydrophilicity 

and capillarity of PAN-PDAc6 membrane compared to PAN membrane (as discussed in 

section 3.2) [48, 49]. The intuitive results of the emulsions obtained through optical 

microscopy indicated a great difference before and after filtration, nearly no emulsions 
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can be found in the filtrate (Figure 5e). Separation efficiency of both PAN and PAN-

PDAc membrane can reach up to 99.9%, implying strong demulsification property of 

nanofibrous membrane (Figure 5a). The size of the emulsion (5-30 μm) was larger than 

the membrane pore size (0.2-0.3 μm) and can not permeate through the membrane due 

to the size exclusion [50]. The demulsification mechanism based on physical extrusion 

was proposed in Figure 5b-5c. The globular oil droplet stabilized by surfactants was 

distorted in the PAN-PDAc sphere surface or PAN fibrous surface by physical extrusion 

[51]. The thermodynamic equilibrium was broken with the partial removal and re-

arrangement of surfactants on the oil droplet surface [52]. Therefore, the stable 

emulsion droplets were demulsified, coalesced and repelled by the superhydrophilic 

nanofibrous or micro-/nano-sphere surface. Besides, the cutting effect of nanofibers as 

“nanofiber knife” can also induce the deformation of the droplets and non-equilibrium 

distribution of surfactants, which promotes the demulsification (Figure 5d). Therefore, 

extrusion distortion in the confined space of PDA microsphere structure was the main 

demulsification mechanism for PAN-PDAc membrane. However, “nanofiber knife” 

effect was also contributed to the demulsification performance of the nanofibrous 

membrane (e.g., PAN nanofibrous membrane). 

 

Actually, rather than the initial separation performance, long-term separation 

performance of membranes should be of practical significance due to the severe fouling 

issue. Generally, permeability of the membrane was dramatically reduced just after tens 

of minutes. As shown in Figure 5a, permeability of the PAN nanofibrous membrane 

decreased from 26170 ± 860 Lm-2h-1bar-1 to 4260 ± 430 Lm-2h-1bar-1 after filtration of 

2 h. Despite the permeability decline of PAN-PDAc6 (from 32256 ± 925 Lm-2h-1bar-1 

to 11666 ± 978 Lm-2h-1bar-1), permeability of PAN-PDAc6 membrane after 2 h of 

continuous filtration was 174.8% higher than the corresponding value for the PAN 

membrane. Considering the initial permeability difference of PAN and PAN-PDAc6 

nanofibrous membrane (23.3% of higher compared to PAN-PDAc6 and PAN 

membrane), the PAN-PDAc6 membrane showed significantly sustained antifouling 

performance. In addition, the separation performance of PAN-PDAc6 membrane was 



13 
 

reasonably maintained after six filtration cycles (Figure 5f).   

 

Figure 5. a) Permeability and separation efficiency of PAN and PAN-PDAc6 membrane 

for toluene-in-water emulsion; Mechanism diagrams of PAN-PDAc6 (b) and PAN (c-d) 

membrane for demulsification; e) Home-made gravity-driven separation device and the 

polarized optical microscopy photographs of feed solution emulsion and the filter 

solution; f) Cycle performance of PAN-PDAc6 membrane. 

 

3.4 Theoretical analysis of antifouling surfaces  

The main reason of sustained antifouling performance was attributed to the 
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hydrophilicity and underwater anti-oil adhesion improvement as discussed in section 

3.2. To further understand interaction between the PAN-PDAc6 membrane surface and 

water, oil foulants, the hydration ability and the interactions between the foulant and 

membrane were analyzed using thermal analysis method and classic extended 

Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory respectively.  

 

Water was trapped in the PDA micro-/nano-sphere layer in different states e.g. free 

water, freezable water and non-freezable water. The closely bound non-freezable water 

mainly contributed to the mitigation of fouling. Thermal analysis method has been 

considered as an effective method to analyze the different hydration states of the 

materials [53-55]. In this method, content of different forms of water in membranes was 

calculated by the following equations:  

Ws(%) =
 ଵି୫଴

௠ଵ
× 100%             (1) 

Wfs(%) =
∆ୌୱ

∆ୌ୵
× 100%              (2) 

Wnfs(%) =Ws-Wfs               (3) 

where m0 is the dry weight before submersion and m1 is the weight of membrane after 

24 h hydration, ∆Hs is the summation of all the melting enthalpy in the heating trace of 

wet DSC, ∆Hw = 333.5 (J/g). Ws is the swelling ratio, Wfs represents freezable water 

in the membrane, Wnfs represents non-freezable water (the fraction water that was 

closely associated with the membrane) content in the membrane. 

 

Results of melting enthalpy of water in PAN and PAN-PDAc6 in the heating trace 

validated by DSC are shown in Figure 6a-6b. The results indicated that the 

crystallization peak of PAN-PDAc6 membrane (-20 oC) shifted to lower temperature 

compared with PAN membrane (-16 oC), suggesting different water-membrane 

interactions. This was confirmed by the quantized results presented in Table 1 that 

content of non-freezable water in PAN-PDAc6 (34.2%) membrane was 5.5 times higher 

than pristine PAN membrane (6.0%). As the fraction of non-freezable water was closely 

associated with the membrane surface to form a hydrogel-like surface, and the water 
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molecules are difficult to be removed or replaced by the oil due to higher energy barrier, 

therefore the hydration of PAN-PDAc6 membrane was stronger than PAN membrane, 

and the PAN-PDAc6 membrane surface exhibited stronger ability to resist oil adhesion 

than PAN membrane [54].  

 

Table 1. The content of different forms of water in different membranes. 

Membrane Ws (%) Wfs (%) Wnfs (%) 

PAN 85.0  79.0  6.0 

PAN-PDAc6 84.8  50.6  34.2 

 

In addition, the adhesion interaction between the superhydrophilic membrane surface 

and the oil phase based on the physicochemical interaction energy was analyzed using 

XDLVO theory for the first time, analogous to foulants adsorption on membrane 

surface [56]. Here, the oil phase toluene was considered as the foulant during filtration. 

In this theory, the adhesive strength between the foulant and the hydrated 

superhydrophilic membrane was represented by the free energy of adhesion ΔG132, 

where 1 represents the foulant, 2 represents the membrane and 3 represents the water) 

[56]. Basically, the free interfacial energy is composed of Lifshitz-van der Waals (LW) 

and acid−base (AB) interaction energies (eq 4.), thus ΔG132 can be described as the sum 

of ΔGଵଷଶ
୐୛  and ΔGଵଷଶ

୅୆  (eq 5.), and ΔGଵଷଶ
୐୛  and ΔGଵଷଶ

୅୆  can be calculated by eq 6 and 

eq 7 respectively [56]. 

ΔG = ΔG୐୛ + ΔG୅୆               (4) 

ΔGଵଷଶ = ΔGଵଷଶ
୐୛ + ΔGଵଷଶ

୅୆                (5) 

ΔGଵଷଶ
୐୛ = −2(γଷ

୐୛ + ටγଵ
୐୛γଶ

୐୛-ටγଵ
୐୛γଷ

୐୛-ටγଶ
୐୛γଷ

୐୛)         (6) 

ΔGଵଷଶ
୅୆ = −2[ඥγଵ

ାγଶ
ି + ඥγଵ

ିγଶ
ା-ඥγଷ

ା(ඥγଵ
ି + ඥγଶ

ି − ඥγଷ
ି)- ඥγଷ

ି(ඥγଵ
ା + ඥγଶ

ା − ඥγଷ
ା)]  (7) 

where γLW, γ+, and γ− are surface tension parameters. The surface tension parameters 

can be directly determined by testing three probe liquids (e.g., water, ethylene glycol 

and diiodomethane) whose surface tension parameters are known.  
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Table 2. The free interfacial energy parameters of different membranes 

Membrane γ2
LW 

(mN/m) 

γ2
+ 

(mN/m) 

γ2
-  

(mN/m) 

ΔG132
LW 

(mJ/m2) 

ΔG132
AB 

(mJ/m2) 

ΔG132  

(mJ/m2) 

PAN 45.98 -2.55 8.18 -2.80 -45.7 -48.46 

PAN-

PDAc6 

46.57 -3.06 10.52 -2.80 -40.82 -43.62 

 

 

Figure 6. DSC thermograms of water saturated PAN (a) and PAN-PDAc6 (b) membrane; 

Photos of PAN membrane after 120 min of filtration for toluene-in-water emulsion 

before (c1) and after (c2) rinsing; Photos of the PAN-PDAc6 after 120 min of separation 

for toluene-in-water emulsion before (d1) and after (d2) rinsing; Schematic diagrams of 

PAN (e) and PAN-PDAc6 (f) membrane for the separation of oil-water emulsion.  
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The calculated adhesion free energies of PAN and PAN-PDAc6 membrane between 

toluene are shown in Table 2. As results indicated that adhesion free energy (ΔG132) 

between toluene and PAN membrane was -48.46 mJ/m2. However, the adhesion free 

energy between toluene and PAN-PDAc6 membrane was -43.62 mJ/m2, indicating that 

the attachment strength between toluene and PAN-PDAc6 membrane was smaller than 

the strength between toluene and PAN membrane. The visual results showed that a thick 

layer of colored oil was firmly adhered onto PAN nanofibrous membrane surface after 

120 min of filtration, and the adhered oils were unable to be removed from membrane 

surface by rinsing (Figure 6c1 and c2). As a control, there is almost no oil adhered on 

PAN-PDAc6 membrane even after 120 min continuous filtration, and the residual oil 

can be easily washed away by simple water rinsing (Figure 6d1 and d2). This 

comparison clearly shows that PAN-PDAc6 membrane with PDA mediated micro-

/nano-spheres possessed excellent oil antifouling performance during continuous 

filtration. A clear floating oil layer can be found on the feed solution after 120 min of 

separation (Figure S2). Schematic diagrams of oil/water separation are shown in Figure 

6e-6f. When PAN nanofibrous membrane was used for oil/water separation, oils trend 

to adhere on the membrane surface due to the weak hydration ability and high adhesion 

free energy. However, PAN-PDAc6 membrane presented better anti-adhesion property 

towards oils benefitting from its strong hydration ability and low adhesion free energy.  

 

4. Conclusion 

In this study, PAN-PDAc composite membrane with sustaining fouling resistance was 

fabricated through embedding PDA micro-/nano-spheres on PAN nanofibrous substrate. 

The micro-/nano-spheres mediated composite membrane showed enhanced 

superhydrophilicity and underwater superoleophobicity. The secondary PDA nano-

spheres not only consolidate the bonding of primary micro-spheres with the substrate, 

but also diversify the hierarchical structure and chemistry. The hydration ability and 

adhesion free energy were used to elucidate the oil antifouling mechanism of the 

membrane theoretically for the first time. Permeability of PAN-PDAc membrane was 
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maintained as high as 11666 ± 978 Lm-2h-1bar-1 even after continuous filtration of 

toluene-in-water emulsions for 2 h, which was about 2.7 times compared to PAN 

membrane (4260 ± 430 Lm-2h-1bar-1). Overall, these finding have great implications for 

constructing sustaining fouling resistant membranes and understanding demulsification 

and antifouling mechanism in oil/water separation. 
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