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Abstract
The preparation of composite nanofibers often can make up for the shortage of single materials in the field of oil–water 
separation, including separation efficiency, mechanical properties and fine flexibility. The film materials prepared by 
doping inorganic nanoparticles have defects of poor stability and uneven dispersion of the fiber surface. In this paper, 
we prepared a novel polyvinylidene fluoride (PVDF) -polystyrene (PS) -cellulose acetate (CA) ternary mixture system 
membrane by electrospinning. Nanosized polystyrene in the spinning process uniformly gathers on the fiber surface by 
interlacing PVDF and CA to manipulate the microstructure of the fiber surface. PVDF is added to increase mechanical 
properties. Degradable CA is selected to promote pore formation and compatibility between the other two polymers. The 
composite membrane has high separation efficiency, high oil flux and superior mechanical properties as demonstrated 
by oil/water separation test and stress–strain test. The optimized oil flux reaches 1935.67 L h−1 m−2 only driven by grav-
ity of 0.73 kPa. Due to low energy consumption, excellent separation and more flexible regulation, this membrane may 
have great application value in industrial oil–water separation in the future.
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1  Introduction

Oil spills have occurred frequently historically [1], From the 
Gulf of Mexico oil spill to the Bohai Bay [2–4], every acci-
dent has caused tremendous economic losses and envi-
ronmental pollution, even threaten the entire marine life 
chain and human survival [5, 6]. Therefore, the handling 
of oil spills is critical [7, 8]. Traditional methods including 
gravity separation, slag removal, flotation, adsorption and 
biological treatment were used to deal with oil spills [4, 
9–13]. However, the commonly used methods have their 
own limits such as low efficiency, incomplete separation, 
high cost and cumbersome process [1, 14].

In recent years, with the development of interface sci-
ence and bionics, the researchers are eager to pursue 
materials that have opposite wettability to oil or water 
instead of traditional methods for oil–water separation 
[15]. The advantages of low cost and high separation effi-
ciency make polymer membranes widely explored and 
applied [2, 16, 17]. Furthermore, it has great application 
prospects in industrial separation under various envi-
ronments in handling marine leakage accidents [18, 19]. 
The surface energy, specific surface area and the surface 
roughness are three crucial constituents for the separation 
efficiency of the membrane and the rate of oil–water sepa-
ration [12]. Therefore, the choices of membrane substrate 
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and the preparation process tempt the above three condi-
tions to a tremendous extent.

The electrospinning process is simple in technology, 
low cost and can control the diameter of the fiber [20], 
from the nanometer to the micron level, the electrospun 
nanofiber material with a three-dimensional spatial struc-
ture not only has a small size and large specific surface area 
[21–23], but also has the characteristics of good mechani-
cal stability, small pore size, high porosity and outstand-
ing fiber continuity [24, 25]. Therefore, it is an aggressive 
approach to prepare the oil–water separation membrane 
by electrospinning technology [26]. Previously, electro-
spun membrane materials have been widely reported for 
oil–water separation [27–29]. Polymers such as polyacry-
lonitrile [7], polyvinylidene fluoride [30], polyethersul-
fone [31], polystyrene [2], polylactic acid [32], polycapro-
lactone [21], etc. have been used for electrospinning. In 
addition, it is a universal research direction to combine 
surface modification technology of fibers or addition of 
inorganic nanoparticles with electrospinning [21]. Ahmed 
et al. mixed PVDF and hexafluoropropylene for spinning 
to increase mechanical strength [33]; Arslan et al. reported 
electrospun cellulose acetate modified by perfluoroethox-
ysilane. Arslan et al. [24] It has also been reported that inor-
ganic nanoparticles were added to the spinning solution 
to increase mechanical strength. So for example, Obaid 
et al. [34] incorporated graphene oxide and silica nano-
particles into polysulfone; Liu et al. [32] reported that Ag 
nanoparticles were immobilized on polylactic acid fibers 
by dopamine. However, there are still many problems to 
be solved in the preparation of oil–water separation mem-
branes by electrospinning. It is difficult for the membrane 
composed of a pure material to meet various requirements 
of oil–water separation simultaneously, including stability, 
strength, and separation efficiency [35]. These inorganic 
nanoparticles are easily detached from the fibers by this 
heavy oil and it is inhomogeneous and uncontrollable 
between the dispersion and agglomeration of the fiber 
surface [16, 27]; Due to the precise fiber structure of elec-
trospinning, there may be plugging pores or broken fiber 
structures by the viscosity and high density of the oil. We 
may be able to make further improvements in two ways. 
First, exploration of new spinnable materials, second, the 
preparation of multi-component composite fibers, includ-
ing the compounding of between organic materials, the 
compounding of organic and inorganic materials and the 
compounding of between inorganic materials.

In this article, we fabricated a highly oleophilic and 
hydrophobic PVDF-PS-CA membrane that can separate 
oil–water mixtures only driven by gravity of 0.73  kPa. 
CA is considered to be a low-cost, green material with 
good biocompatibility and biodegradability and it is easy 
to form porous structure fibers and gain a high specific 

surface area [36]. PS is not directly involved in the forma-
tion of fibers, but as a “modified” material, forming very 
uniform organic nanoparticles about 10 nm on the sur-
face of the fibers, increasing roughness [37]. The optimum 
ratio of PS and CA has an enormous impact on separa-
tion performance, so we explored the most suitable ratio. 
One limitation of the PS-CA membrane is the reduction 
in fiber strength and poor reusability. PVDF was added to 
improve the mechanical properties and reusability [19, 
38, 39]. Finally, we obtained oil–water separation mem-
brane with high separation efficiency and high mechanical 
strength. Simultaneously, it has high oil flux only driven by 
gravity force. Undoubtedly this energy-saving and high-
efficiency separation material has promising potential for 
oil–water separation.

2 � Experimental

2.1 � Materials

Polystyrene (PS, Mw = 220,000 g/mol) and cellulose ace-
tate (CA, Mw = 30,000 g/mol, acetyl 39.8 wt%, hydroxyl 
3.5 wt%) were purchased from Aladdin Industrial Corpo-
ration; Polyvinylidene fluoride (PVDF, Mw = 1,200,000 g/
mol) was purchased from Dongguan Zhanyang Polymer 
Materials Co. Ltd; N, N-dimethylformamide (≥ 99.5%) and 
chloroform (≥ 99.0%) were purchased from Chengdu 
Cologne Chemical Co. Ltd. Sudan III and methylene blue 
also were purchased from Chengdu Cologne Chemical Co. 
Ltd. All chemicals were used as received without further 
purification.

2.2 � Preparation of PS‑CA and PVDF‑PS‑CA 
membrane

The PS-CA films were electrospun as follows: the concen-
tration of the spinning solution is set to 15%. Using DMF 
as a solvent for both polymers and the ratio of PS and 
CA was 3:7, 5:5 and 7:3 forming three different ratios of 
electrospun films named M-0-3/7, M-0-5/5 and M-0-7/3. 
The details as follows: taking the membrane M-0-3/7 as 
an example, 0.9 g of PS and 2.1 g of CA are dissolved in 
17 g of DMF in a conical flask placed on a magnetic stir-
rer 12 h at 30 °C. Then take 5 mL of the spinning solution 
in a disposable needle tube and spray it with a 22-gauge 
needle. The needle tube was clamped on the booster. 
Mental needle was connected to high voltage generator. 
Distance between the spinneret and collector was set to 
10 cm. Then adjust the electrospinning positive and nega-
tive voltage to 10 kV and − 5 kV to get the most stable and 
uniform Taylor cone and set humidity to 40%, temperature 
to 25 °C, spinning rate to 0.1 mL/h. Aluminum foil was cut 
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into 10 × 10 cm size and placed on the flat collector. After 
the spinning solution was completely sprayed, aluminum 
foil was taken out and dried in a vacuum oven at 60 °C for 
12 h. The ratio of PS to CA was changed and membranes 
M-0-5/5, M-0-7/3 were prepared as above method.

Likewise, we set the total spinning solution concentra-
tion to 15% to prepare PVDF-PS-CA solution. The ratio of 
PS to CA is fixed at 3:7. PVDF is added and its concentration 
is adjusted to 2.5 wt%, 5 wt%, 7.5 wt%, 10 wt%, 12.5 wt%, 
15 wt% getting 6 different ratios of membranes labeled as 
M-2.5-3/7, M-5-3/7, M-7.5-3/7, M-10-3/7, M-12.5-3/7 and 
M-15-0/0. The preparation method of the spinning solu-
tion and the electrospinning process are consistent with 
the PS-CA system. At the same concentration, we prepared 
a PVDF: CA ratio of 2:1 as a contrast experiment without PS. 
The preparation process of membranes is shown in Fig. 1. 
Information on all membranes is summarized in Table 1.

2.3 � Separation performance test

The oil absorption performance was measured using 
the ASTM F726-2012 sorbent sorption performance test 

method [40]. 10 g oil and 150 mL water were added to a 
200 mL beaker, and then 0.05 g of the membranes was 
gently placed in the chloroform-water mixture. After 5 min, 
the film was taken out with tweezers. The droplets sus-
pended outside the adsorbent were air-dried. The adsorp-
tion capacity is the ratio of the mass of the adsorbed oil to 
the mass of the dry film. The formula is as follows:

Qoil is the adsorption capacity (g/g) of the membrane, m0 
is the total mass (g) of the wet membrane after the mem-
brane is fully adsorbed, and m1 is the mass (g) of the dry 
membrane. The adsorption capacity of the nine different 
membranes was measured respectively.

The dried film was cut into a circular diaphragm with 
a diameter of 5 cm fixed in the middle of the separator. A 
measuring cylinder was used to weigh 75 mL chloroform 
and 75 mL water dyed with Sudan III and methylene blue 
respectively. The weighed chloroform and water were 
poured into a large beaker, 100 mL of the mixture was 
used as a separating solution, and another 50 mL was 

(1)Qoil =
m

0
−m

1

m
1

Fig. 1   Schematic illustration of electrospinning and oil–water separation

Table 1   Membrane information

Membrane M-0-3/7 M-0-5/5 M-0-7/3 M-2.5-3/7 M-5-3/7 M-7.5-3/7 M-10-3/7 M-12.5-3/7 M-15-0/0

PVDF (%) 0 0 0 2.5 5 7.50 10 12.50 15
PS (%) 4.50 7.50 10.50 3.75 3 2.25 1.50 0.75 0
CA (%) 10.50 7.50 4.50 8.75 7 5.25 3.50 1.75 0
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used as a replenishing solution. Stir oil–water mixture 
with a glass rod as evenly as possible while poured into 
the separator. First of all, quickly pour 100 mL of the mix-
ture and then continue to replenish the mixture as the 
oil was separated so that the liquid level above the sepa-
rator is kept at the same height, until all the mixture in 
the beaker was poured into the separator. The separation 
time from the beginning to the end is recorded. The oil 
flux is calculated by the following formula [21]:

Here, F is defined as the oil flux (L m−2 h−1); Q is the 
total volume (L) of the filtrate, A is the effective area of 
the membrane (m2); and t is the time (h) from the start 
to the end of the separation.

After the separation was completed, the filtrate was 
harvested and weighed. Calculate the oil–water separa-
tion efficiency applying the following formula [26]:

where E represents the oil–water separation efficiency (%), 
M0 is the mass (g) of the oil before separation, and M1 is the 
mass (g) of the filtrate after separation.

Then, the filtrate was sequentially distilled, and the 
mass of the residual water was promptly weighed. The 
water rejection R (%) was normalized using the following 
formula [10]:

Cf is the concentration of water in the mixture before sepa-
ration, and Cp is the concentration of water in the filtrate. 
All test data is summarized in Table 2.

(2)F =
Q

A ⋅ t

(3)E =
M

1

M
0

× 100%

(4)R =

(

1 −
Cp

Cf

)

× 100%

2.4 � Characterization

The microstructure and fiber diameter of nine different 
nanofiber membranes were observed via a scanning elec-
tron microscope (Hitachi S4800), and the fiber morphol-
ogy and the particle diameter attached to the fiber surface 
were obtained from the SEM image; The interface param-
eter integrated test system (KRVSS.DSA30S) was utilized to 
analyze the contact angle of the films. The pore size, pore 
volume and specific surface area of the membranes were 
examined by Brunauer–Emmett–Teller (Quantachrome iQ) 
on the result of nitrogen multilayer adsorption. BET curves 
are provided in support materials (Figures S1–S9). The 
computer controlled electronic universal testing machine 
(WDW-1000) was tested for stress–strain curves to charac-
terize the mechanical properties of the samples. The film 
materials were cut into a length of 10 cm, a width of 1 cm 
and a thickness of 0.1 mm rectangular strips clamped on 
the fixture for testing. The elemental composition of the 
fiber surface is analyzed by X-ray photoelectron spectrom-
eter (XPS, Escalab 250Xi).

3 � Results and discussion

3.1 � Surface morphology

Electrospinning is deemed as a facile method to fabricate 
porous-structured fibers with high surface area, uneven 
pore size and ultrafine fibers. The morphology and struc-
ture of the fibers were focused on the pore diameter which 
is intimately related to the oil flux of the membrane, the 
fiber diameter and the roughness of the fiber surface 
directly influencing the wettability of the membrane by 
SEM. It is obvious that the diameter of Fig. 2i is finer than 
other films. This may be due to the fact that the composite 
fiber has a higher interaction between the macromolecular 

Table 2   Membrane performance comparison

Membrane Pore 
diameter 
(nm)

Pore 
volume 
(cm2/g)

Surface 
area 
(m2/g)

Pressure (kPa) Oil adsorp-
tion capac-
ity

Water 
contact 
angle

Rejection (%) Separation 
efficiency 
(%)

Separation 
efficiency 
(L m−2 h−1)

M-0-3/7 1.618 0.088 27.620 0.73 16.42 128.64
M-0-5/5 1.618 0.059 16.890 0.73 7.71 121.48
M-0-7/3 1.616 0.035 8.660 0.73 6.42 122.86
M-2.5-3/7 1.615 0.028 16.186 0.73 14.28 124.29 98.8 98.5 942.36
M-5-3/7 1.617 0.025 16.816 0.73 13.12 126.44 99.2 99.1 1256.47
M-7.5-3/7 1.767 0.048 27.355 0.73 13.67 129.97 98.9 98.8 1404.31
M-10-3/7 2.148 0.135 78.321 0.73 32.4 133.05 99.5 99.4 1935.67
M-12.5-3/7 1.615 0.100 29.528 0.73 23.06 130.11 99.2 99.6 1302.18
M-15-0/0 1.617 0.018 7.276 0.73 9.68 132 98.4 98.1 394.6



Vol.:(0123456789)

SN Applied Sciences (2019) 1:797 | https://doi.org/10.1007/s42452-019-0805-9	 Research Article

chains than the single fiber, and the composite fiber is not 
easily pulled by the external force. Figure 2a–c don’t show 
significant changes under the observation of scanning 
electron microscopy. The Brunauer–Emmett–Teller test 
found that the pore size and specific surface area were 
different. As indicated by the red arrow in Fig. 2d, when 
the PVDF concentration is 2.5 wt%, the ridgelines of the 
two distinct protrusions can be distinctly observed. As 
shown in Fig. 2e, when the PVDF concentration increases 
to 5 wt%, the three distinct ridges marked by the red arrow 
can be noted and there are four at 7.5 wt% PVDF concen-
tration in Fig. 2f. The shape of wavy wrinkle is becoming 
more and more palpable with the increase of PVDF com-
ponents, which is a variation tendency of the fiber sur-
face from smooth to roughness. As shown in Fig. 2g–h, we 
clearly observed the surface of M-10-3/7 and M-12.5-3/7 
covered about 10 nm PS particles. Due to the rapid evapo-
ration of the solvent during electrospinning, not only the 
concentration of the polymer is continuously increased, 
but also the surface temperature of the fiber is rapidly 
lowered. The combination of the increase in concentration 

and the decrease in temperature causes the polymer solu-
tion to cross the two-node line from the steady state to the 
unsteady state to cause phase separation. A plausible for-
mation process of fibers is as follows. There are no chemi-
cal bonds between the three polymers and same macro-
molecule tends to form a solid phase. PS is easy to cluster 
together and forming nanoparticle structure. The solvent 
DMF phase and other polymer phases were separated. As 
further solvent volatilization, PS nanoparticle appears on 
the surface of the fiber. When the concentration of PVDF 
increased to 10 wt%, membrane M-10-3/7 exhibited a 
maximum roughness and even pores size ranging from 
25 nm to 50 nm in Fig. 2g. At 12.5 wt% PVDF concentra-
tion, the wrinkles of the fiber are significantly reduced, 
but it can still be seen that the nanospheres are evenly 
distributed on the surface of the fiber as marked in Fig. 2h.

As shown in Fig. 3, in order to determine that the main 
component of the nano-sized particles on the surface of 
the fiber is PS, we prepared a PVDF-CA blend membrane 
under the same spinning conditions as a control. The sur-
face of the control sample fiber is smooth, whereas the 

Fig. 2   SEM images of nine different ratios of membrane materials. 
a Membrane M-0-3/7; b membrane M-0-5/5; c membrane M-0-
7/3; d membrane M-2.5-3/7 (red dotted arrow indicates the wrin-
kles of the fiber); e membrane M-5-3/7 (red dotted arrow indicates 
the wrinkles of the fiber); f membrane M-7.5-3/7 (red dotted arrow 

indicates the wrinkles of the fiber); g membrane M-10-3/7 (red 
solid arrow indicates the pore diameter of the fiber); h membrane 
M-12.5-3/7 (red circle indicates PS nanospheres and yellow circle is 
the enlarged area); i membrane M-15-3/7
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surface of M-10-3/7 exists a rough structure formed by 
dense nanoparticles. In addition, XPS of M-12.5-3/7 and 
M-15-0/0 were tested to analyze the elemental composi-
tion of the fiber surface (Figure S10 and Table S1).

3.2 � Wettability of membranes

A high selective wettability to oil over water is a crucial fac-
tor for oil–water separation membranes [41]. Herein, the 
wettability of all films was characterized by static contact 
angle. An oil contact angle of near 0° was observed for 
all the membranes (Fig. 4a), where oil droplets can pen-
etrate into the membrane instantaneously. A maximum 
magnitude of hydrophobicity was achieved for membrane 
M-0-3/7 (Fig. 4b). This is attributed to the combined effects 
of fiber’s microstructure and the polymer component. CA 
is well recognized as a hydrophilic polymer. Theoretically, 

expansion of CA concentration increases the number 
of hydrophilic macromolecules that make up the fiber, 
but in the context of electrospinning, roughness of fiber 
surface plays a crucial role in the hydrophobicity of the 
membrane [42]. PVDF is embroiled in fiber formation as 
shown in Fig. 4c, as the PVDF concentration ranged from 
2.5 to 10 wt%, the static water contact angle demonstrated 
an upward trend. The hydrophobic nature of PVDF is the 
decisive factor for the increase of contact angle. When 
the PVDF concentration reaches 10 wt%, the water con-
tact angle achieved a maximum of 133°. The wettability 
mainly depends on the roughness of the fiber surface and 
the surface free energy. From the SEM image, we found 
that the roughness of M-12.5-3/7 is less than the rough-
ness of M-10-3/7. Evidently, the roughness dominates the 
wettability, so the membrane of M-12.5-3/7 has a small 
contact angle. M-15-0/0 is composed of PVDF entirely, 

Fig. 3   SEM images of M-10-3/7 
and control sample (absence of 
PS at the same concentration)

Fig. 4   a Static oil contact angle and water contact angle of nine different membrane materials, b three different ratios of oil contact angles 
for PS and CA. c Oil contact angle of membranes prepared with different PVDF concentrations
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and its composition is the main influencing factor. Due to 
the excellent hydrophobic properties of PVDF, the contact 
angle is further increased. The water contact angle of the 
pure PVDF film also reached 133°, which is almost identical 
to what is reported in other literature [43].

In order to demonstrate the hydrophobic properties 
in a kinetic manner, 50 μL of water droplet stained with 
methylene blue was dropped onto the membrane surface, 
and the spread area was observed with time. As shown in 
Fig. 5a–f, water droplet was changed from sphere to hemi-
sphere and then disappeared. After 10 h, the spread area 
of the residual methylene blue remaining on the mem-
brane did not change significantly compared with pristine 
contact area. The water droplet did not diffuse and pen-
etrate through the membrane, but evaporated into the air. 
The above phenomenon indicates that M-10-3/7 has the 
superiority of durable hydrophobicity. The stability primar-
ily benefits from the topography of the fiber surface, which 
is reflected in two aspects, including the PS microspheres 
anchored to the fiber surface and surface wrinkles and 
bulges, both of which are homologous to the nanostruc-
ture composed of the papillae and waxy substances on the 
surface of the lotus leaf. Barthlott and Neinhuis [44] This 
rough structure on the fiber surface was surrounded by air, 
so the gap between them can’t be filled with water, that 
being said, fiber surface and water droplets cannot fully 
contact due to air barrier. This phenomenon is consistent 
with “Cassie-Baxter regime”. [27] Fig. 5g shows the reverse 
digital photo of Fig. 5f without any trace of penetration 
only at a thickness of about 0.1 mm, further demonstrat-
ing the membrane’s resistance to water. Similarly, we took 

50 μL of chloroform dyed by Sudan III on M-10-3/7, and the 
oil droplets diffused into the membrane instantaneously 
Fig. 5h, indicating that the membrane has high-oleophilic 
properties, which provides a prerequisite for “oil passage”.

3.3 � Oil sorption capacity

The oil absorption capacity was measured to compare 
the affinity to oil. As shown in Fig. 6a, membrane M-0-3/7 
exhibited maximum oil absorption of 16.42 g/g. The high 
affinity of membrane M-0-3/7 was further verified from the 
spread area of an oil droplet. Typically, 50 μL chloroform 
stained by Sudan III was dropped onto the membrane sur-
face. The spread area is in the sequence of M-0-3/7 >M-0-
5/5 >M-0-7/3 (Fig. 7). This phenomenon is consistent with 
the oil absorption capacity. Hence, the optimum ratio of PS 
to CA is 3:7. Preparation of porous CA has been intensively 
investigated by electrospinning, which leads to a large 
specific surface area. [42] As shown in Table 2, the mem-
brane M-0-3/7 possessed the largest specific surface area 
of 27.620 m2/g. Moreover, the pore volume also reaches 
the maximum, indicating a larger contact area between 
oil and fiber when oil penetrates into the membranes. 
Therefore, high content of CA would improve the poros-
ity, specific surface area and high oil absorption simultane-
ously. As indicated in Fig. 6b, oil sorption capacity is similar 
for membrane M-2.5-3/7, M-5-3/7 and M-7.5-3/7 and the 
increase of PVDF content had little effect on oil sorption 
capacity. However, membrane M-10-3/7 gave a maximum 
oil sorption capacity when the PVDF content increased to 
10 wt%. This is attributed to the formation of dense pores 

Fig. 5   a–f Digital photos of a 50 μL water drop on the M-10-3/7 at different time periods; g the back of f; h digital photo of a 50 μL oil drop 
on the M-10-3/7



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:797 | https://doi.org/10.1007/s42452-019-0805-9

inside the fiber. In order to get more insight on the mem-
brane texture, N2 isotherms at 77 K were measured to 
calculate the specific surface area, pore volume and pore 
size distribution. As shown in Table 2, membrane M-10-3/7 
obtained the largest specific surface area, pore volume, 
and pore size, which were 78.321 m2/g, 0.135 cm2/g and 
2.148 nm, respectively.

3.4 � Separation performance of membranes

Above analysis indicates that PVDF-PS-CA membranes 
have a great potential for oil–water separation. For fur-
ther verification, oil flux and water rejection were tested. 
The membrane was cut into a disk-shape with diameter of 
5 cm and fixed between the funnel and conical flask. The 
effective filtration area is ~ 12.6 cm2. The thickness of the 
membrane was ~ 0.1 mm. A mixture of heavier oil (chloro-
form) dyed with Sudan III and water stained by methylene 
blue was poured into the funnel. As shown in Fig. 8a, the 
red oil was filtered to the flask, and the water was retained 
on top of the membrane. The driving force is only the grav-
ity calculated to be ~ 0.73 kPa. However, it should be noted 
that the PS-CA membranes were failed to test due to the 
low mechanical strength and severe swelling by oil. The oil 
flux of PVDF-PS-CA membranes was measured and shown 

in Fig. 8b. The oil flux increases gradually with PVDF con-
tent. A maximum value of 1935.67 L m−2 h−1 was achieved 
at 10 wt% PVDF loading. This can be explained by the 
increased porosity as evidenced by BET and SEM image 
shown above. The pure PVDF membrane showed an oil 
flux of 394.5 L m−2 h−1. Meanwhile, > 99% of the water was 
rejected by the PVDF-PS-CA membrane. The separation 
efficiency of all membranes is > 99% as shown in Fig. 8c. 
The high separation efficiency makes PVDF-PS-CA mem-
brane great potential for industrial application.

3.5 � Mechanical properties

The mechanical strength of the membrane is another 
important parameter for the practical application. Herein, 
stress–strain test was used to evaluate the mechani-
cal property of our membranes. From the trend of 
stress–strain in Fig. 9 and the data in Table 3, M-10-3/7 
achieved the highest tensile strength value of 10.22 MPa 
and the strain reached 39.2%. The tensile strength of 
M-0-3/7 without PVDF is only 4.78 MPa, indicating that 
the addition of PVDF improves the mechanical proper-
ties of the membrane material greatly; comparing the 
M-10-3/7 and M-15-0/0 curves, pure the PVDF membrane 
tensile strength reaches 10.07 MPa, which comes near to 

Fig. 6   a Three different ratios 
of oil sorption capacity for PS 
and CA. b Oil sorption capacity 
of membranes prepared with 
different PVDF concentrations

Fig. 7   Digital photos of 50 μL oil droplets spread on membranes a M-0-3/7, b M-0-5/5 and c M-0-7/3, respectively
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M-10-3/7; However, the tensile strain is only 4.78%, which 
is much smaller than the other two, because the addition 
of CA and PS increases the flexibility of the fiber. From 
stress–strain, oil flux, separation efficiency and testing con-
dition, comparing our work with other literatures reported 
in recent years, comprehensive performance of M-10-3/7 
is superior in all aspects as shown in Table 4.

3.6 � Oil–water separation mechanism

Figure 10 shows a plausible mechanism of oil–water sepa-
ration based on our PVDF-PS-CA membranes. Once the 
oil–water mixture contacts the membrane surface, the oil 
droplets would be quickly adsorbed and diffuse across the 
membrane due to the synergistic effects of gravity force 
and high affinity. The interconnected pores between the 
fibers and the nanopores within the fiber serve as a “high 
pathway” for oil diffusion. However, the adsorption or dif-
fusion of water would be rejected because of the highly 
hydrophobic property of PS nanoparticles. Water droplets 
are inferior due to the competitive adsorption with oil 
droplets on the membrane surface. Therefore, the water 
droplets were rejected and the oil droplets spread out as 
an “oil film” on the membrane surface. Three forces would 

Fig. 8   a Schematic diagram of oil–water separation of M-10-3/7 with water stained by methylene blue, chloroform stained by Sudan III. b Oil 
flux at different PVDF concentrations in PVDF-PS-CA system. c Separation efficiency of different PVDF concentrations in PVDF-PS-CA system

Fig. 9   Stress-strain curves of M-15-0/0, M-10-3/7 and M-0-3/7

Table 3   Tensile stress-tensile strain information of membranes

Membrane Tensile strain (%) Tensile 
stress 
(MPa)

M-0-3/7 39.35 4.78
M-10-3/7 39.2 10.22
M-15-0/0 4.78 10.07
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be applied on the water droplets, including upward buoy-
ancy, oil film repulsive force and downward gravity. The 
combined force of buoyancy and repulsive force is bigger 
than gravity. In the end, the small water droplets aggre-
gate together to form big water droplets and keep in the 
retentate side.

4 � Conclusions

PVDF-PS-CA membranes were successfully prepared 
by electrospinning for oil–water separation. The 
mechanical strength of the membranes was signifi-
cantly enhanced by blending PVDF, giving a maxi-
mum tensile stress of 10.22  MPa; the texture of the 

fibers was well manipulated by CA, enduring a high 
oil flux; superior hydrophobic property was achieved 
by forming 10 nm sized PS nanospheres on the fibers’ 
surface. The composition of the membrane was opti-
mized to achieve efficient oil/water separation. Typi-
cally, the membrane M-10-3/7 consisting of 10  wt% 
PVDF, 1.5 wt% PS and 3.5 wt% CA exhibited an oil flux 
as high as 1935.67 L m−2 h−1 only driven by the grav-
ity force of 0.73 kPa and an oil–water separation effi-
ciency of 99.4%. The high mechanical strength together 
with the high separation performance would pave the 
way of PVDF-PS-CA membranes for industrial oil/water 
separation.
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Science Foundation of China (No. 21573174).

Table 4   Comparision between recently reported membranes

Membrane Tensile strain (%) Tensile stress 
(MPa)

Separated com-
pound

Testing condition 
(kPa)

Oil flux 
(L m−2 h−1)

Separation 
efficiency 
(%)

Refs.

Polyacrylonitrile 
nanofibers

Unknown Unknown 1,2-dibromoe-
thane

Gravity-driven 1061.1 Efficient [10]

2D heterostruc-
ture

Unknown Unknown Oil 10 About 600 A bout 99 [20]

Polycaprolac-
tone/beeswax

40 6.5 Petrol Gravity-driven 1599 98.6 [21]

Polycaprolac-
tone/beeswax

40 6.5 Diesel Gravity-driven 1066 98.8 [21]

Polycaprolac-
tone/beeswax

40 6.5 Kerosene Gravity-driven 1492 97.9 [21]

Carbon–silica 
composite 
nanofibrous

Unknown Unknown Isooctane Gravity-driven 1719.1 ± 36.2 Efficient [23]

Hierarchical TiO2 
nanotubes

Unknown Unknown Petroleum Gravity-driven 311–1357 97.2–99.4 [9]

Polyurethane/
silica composite

26 0.78 Different oils 5 428–800 Above 99.0 [45]

This work (M-10-
3/7)

39.2 10.22 Chloroform Gravity-driven 
(about 0.73)

1935.67 99.4 This study

Fig. 10   Schematic diagram 
illustrating the plausible oil–
water separation mechanism
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