
Journal of Colloid and Interface Science 547 (2019) 136–144
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Regular Article
Electrospun frogspawn structured membrane for gravity-driven
oil-water separation
https://doi.org/10.1016/j.jcis.2019.03.099
0021-9797/� 2019 Published by Elsevier Inc.

⇑ Corresponding authors.
E-mail addresses: ranhua.xiong@gmail.com (R. Xiong), huangchaobo@njfu.edu.cn (C. Huang).

1 These authors contributed equally to this work.
Mengjie Zhang a,1, Wenjing Ma a,1, Shutian Wu a, Guosheng Tang a, Jiaxin Cui a, Qilu Zhang b, Fei Chen c,
Ranhua Xiong d,⇑, Chaobo Huang a,e,⇑
aCollege of Chemical Engineering, Jiangsu Provincial Key Lab for the Chemistry and Utilization of Agro-forest Biomass Jiangsu Key Lab of Biomass-based Green Fuels and
Chemicals, Nanjing Forestry University (NFU), Nanjing 210037, PR China
b School of Material Science and Engineering, Xi’an Jiaotong University, Xi’an 710049, PR China
cCenter for Quantitative Synthetic Biology, Institute of Synthetic Biology, Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, PR China
d Lab General Biochemistry & Physical Pharmacy, Department of Pharmaceutics, Ghent University, 9000, Belgium
e Laboratory of Biopolymer Based Functional Materials, Jiangsu Co-Innovation Center of Efficient Processing and Utilization of Forest Resources, Nanjing Forestry University,
Nanjing 210037, PR China

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 16 November 2018
Revised 28 March 2019
Accepted 29 March 2019
Available online 30 March 2019

Keywords:
Superhydrophobic
Dip-coating
Electrospun membrane
High stability
Oil-water separation
a b s t r a c t

The aim of this study is to prepare a fibrous membrane scaffold that possesses a frogspawn structure for
high-efficiency oil-water separation. Polyamic acid was first electrospun onto a rotating wheel-collector
to obtain the fibrous membrane. Subsequently, post-processing by immersion in a polydimethylsiloxane
solution and a silica nanoparticles suspension, followed by a thermal treatment generated a frogspawn-
structured fibrous membrane. The obtained membrane achieved superhydrophobicity and super-
oleophilicity, with the water contact angle as high as 155.75� and the oil contact angle lower than 10�.
The separation efficiencies of the membrane were higher than 99.55% and the permeate flux was main-
tained at greater than 4400 L/m2∙h after 20 separation cycles. Additionally, the wettability studies sug-
gested the membrane exhibits high stability because it can resist damages due to high temperature
(150 �C), acid/basic conditions and organic/inorganic solvents. These findings indicated that this compos-
ite membrane has great potential for use in gravity-driven oil-water separation and can extend the range
of its application for treatments of oil spills incident, oily wastewater and spent liquor.
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1. Introduction

Currently, water pollution problems have given rise to strong
repercussions in society, particularly for the oily wastewater pollu-
tion [1,2]. The oil leakage at the Gulf of Mexico [3] and ‘Sanchi’ tan-
ker incident [4,5] brought oil pollution into the public eye [6].
Additionally, the oily wastewater from the daily life and the spent
liquor containing pollutants such as heavy metal ions [7], and
organic dyes [8] from chemical laboratory are both issues that still
need to be addressed. Oily pollution not only inconveniences the
residents but the scientific community and the government are
also alarmed by oily pollution. To solve these problems, physical
adsorption [9,10] or separation [11,12], chemical reaction [13],
biodegradation [13,14], centrifugal sedimentation [15], and other
technologies and methods have been applied [16]. However, these
methods either require high energy input or shows limited separa-
tion performance [17]. Therefore, development of better separation
materials for oil-water separation is urgently needed [18]. Among
the variety of materials such as membranes [19,20], foams [21,22],
sponges [23,24], and microspheres [25], membranes have been the
mostly studied materials because the membranes are easy to pre-
pare and show excellent separation performance [26–29].

Recent efforts have focused on the functionalization of the
membrane and the simplification of the membrane preparation
process [30,31]. Among the various methods for membrane prepa-
ration such as chemical vapour deposition [32], templating [33],
gas-spraying [34], and electrospinning [17], electrospinning is
one of the most facile and effective methods that has been shown
to be easy to control, cost-effective, does not require sophisticated
equipment, and provides the membrane with a large surface area
[35]. To date, polyvinyl acetate [36], polyacrylonitrile/polyethylene
glycol [37], poly (lactic acid) [38] and other polymers [39–41] have
been successfully electrospun to fabricate the separation mem-
branes. Meanwhile, the dip-coating method has been utilized in
many previous studies [42,43] to modify the membrane [44–48]
Fig. 1. Illustration of the preparation process (a)
for the desired properties. The stabilization of the membrane after
the dip-coating can be achieved by using a thermal treatment [20],
irradiation [49], chemical reaction/cross-linking [50] and solvent
evaporation [51]. All these methods enabled the efficient prepara-
tion of membranes.

Hence, inspired by morphology from nature, a frogspawn-
structure membrane was fabricated by combining the electrospin-
ning technique with the dip-coating method. Polyimide (PI) which
is a high-performance material [52] was used in this study to form
the membrane substrate. Subsequently, low surface energy poly-
dimethylsiloxane (PDMS) was introduced onto the PI membrane
to form the hydrophobic surface. Furthermore, the silica nanopar-
ticles (SNPs) helped to form the frogspawn structure and increase
the hydrophobicity and the surface to volume ratio. We hypothe-
sized that such a composite membrane with the frogspawn struc-
ture would improve the oil-water separation efficiency and exhibit
good durability. The membrane was fully characterized under var-
ied circumstances to investigate its wettability, separation perfor-
mance and stability. The preparation process, source of inspiration,
unique structure, and applications in oil-water separation and the
stability of the membrane are illustrated in Fig. 1.
2. Materials and methods

2.1. Materials

p-phenylenediamine (PDA), hydrophobic silica nanoparticles
(SNPs) (average particle size 7–40 nm), methyl blue, oil red O,
magnesium sulphate, zinc nitrate and soybean oil, HCL were
purchased from Shanghai Aladdin Industrial Corporation.
3,30,4,40-Biphenyltetracarboxylic dianhydride (BPDA) was provided
by Changzhou Sunlight Pharmaceutical Co., Ltd. Polydimethylsilox-
ane (PDMS, average Mw. 115,000) was brought from Dow Corning
Silicone Co., Ltd. Dichloromethane, 1,2-dichloroethane, trichloro-
methane, n-hexane, acetone, ether, toluene, chloroform were
, separation properties (b) and stability (c).
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obtained from Sinopharm Chemical Reagent Co., Ltd. N,N-
Dimethylacetamide (DMAc), Tetrahydrofuran (THF), ethyl acetate,
bromobenzene, carbon tetrachloride, olive oil, NaOH were pur-
chased from Nanjing Chemical Reagent Co., Ltd. Potassium chlo-
ride, calcium chloride, dimethyl sulphoxide were obtained from
Shanghai JiuYi Chemical Reagent Co., Ltd. All the purchased regents
were of analytical grade and were used without other treatment,
except for p-phenylenediamine (PDA) and 3,30,4,40-Biphenyltetra
carboxylic dianhydride (BPDA), which were sublimed in vacuo
prior to being used for the synthesis of polyamic acid (PAA).

2.2. Preparation of the polyimide (PI) membrane

First, p-phenylenediamine (PDA) (1.0814 g, 0.01 mol) and
3,30,4,40-Biphenyltetracarboxylic dianhydride (BPDA) (2.921 g,
0.01 mol) were pre-sublimed to remove the impurities, and then
were dissolved in 40 mL N,N-Dimethylacetamide (DMAc), and
reacted in the low temperature reactor at �5 �C under nitrogen
environment for 12 h with constant stirring to form polyamic acid
(PAA) [20]. The PAA solution was electrospun using an FM1206
electrospinning device (Beijing Future Material Sci-tech, China)
under a voltage of 23 kV (+18 kV, �5 kV), at a rate of 1 mL h�1.
The nanofibres were collected by a rotating wheel-collector with
a 15 cm distance from the needle to the collector. The PI membrane
was formed by the imidization reaction in a tube furnace under a
nitrogen environment. The nanofibres were kept in the furnace
for 150 �C, 200 �C, 250 �C, 300 �C for an hour each and at 350 �C
for 3 h at a heating rate of 1 �C/min, and then returned to room
temperature gradually. The detailed chemical reaction process is
shown in Fig. S1.

2.3. Modification of PI membrane

The modification was accomplished using the dip-coating
method. The PI membrane was cut into 2 cm � 2 cm pieces prior
to being dipped in a polydimethylsiloxane (PDMS) solution (with
a varying concentration of 0.1 wt%, 0.5 wt%, 1 wt%, 2 wt%, 4 wt%,
respectively) for 2 h continuously. Then, the PDMS was solidified
on the surface by drying at 80 �C for 2 h in vacuo, and after this
step, the membrane was designated as the PDMS-PI membrane.
The PDMS-PI membrane was further modified in a silica nanopar-
ticles (SNPs) suspension (with a varying concentration of 0.1 wt%,
0.5 wt%, 1 wt%, 2 wt%, 4 wt% respectively) for 2 h continuously,
and then dried in vacuo at 80 �C for 2 h. The membrane decorated
with silica nanoparticles (SNPs) was designated as the PDMS/SNPs-
PI membrane. The water contact angle (WCA) of the membrane
was measured to obtain the optimum concentration of PDMS and
silica nanoparticles (SNPs) in order to fabricate the desired
membrane.

2.4. Characterization of modified polyimide membrane

The temperature of �5 �C was achieved using a low tempera-
ture reactor (DFY-5/30, Nanjing Wener China). The pH value was
determined using a pH metre (FE20, Mettler Toledo). The func-
tional groups of the membrane were confirmed using a Nicolet
360 FT-IR spectrometer (USA). The surface morphology and struc-
ture were investigated using a field emissions scanning electron
microscope (FE-SEM) equipped with an energy dispersive
spectrometer (EDS) (S-4800, Hitachi, Japan). X-ray powder diffrac-
tion (XRD) (Ultima IV, Rigaku, Japan) was applied to examine the
structure of the membrane, before and after the modification. Dif-
ferent elements of the membrane surface were examined by X-ray
photoelectron spectroscopy (XPS) (AXIS Ultra DLD, UK). Water con-
tact angle (WCA) and oil contact angle (OCA) were measured using
a Zhong Chen JC2000D1 contact angle instrument (Shanghai,
China). Thermogravimetric analysis was performed using a ther-
mal gravimetric analyser (TGA Q5000-IR, TA Instruments, USA).

2.5. Preparation of oil-water mixture

Petroleum extracts such as dichloromethane, 1,2-dichloroethane,
trichloromethane, bromobenzene and carbon tetrachloride were
used to test the separation performance of the as-prepared mem-
brane. Oil (10 mL) and water (10 mL) were mixed at a beaker under
ultrasonication for 5 min. The oil was dyed with Oil Red O and water
was dyed with methyl blue.

2.6. Separation testing and evaluation

Separation tests were conducted involving parallel test step
(n = 3) by pouring a mixture (20 mL) of oil (dichloromethane, 1,2-
dichloroethane, trichloromethane, bromobenzene and carbon
tetrachloride) and water (50% v/v) into the upper tube, and the oil
was collected at a beaker pre-prepared at the bottom. The separa-
tion device consists of two measuring cylinder types connected
by a flange, with the junction fastened by a clamp. The membrane
covered the entire interface between the flange, but only the inner
circle area was exposed to the mixture, so that the effective separa-
tion areawas 17.6625 � 10�5 m2 (the inner diameter is 1.5 cm). The
flux was calculated based on the time of oil permeation measured
20 times (n = 3), and the membrane was reused by drying in room
temperature with no other treatment between the cycles. Separa-
tion efficiency was calculated as the ratio of the oil weight change.
The parameters can be calculated by the following equations:

F ¼ V
S � T ð1Þ

where F, V , S, T are the flux, the volume of the permeate phase, the
effective contact area of the membrane and the mixture, and the
time required for the completion of the separation process,
respectively.

g ¼ M
M0

� 100% ð2Þ

where g, M, M0 are the separation efficiency, the weight of the oil
after the separation and the initial weight prior to the separation.

3. Results and discussion

3.1. Functionalization of PI membrane

Field emission scanning electron microscopy was used to
observe the surface morphology of the PI (Fig. 2(a)), PDMS-PI
(Fig. 2(b)) and PDMS/SNPs-PI (Fig. 2(c)) membranes. It was clear
that PDMS shows no influence on the PI fibres, while the frog-
spawn structure was observed after the silica nanoparticles were
decorated on the membrane. It is observed from the SEM images
that the pore between the fibres was filled up by the silica
nanoparticles, but the multi-pores structure was still preserved.
In addition, the changes in the membrane morphologies as func-
tion of the concentrations of SNPs are shown in Fig. S2. It was
observed that while the SNPs suspension at low concentration
was not sufficient for forming the frogspawn structure, the pore
of the membrane was blocked when the concentration was too
high. The optimum content of PDMS and SNPs for the functional-
ization of the PI membrane was determined by orthogonal tests,
carried out by measuring the water contact angle (WCA) values
in air after each modification step. Each sample was measured
three times to ensure the accuracy. The WCA values of the PI,
PDMS-PI, SNPs/PDMS-PI membranes were 77.28�, 134.36� and
155.75�, indicating that hydrophobicity increased with the loading



Fig. 2. SEM images 5000� (insert images was magnified 20,000�) and EDS result. (a) pristine PI membrane, (b) PDMS-PI membrane, (c) PDMS/SNPs-PI membrane, (d) Change
in water contact angle with varying concentration of PDMS and silica nanoparticles.
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of PDMS and SNPs (Fig. 2(d)). The optimum hydrophobicity was
achieved for 4 wt% PDMS and 2 wt% SNPs. Hence, the membranes
modified by 4 wt% PDMS and 2 wt% SNPs were used to perform
the separation and all the other tests.

The EDS result (Fig. 3(a)) for the PDMS/SNPs-PI membrane also
demonstrated the successful modification of silica nanoparticles.
The element composition of PDMS/SNPs-PI membrane was con-
firmed to be C, N, O, Si, because Au was pre-sprayed prior to the
SEM characterization to enhance the signal intensity. Additionally,
the rough weight content is also provided in Fig. 3(a).

The detailed elemental composition information for the as-
prepared membrane was confirmed by XPS. As shown in Fig. 3
(b), the PI membrane consisted of C (81.99 at%), N (4.29 at%), O
(13.72 at%). Meanwhile Si appeared on the modified membrane,
indicates successful incorporation of PDMS and SNPs to the surface
of PI membrane. Additionally, it important to mention that the rel-
ative percentages of C, N, O, Si of PDMS/SNPs-PI membrane were
48.85, 0.48, 28.21 and 22.46 At%, respectively. The binding energies
of 100.5 eV, and 152.5 eV represent the 2p3/2 and 2s atomic orbi-
tals of Si, respectively [53,54]. Moreover, C1s was detected at
285 eV, which can be further refined as 284.0 eV, 285.5 eV and
286 eV (Fig. 3(c)). The signal at 284.0 eV (54.52 At%) represents
the CAH bond and that at 285.5 eV (33.3 At%) corresponds to the
sp2 atomic orbitals and the polarized covalent bond of C and O
(C@O) and that at 286 eV (12.18 At%) is the CAN bond because
the electronegativity of the N element affected the binding energy
position of the C electron orbitals. O1s and N1s signals were found
at 532.57 eV and 400.5 eV which showing the presence of PI [55].
Taken together, the XPS results revealed that there were no impu-
rities in the prepared membrane.

Furthermore, XRD was also applied to investigate the structure
of the as-prepared membrane. As shown in Fig. 3(d), the peaks at
12� and 24� are ascribed to the characteristic peak of silicon diox-
ide. However, there were no more characteristic peaks of the reg-
ular crystallographic structure because the polymers show
amorphous structure [56,57]. In addition, the similar variation ten-
dency suggests that the structure of the membrane was not dam-
aged by the dip-coating process.

Fourier transform infrared spectroscopy was employed to
identify the functional groups of the membrane before and after
modification. As shown in Fig. 3(e), the adsorption peak at
1771 cm�1 corresponds to the ACONH stretching vibrations of
polyimide, indicating the successful imidization of ACOOH with
ANH2 in the PAA fibre. Compared to pristine polyimide
membrane, absorption peaks newly appeared at 3466, 2965,
1260, 1085, 795 cm�1, corresponding to the stretching vibration
of Si-OH (the end group of polydimethylsiloxane) [58], the
absorption peak of CAH, the symmetrical stretching vibration
(Vs) of Si-CH3 in the main chain, the asymmetrical stretching
vibration (Vas) of Si-O-Si (which is the connection part in the
monomers of polydimethylsiloxane) and the absorption peak of
Si-CH3 [59,60], respectively. All these characteristic peaks con-
firmed the presence of PDMS on the PI fibres. In addition, there
was no visible difference between the FTIR spectra of the
PDMS-PI membrane and of the PDMS/SNPs-PI membrane, due
to the similar chemical bonding of PDMS and SNPs.



Fig. 3. Characterization of PI, PDMS-PI and PDMS/SNPs-PI membrane. (a) EDS result of the PDMS/SNPs-PI membrane (insert table was the element composition of the PDMS/
SNPs-PI membrane). (b) XPS spectra, (c) XPS spectra of C 1s. (d) XRD spectra. (e) FTIR spectra.
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Based on the above results, the successful incorporation of the
PDMS and SNPs onto the PI surface was confirmed. Additionally,
the biomimetic structure and superhydrophobic surface were
formed after the modification.
3.2. Oleophilicity and hydrophobicity of PI membrane

The wettability of the material is a factor that significantly
influences the separation ability. Therefore, the surface wettability
of the as-prepared membrane was investigated comprehensively.
As shown in Fig. 4(a), the water droplet retained a spherical-
shape on the as-prepared membrane while the dichloromethane
was adsorbed immediately, revealing that water-resistance and
oil-absorption can be realized simultaneously. In addition, an n-
hexane droplet (5 mL) spread over the surface and then was
absorbed immediately (Fig. 4(b)) when contacted with the mem-
brane in air. In contrast, the water droplet can be fully detached
from the surface within two seconds without leaving any residual
water on the surface of the membrane (Fig. 4(c)), demonstrating
the superoleophilicity and the superhydrophobicity of the as-
fabricated membrane.

The underwater oleophilicity was another property that must
be examined because it can indicate the separation in the droplet
level. Hence, the underwater oil contact angle was measured by
employing dichloromethane, n-hexane, soybean oil and olive oil.
As shown in Fig. S3, all the examined types of oil were absorbed
by the membrane, especially for dichloromethane and n-hexane
(OCA < 20�). Similarly, the oil (dichloromethane droplet dyed by
oil red) was adsorbed by the membrane within four seconds once
the membrane was submerged in the water, suggesting the out-
standing underwater oleophilicity of the membrane (Fig. 4(d)).

Significantly, the sliding angle that is used measure the diffi-
culty of a water droplet rolling on the membrane, was introduced
to examine the superhydrophobicity of the membrane. As
displayed in Fig. 4(e), the advancing and receding contact angles
on the PDMS/SNPs-PI membranes were measured to be
approximately 147.08� and 137.83�, while the sliding angle of
the membrane was measured to be 9�, which is very close to the
difference between the advancing and receding contact angles
(±0.25�). This phenomenon implied that the water can roll off the
membrane easily and indicates the superhydrophobicity of the
membrane.
3.3. Separation performance

To test the efficiencies of the composite membrane in continu-
ous oil-water separation, a device consisting of two glass tube was
set up to realize gravity-driven separation. As shown in Fig. 5(a),
the mixture was poured into the upper glass, and the oil phase will
permeate through the membrane and be collected at a pre-
prepared beaker while the water is retained above the as-
prepared membrane. The time of oil’s permeation and the weight
of oil before and after the whole procedure were recorded
[61,62]. The separation efficiencies of dichloromethane, 1,2-
dichloroethane, trichloromethane, carbon tetrachloride,
bromobenzene-water mixture (50%, v/v) were calculated as
98.81 ± 0.00278%, 99.36 ± 0.0037%, 99.55 ± 0.0028%,
98.07 ± 0.011%, 98.40 ± 0.0033%, respectively (Fig. 5(b)).

Additionally, the recyclability was investigated with the mix-
ture of water and dichloromethane for 20 cycles. It was found that
the mixture was separated thoroughly with the average time of
44.7 s ± 1.8 s per cycles with the flux up to 4443.16 ± 70.03 L/
m2 h (Fig. 5(c)). The fluxes of 1,2-dichloroethane, trichloro-
methane, bromobenzene, carbon tetrachloride-water were 2441,
3500, 1800, 2040 L/m2 h, respectively, higher than most of the val-
ues in the reported work. The varied flux for different oil-water
mixtures may ascribed that different pressure on the membrane
arise from the different viscosity of the oil. Meanwhile, a high sep-
aration efficiency was obtained for all the used oil-water mixtures.
In confirmation of the outstanding separation performance of this
membrane, flux was chosen as the main factor in the comparison
in Fig. S4, all the other work listed were used the same kind of



Fig. 4. Images of the wettability measurement. (a) Image of water (dyed by Methyl blue) and oil (dyed by Oil red O) on the membrane surface at the same time. (b) Images of
n-Hexane dripped on the membrane surface in air. (c) Dynamic images of water pressed on and detached off the membrane surface. (d) Oil being adsorbed by the membrane
under water. (e) Images of 5 mL water droplet rolling off the membrane with the sliding angle = 9�.
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oil or oil with similar viscosity. For example, the membrane fabri-
cated by PDA/SiO2 coated cotton fabric, PRCM/PU coated stainless
steel mesh, APAN/Ag nanofibre membrane only shows flux values
of 4000, 3600, 3250 L/m2 h, respectively. Even though the flux of
this work was not the highest reported, it is still higher than in
many previous studies. Interestingly, it is important to mentioning
that the membrane maintained its surface morphology (Fig. S5)
even after 20 cycles of separation. The extraordinary recyclability
and high efficiency make the as-prepared membrane a promising
candidate for practical oil-water separation application.

3.4. Separation mechanism

Two wetting states were formed during the different stages of
the separation process, providing the connection between the
membrane surface structure and separation performance.

The Cassie-Baxter wetting state was first formed as the water
contacted the membrane [63]. Due to a thin layer of air bubble
occupying the grooves on the surface, the membrane exhibits
superhydrophobicity that can be characterized by the following
Eqs. (3) and (4):

cos hR ¼ f LS cos hS � f LA ð3Þ
f LSþf LA ¼ 1 ð4Þ
In Eqs. (3) and (4), hR, f LS,hS,f LA are the water contact angle in air

of the modified membrane, the ratio of the contact area between
water and solid to the total area of water on the solid surface,
water contact angle in air of the pristine PI membrane and the con-
tact fraction of liquid and air, respectively. The high f LS correspond
to high water contact angle, which means better hydrophobicity. In
this work, WCA of the PI, PDMS-PI, PDMS/SNPs-PI membrane were
77�, 134� and 155�, respectively. The high f LS correspond to high
water contact angle, which means better hydrophobicity. In this
work, WCA of the PI, PDMS-PI, PDMS/SNPs-PI membrane were
77�, 134� and 155�, respectively. The f LS of PDMS/SNPs-PI mem-
brane were calculated to be 0.323, higher than the f LS of PDMS-PI
membrane 0.249. Hence, we can conclude that the hydrophobicity
increased with the modification.

The Cassie-Baxter wetting state was destroyed, and the Wenzel
wetting state was formed as the water was added. In this state, the
air restored in the grooves starts to be repelled by the water [64],
and the wetting behaviour of the membrane can be explained by
the following equation:

cos h ¼ R cos h0 ð5Þ



Fig. 5. Separation test and performance evaluation. (a) Images of oil-water separation experiment. (b) Separation efficiency of different kinds of oil (n = 3). (c) Flux of 20
cycles (DCM-water, 50% v/v) (n = 3).
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where h is the water contact angle in air of the relatively rough
membrane, h0 is the water contact angle in air of the relatively
smooth membrane and R is the surface roughness factor (the ratio
of actual surface area to geometric projection area). The surface
roughness factor of PDMS/SNPs-PI membrane is 1.304 for h = 155�
and h0 = 134�, indicating that the actual contact area of liquid and
solid interface was large. This phenomenon may be induced by
the increase in the surface roughness that was due to the decoration
of silica nanoparticles (average size 7–40 nm). The surface rough-
ness was also an important factor affect the wettability and the sep-
aration performance. Therefore, the average surface roughness of
PDMS/SNPs-PI membrane was measured by white light interferom-
eter to be 2.025 mm (Fig. S6). The high surface roughness increased
the contact area of the oil and the membrane which was beneficial
for the separation performance.

Even though the contact area increased, the water was still
retained at the upper tube. The behaviour of oil was opposite to
that of the water, and the oils permeate through the membrane
without obstacles. Based on the aforementioned information, Dp,
the intrusion pressure from the liquid to the solid surface was
introduced as follows: [65]

Dp ¼ 2c
R

¼ � Lc cos h
A

ð6Þ

where Dp, c, R, L, h, A are the intrusion pressure, the surface tension,
the radius of the meniscus, the perimeter of the pore on the mem-
brane, the contact angle in air cross-section area and the cross-
section area of the pore on the membrane, respectively. The intru-
sion pressure of water > 0, indicating that the membrane can bear
the pressure induced by water. Conversely, the oil contact angle in
air was 5.7�, resulting the Dp < 0, so that the membrane cannot
bear the pressure induced by oil, leading to the permeation of oil.
The separation can be achieved when the oil permeates through
the membrane while the water was intercepted.
3.5. Stability and durability of composite PI membrane

The stability of the separation material was another parameter
that must be considered because the environment can be complex
in the real oil-water separation applications. Thus, a series of
experiments were designed to test the stability characteristics of
the membrane such as thermal stability and chemical stability
(including varied pH values and different chemicals exposure).
The change in the membrane weight as a function of temperature
was studied using TGA curves. As shown in Fig. 6(a), the composite
membrane had a weight loss of only 3% below 100 �C, which may
be attributed to the release of the water contained in the sample. It
is important to mention that only approximately 10% weight loss
was observed approximately 500 �C and the membrane retained
40% of its initial weight at 800 �C, suggesting the excellent thermal
stability of the as-fabricated membrane.

Moreover, WCA was measured at different pH values from 1 to
14 to study the stability of the membrane. The acid and alkaline
environment were obtained using either an HCl of an NaOH aque-
ous solutions. As shown in Fig. 6(b), the WCA values fluctuate
around the 150�, indicated the pH-stability of the hydrophobicity.
Furthermore, the chemical stability was studied by immersing the
membrane into ten kinds of solutions including n-hexane, acetone,
ether, toluene, chloroform, dimethyl sulphoxide, KCl (1 mol/L),
CaCl2 (1 mol/L), MgSO4 (1 mol/L), and ZnNO3 (1 mol/L) for 24 h



Fig. 6. Stability of the membrane. (a) TGA curves of PI membrane, PDMS/PI membrane and PDMS-SNPs/PI membrane. WCA measured (n = 3) at different temperature (b),
different pH values (c), after immersing into different solutions for 24 h (d).
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(Fig. 6(c)). Neither the organic solvent nor the inorganic salt solu-
tion changed the superhydrophobicity of the as-prepared mem-
brane, fully demonstrating the good chemical resistance of the
as-prepared membrane.

In addition to chemical stability, the mechanical property was
another factor that should be considered. The anti-abrasion test
was performed by a sliding membrane on the surface of sandpa-
pers (500, 1000, 2000 mesh) as a square (15 cm border side) with
100 g weight applied for 10 cycles. The images of the experiment
and surface morphologies before and after the abrasion test are
shown in Fig. S7. The abrasion of 2000 mesh sandpaper nearly
shows no influences on the surface morphology. However, the
membrane abraded by 500 mesh lost most of its frogspawn struc-
ture. Even though the nanofibres were subjected to different levels
of damages through destruction, the membrane still shows excel-
lent anti-abrasion property, further confirming that the membrane
was sufficiently stable for applications in various conditions.
4. Conclusion

In this work, a strategy was proposed to fabricated hierarchical
frogspawn-structure membrane by the combination of electro-
spinning technology and dip-coating method in order to solve oily
wastewater pollution purification problem. The easy preparation
process and energy-saving separation membrane paves the way
for massive production of functional membranes. The oil-water
mixture can be separated thoroughly without an additional energy
input and the recyclability together with the separation perfor-
mance of the membrane was well behaved. Furthermore, the
membrane is highly stable under complex environments, such as
acid, alkaline, and organic/inorganic solvent can be tolerant. All
these properties showed that superior to many membranes
reported in previous publications [66,67]. Our study suggests that
the obtain membrane may have versatile applications in water
purification, oil collection, and liquid separation, which remains a
key challenge in field of oily wastewater pollution.
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