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Abstract
A polyurethane membrane with interlayer channels was developed through electrospinning to separate oily sewage. To 
enhance its hydrophilicity, hydrophilic silica particles were grafted onto the fiber surface, creating a rough surface. This 
was done by treating the membrane with oxygen plasma to generate active sites, which were then coupled with 3-amino-
propyltriethoxysilane, followed by adding the membrane to a hydrolytic solution of tetraethyl orthosilicate. The resultant 
membrane had a low water contact angle of 23.3° and excellent underwater oleophobicity, with a high-underwater oil contact 
angle (varied from 155.9 to 159.7°) and underwater oil sliding angle (ranged from 4.0 to 4.6°) for different types of oils. 
In addition, the prepared membrane had a good moisture-evaporation rate (4.2 g/h) and water-absorption capacity (273%). 
It is also oil-resistant and self-cleaning in water, and could efficiently separating oil-in-water emulsion under gravity, with 
an initial separation flux of 2864 L/m2/h. During cyclic separation of emulsion, the membrane had the oil-retention rate of 
more than 99.0%, and the final separation flux of the membrane was maintained at 25 L/m2/h.

Keywords  Polyurethane fiber membrane · Silica graft modification · Superhydrophilic surface · Oil resistance · Oil-in-
water emulsion separation

1  Introduction

The treatment of oily wastewater has been a challenging 
task in recent times [1, 2]. However, the advancement of 
membrane separation technology has made it possible to 
effectively and cost-efficiently treat and purify these kinds 
of wastewater at a large scale [3–5]. This technology is based 
on the difference in interface between water and oil on the 
membrane surface. Two-dimensional (2D) laminated mem-
branes fabricated by electrospinning have been proposed 
for oil–water separation due to their crosslinked fibers and 
interlayer channels [6, 7]. These fluid channels have great 
potential for oil–water separation as they can break through 
the limitation of the membrane pore size [8, 9]. However, the 
sieving performance can be compromised due to oil contam-
ination during the separation process, resulting in a decrease 

in the filter membrane’s service time due to a drop in sepa-
ration flux and efficiency [10, 11]. To address this, surface 
modification methods such as chemical deposition, interface 
aggregation, surface grafting and layer-by-layer assembly 
have been used to construct hydrophilic surfaces on the 2D 
laminar membrane, incorporating a range of biopolymers, 
ceramic and inorganic nanomaterials [12–14]. In particular, 
the hydrophilic membrane has been characterized by its low-
operating pressure, high filtration flux and good-antifouling 
performance, which is mainly attributed to the surface struc-
ture and chemical composition of the material [15–17].

To improve the antifouling capability of the electro-
spun membrane, low-temperature plasma technology has 
been employed to modify various types of materials due 
to its simple fabrication method and ideal modification 
of all surfaces without altering their bulk physical prop-
erties [18–20]. The surface can be modified by plasma 
treatment to create active sites, in some cases, even rough 
surfaces can be formed due to the etching effect of the 
process [21, 22]. However, the surface modification by 
the plasma treatment is time-sensitive and the wettability 
may be lost due to the active groups flipping to the inner 
side of the molecular chain [23, 24]. The introduction of 
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functional groups through chemical reactions was used 
to achieve a lasting alteration of the membrane, creat-
ing a covalent bond between the grafting chain segment 
and the membrane surface [25–27]. Moreover, the pres-
ence of hydrophilic groups forming hydrogen bonds with 
water molecules weakened the hydrophobic effect of the 
pollutants and the membrane surface [28, 29]. Chemical 
modification and the formation of multi-level structures 
on the membrane surface resulted in a unique wetting of 
the membrane, thereby increasing the antifouling property, 
permeate flux, and separation efficiency [30, 31].

Previously, electrospun polyurethane (PU) membranes 
were modified to be hydrophobic and used for the separa-
tion of oil–water mixtures [32]. However, this preparation 
process was often time-consuming and required harsh con-
ditions such as high temperature or pressure [33]. In addi-
tion, hydrophobic membranes were lipophilic and prone to 
contamination by oil, thus reducing the service life of the 
membranes in oil–water separation [34, 35]. Nowadays, a 
membrane with a porous structure, a rough surface, and 
a hydrophilic epidermis can be fabricated through plasma 
treatment, silane coupling, and silica grafting at ambient 
temperature in combination with ultrasonication. This 
prepared membrane displays remarkable hydrophilicity, 
with a low water contact angle (WCA), a high moisture-
evaporation rate, and a high water-absorption capacity. In 
addition, owing to its excellent underwater oleophobicity 
to various oils, the membrane has a high resistance and 
low adhesion to oils. Based on the sieving effect of the 
pore channels and the repulsion of water on the membrane 
surface to the oil droplets, the resultant membrane can be 

used to efficiently separate oil-in-water emulsion under 
gravity.

2 � Experiment Section

2.1 � Materials

Polyurethane (PU, Elastollan 1190A10) was procured from 
BASF Polyurethane Co., Ltd. Dimethylformamide (DMF, 
AR, 99.5%), butyl acetate (BuAc, ACS,  ≥ 99.5%), 3-amino-
propyltriethoxysilane (APTES, 98%), tetraethyl orthosilicate 
(TEOS, 98%), ethanol (AR, 99.7%), sodium dodecyl ben-
zene sulfonate (SDBS, AR, 90%), ammonia solution (AR, 
25%), dichloromethane (AR, 99.5%), carbon tetrachloride 
(98%), bromobenzene (AR, 98%), nitrobenzene (99%), pea-
nut oil, and oil red O were acquired from various suppliers 
for use in the experiment. Oxygen (O2, 99.5%) was sourced 
from Yancheng Guangyuan Gas Co., Ltd. Deionized water 
was utilized for the preparation of all aqueous solutions.

2.2 � Plasma Treatment on PU Fiber Membrane

A PU fiber membrane was electrospun with an average 
fiber diameter of 878 nm, as previously described [36]. The 
membrane was then subjected to a low-temperature plasma 
treatment in a plasma modification processor (HD-1A/B, 
China). The membrane was placed between two parallel 
electrodes in a metallic chamber, which was evacuated to a 
base pressure of 40 Pa and then oxygen (O2) gas was intro-
duced at a flow rate of 500 sccm. Figure 1a illustrated that 

Fig. 1   Schematic illustration of the fabrication process for the superhydrophilic membrane
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the membrane was exposed to the plasma treatment for a 
duration of 120 s while the output power was set to 100 W.

2.3 � Hydrophilic Modification

The pre-treated membrane was immersed in a solution of 
0.01 M 3-aminopropyltriethoxysilane (APTES) in a mixture 
of ethanol and water (1:2, v:v) and ultrasonicated for 30 min 
at an ambient temperature of (25 ± 5) ℃, to promote the cou-
pling of APTES and the membrane (Fig. 1b). Subsequently, 
the membrane was incorporated into a solution of tetraethyl 
orthosilicate (TEOS), water, and ethanol in a proportion of 
1:2:4, and ultrasonicated for 30 min at an ambient tempera-
ture of (25 ± 5) ℃ under a pH of 9–10, to produce a super-
hydrophilic membrane (Fig. 1c).

2.4 � Characterization

The contact angle (CA) was measured using a JCY-4 contact 
angle meter, while the sliding angle (SA) was determined by 
a tilting stage method [37]. The rate of moisture evaporation 
(Ev, g/h) was estimated by the slope of the time–evaporation 
curve until it reached a plateau [38]. The water-absorption 
rate (ϕ, %) was implemented according to the GB/T 
21655.1–2023 standard test method and calculated using the 
equation: � =

m
w
−m

m
× 100 , where � was the water-absorp-

tion rate of the membrane, mw and m were the masses of the 
absorbed-water membrane and dried membrane, respec-
tively. The morphology and elemental mapping were inves-
tigated using a field emission scanning electron microscope 
(FE-SEM, Nova NanoSEM 450, USA) with an energy dis-
persive X-ray spectroscopy (EDS). The infrared spectrum of 
the membrane was obtained using a Fourier transform infra-
red spectrometer (FTIR, NEXUF-670, USA). The surface 
element composition was further analyzed by an X-ray pho-
toelectron spectrometer (XPS, EscaLab 250Xi, China). The 
value of root-mean square roughness (Rq) was determined 
using an atomic force microscopy (AFM, SPM-9700, Japan). 
The fiber diameter distribution of membrane and the particle 
size of silica were counted by Image J software through the 
SEM image of the membrane. The thickness of the mem-
brane was measured from cross section in the SEM image. 
The pore size distribution and porosity of the membrane 
were surveyed using a mercury porosimeter (MIP, Autopore 
9600, USA). And the content of silica grafted on the mem-
brane was measured by the equation: C

s
=

m
S
−m

A

m
T
+m

S
−m

A

× 100 , 
where Cs (%) was the content of the silica grafted onto the 
membrane, mS (g) was the weight of the membrane grafted 
with silica, mA (g) was the weight of the membrane coupled 
with APTES, and mT (g) was the weight of silica synthesized 
by the hydrolysis and condensation of TEOS. The morphol-
ogy of the emulsion and filtrate was observed by the optical 

microscope, and the particle size distribution of the emulsi-
fied oil was determined using Image J software. In addition, 
the water flux (J, L/m2/h) was calculated by measuring the 
volume of water collected under gravity over a fixed period 
of time [26]. This was done using the formula: J =

V

A⋅t
 , 

where V was the volume of water collected by the mem-
brane, A was the effective permeation area (1.767 × 10−4 m2), 
and t was the permeation time. The oil-retention rate (R, %) 
can be calculated by the formula: R =

(

1 −
C
f

C
0

)

× 100 , 
where Cf and C0 are the oil content in the filtrate and the feed 
emulsions, respectively. And oil content in the separated 
filtrate was detected by the UV–vis spectrophotometer [39].

3 � Results and Discussion

3.1 � The Hydrophilicity of the Fiber Membrane

The initial WCA of the electrospun PU membrane was 
132.8°, and the water droplet penetrated the membrane 
under the gravity effect of the water drop and the polar 
effect of the PU soft segment (Fig. 2a I) [40]. To improve 
the hydrophilicity of the membrane, low-temperature 
plasma treatment acted on the surface of the membrane, the 
water droplet could penetrate the membrane of the initial 
WCA of 37.2° in 1 s, as shown in Fig. 2a II. Meanwhile, 
the underwater oil contact angle (UOCA) increased from 
20.6 to 150.4° after the plasma treatment of oxygen (O2) in 
Fig. 2b I–II. Moreover, the moisture-evaporation rate (Ev) 
and water-absorption rate (∅) of the plasma-treated mem-
brane increased from 0.12 g/h to 0.27 g/h and from 359 
to 519%, respectively (Fig. 2c, d I–II). Compared with the 
morphology of the electrospun PU fiber surface, the surface 
of the fiber treated by the plasma did not change evidently, 
and the surface was also smooth, it meant that the plasma 
with O2 at 100 W in 120 s did not etch the fiber surface 
(Fig. 3a, b) [21]. To achieve the desired and lasting special 
wettability, APTES as the coupling agent was wrapped on 
the fiber surface [41], and the fibers were in an adhesive 
state (Fig. 3c). With the wrapping of APTES, the hydro-
philicity of the membrane decreased obviously (the initial 
WCA of the membrane increased to 118.3°, Fig. 2a III), 
meanwhile, the membrane lost the underwater superoleo-
phobicity (UOCA dropped to 148.8°, below 150°, Fig. 2b 
III). Furthermore, the moisture-evaporation rate and water-
absorption capacity of the membrane declined obviously (Ev 
decreased to 0.15 g/h and ∅ declined to 218%, Fig. 2c, d 
III). And then the hydrophilic silica particles (SiO2) were 
synthesized by sol–gel method during the hydrolysis and 
condensation of TEOS and aggregated on the fiber surface, 
as shown in Fig. 3d. In addition, it could be found that the 
average fiber diameter of the SiO2/PU membrane increased 
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slightly from 790 to 828 nm compared to the electrospun 
PU membrane (Fig. S1). Furthermore, the thickness of the 
membrane has no further significant improvement, and the 
thickness of electrospun PU membrane and SiO2/PU mem-
brane were 85.998 ± 5.876  μm and 91.431 ± 3.250  μm, 
respectively, based on the cross section in the SEM image 
(Fig. S2). The hydrophilicity of the membrane was promoted 
with the decrease of the initial WCA (23.3°, Fig. 2a IV), and 
the UOCA increased to 159.2° (Fig. 2b IV). Simultaneously, 
the membrane also exhibited an extremely high moisture-
evaporation rate (0.42 g/h, Fig. 2c IV). The water-absorp-
tion capacity of the membrane grafted with SiO2 was much 
greater than that of the membrane wrapped with APTES, 
reaching 273%. The corresponding data for water-absorp-
tion rate of the membranes under different treatments were 

shown in Table S1. On the other hand, the water-absorption 
capacity of the membrane grafted with SiO2 was drastically 
lower than that of the untreated membrane, as displayed in 
Fig. 2d IV.

To further investigate the reason for the change in the 
wettability of the membrane, the surface chemical com-
position was surveyed by XPS, FTIR and EDS analysis. 
Figure 4a depicted the elemental changes of the mem-
brane with different treatments in the XPS. Compared with 
electrospun PU membrane, the XPS spectra of the plasma 
treatment membrane revealed characteristic peaks of O1s 
shifted from 532.24 to 532.74 eV, indicating a conversion 
from –CH2CH2C(O)O– to –CH2CHOH– (Fig. S3b I–II). 
After the plasma treatment with O2, the peak of hydroxyl 
group (–OH) at 3670/cm was displayed in the FTIR spectra 

Fig. 2   (a) The dynamic process of water droplets (4 μL) in air pene-
trating the membranes, (b) the underwater oil contact angle (UOCA), 
(c) variation in the moisture evaporation as a function of time, and 

(d) the water-absorption rate of the membranes under different 
treatments: (I) electrospinning, (II) plasma treatment with O2, (III) 
wrapped with APTES, and (IV) grafted with SiO2
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(Fig. 4b I–II, it indicated that the plasma generated by the 
O2 created the hydrophilic active site on the PU molecular 
chain [42]. With the treatment of APTES, it could be found 
the characteristic peak at 399.20 eV (N1s) correspond-
ing to –CH2CH2CH2NH– (Fig. S3a III). Furthermore, the 
intensity of O1s shifted to 532.49 eV with a correspond-
ing molecular formula of (–Si(CH3)2O–)n (Fig. S3b III). 
In addition, the presence of Si2s (153.20 eV) and Si2p 
(102.40 eV, Fig. 4a III and Fig. S3c III) peaks, which 
are indicative of (–Si(CH3)2O–)n and (–Si(CH3)2O–)n, 
were also detected in the XPS spectra. Besides, the EDS 
analysis of the fibers depicted the occurrence of Si ele-
ment (Fig. S4a, b and Fig. 4c), and the elemental map-
ping of the membrane treated by APTES exhibited that 
the Si element could be found all over the fiber surface 
(Fig. 4d). This suggested that APTES was successfully 
coupled to the membrane’s fiber surface [43]. Neverthe-
less, the characteristic peak of –OH group was disappeared 
in the FTIR spectra, yet the stretching absorption peak of 
N–H was still present at 3315/cm, moreover, the groups 
of silane-hydrolysis products (e.g., Si–OH and Si–O–Si) 
were not observed (Fig. 4b III). It explained the decline 
in hydrophilicity after the coupling of APTES, due to loss 
of the hydrophilic groups and the absence of hydrolysis to 
produce new hydrophilic groups [44]. In addition, when 
SiO2 particles gathered on the fiber surface, the N1s XPS 
spectrum showed overlapping peaks (Fig. S3a IV), which 
included –CH2CH2CH2NH– (399.40 eV) and (-C(O)NH-)
n (401.10 eV) molecular formulas. Meanwhile, the fea-
ture of O1s was slightly shifted (532.40 eV, Fig. S3b IV). 
Combined with the apparent change in the characteristic 
peak of Si2p (103.00 eV, Fig. 4a IV and Fig. S3c IV), 

the molecular formula corresponding to the elements of 
O and Si was converted to SiO2, which was consistent 
with the result of FTIR spectrum, and the characteristic 
peaks of Si–OH group and Si–O-Si group appeared at 956/
cm and 790/cm, respectively, as shown in Fig. 4b IV. On 
the other hand, the Si element of the membrane grafted 
with SiO2 was significantly increased from 1.46 to 4.88% 
(Fig. S4c), moreover, the roughness (Rq) of the fiber sur-
face was significantly increased from 142 to 476 nm due to 
the presence of SiO2 particles (Fig. 5e, f). Consequently, 
the hydrophilic epidermis conferred by Si–OH group and 
the rough surface agglomerated by the SiO2 particles 
endowed the superhydrophilicity to the membrane (SiO2/
PU membrane) [35, 45]. The particle size and content of 
the SiO2 grafted onto the membrane were investigated by 
controlling the amount of NH4OH during the synthesis of 
SiO2 by the hydrolysis and condensation of TEOS. The 
particle size of SiO2 was counted from the SEM images 
(Fig. 6a–c). As depicted in Fig. 6d, e, with the increase of 
the amount of NH4OH, the average particle size of SiO2 
increased from 329 to 538 nm, meanwhile, the content of 
SiO2 increased from 2.8 to 4.2%. Furthermore, the parti-
cle size and content of SiO2 grafted onto the membrane 
would not directly affect the hydrophilicity and underwater 
oleophobicity of the membrane. As shown in Fig. 6a, c, 
smaller and less SiO2 grafted on the fiber surface of the 
membrane, or more and larger SiO2 filled in the pore chan-
nel of the membrane were not conducive to the improve-
ment of the hydrophilicity and underwater oleophilicity 
of the membrane. Only if the fiber surface of the mem-
brane was grafted more and bigger SiO2 (Fig. 6b), the 
WCA of the membrane was lower than 30° (27.3°), and the 

Fig. 3   FE-SEM images of the 
membranes under different 
treatments: (a) electrospinning, 
(b) plasma treatment with O2, 
(c) wrapped with APTES, and 
(d) grafted with SiO2
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Fig. 4   (a) XPS and (b) FTIR spectra of the membranes under differ-
ent treatments: (I) electrospinning, (II) under plasma treatment with 
O2, (III) coupled with APTES, and (IV) grafted with SiO2, (c) EDS 

analysis, and (d) the elemental mapping images of the membrane 
coupled with APTES

Fig. 5   AFM images of (a) electrospun membrane and (b) SiO2/PU membrane
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UOCA was higher than 150° (153.1°), and the membrane 
became superhydrophilic and underwater superolehydro-
pilic (Fig. 6f).

3.2 � The Underwater Olephobicity of SiO2/PU 
Membrane

The prepared membrane had exhibited extreme olephobicity 
to dichloromethane under water with the UOCA of 159.2° in 
Fig. 2b IV. Simultaneously, as the dichloromethane droplet 
(8 μL) was squeezed by the needle, the droplet remained sub-
circular and did not penetrate the membrane, and then when 
the droplet was lifted, the droplet moved with the needle, 
indicating that the droplet would not adhere to the membrane 
in the water (Fig. 7a) [15]. Meanwhile, the dichloromethane 
(dyed with oil red O) could be rolled over the surface of the 
membrane immersed in the water, it inferred the low adhe-
sion of the membrane to the oil in the water [5]. Although 
dichloromethane does not belong to oil, it would obviously 
contaminate the membrane material if the membrane was 
not super hydrophilic and underwater super oleophobic. 
As shown in Fig. S5, dichloromethane would adhere to the 
water-wetted membrane (Fig. S5a), and it could be found 
that dichloromethane would contaminate the membrane 
when the membrane was removed from the water (Fig. S5b). 
In addition, most oils have a lower density than water, and 
when these oils contacted with the membrane immersed in 
water, these oils would float up under the effect of buoyancy, 

which made it difficult to accurately reflect the underwater 
oleophobicity of the membrane. Therefore, dichloromethane 
was utilized to describe the underwater super oleophobicity 
by the rolling over the surface of the membrane immersed 
in water, as displayed in Video S1 and Fig. 7b. Moreover, 
SiO2/PU membrane possessed underwater superoleophobic-
ity to different kinds of oils, including dichloromethane, car-
bon tetrachloride, bromobenzene and nitrobenzene, and the 
UOCA of these oils varied from 155.9 to 159.7° (Fig. 7c). 
In addition, the underwater oil sliding angle (UOSA) of the 
membrane to these oils was investigated in the ddddddx. 7d, 
the UOSA of the oils were below 10° and remained between 
4.0 and 4.6°, denominating that the oils with higher density 
than water could roll on the surface of the membrane [46]. 
Furthermore, as depicted in Video S2, the prewetted-SiO2/
PU membrane immersed in peanut oil showed no absorption 
of the substance, and the peanut oil dropped from the mem-
brane surface (Fig. 8a). In addition, the membrane surface 
was not sticky after being washed with water, and the peanut 
oil was escaped from the membrane surface in the water 
(Fig. 8b). These suggested that the underwater self-cleaning 
property of SiO2/PU membrane [37]. When the prewetted-
SiO2/PU membrane contaminated by motor oil was put into 
water, the oil spots quickly decreased in size and formed into 
spherical droplets, and the oil spots floated quickly in the 
water from the membrane surface (Fig. 8c, d and Video S3), 
illustrating that the fouling resistance of SiO2/PU membrane 
to oil-in-water [47].

Fig. 6   The FE-SEM images of the membrane grafted with SiO2 syn-
thesized at different amounts of NH4OH: (a) 0.05  mL, (b) 0.1  mL 
and (c) 0.2 mL, (d) particle size and (e) content of SiO2 synthesized 
at different amounts of NH4OH: (I) 0.05 mL, (II) 0.1 mL, and (III) 

0.2 mL, (f) WCA and UOCA of the membrane grafted with SiO2 syn-
thesized at different amounts of NH4OH: (I) 0.05  mL, (II) 0.1  mL, 
and (III) 0.2 mL
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3.3 � Oil‑In‑Water Emulsion Separation of SiO2/PU 
Membrane

Due to its special wettability (including superhydrophi-
licity and underwater superoleophobicity), the SiO2/PU 
membrane has excellent resistance to oil contamination 
and self-cleaning properties in water, making it a poten-
tial solution for treating oil wastewater, especially oil-in-
water emulsions, which are difficult to separate due to the 
oil being distributed in the form of small droplets [48]. 
As seen in Fig. 9a and Video S4, the peanut oil-in-water 
emulsion (2:100 by volume) prepared with anionic sur-
factant (SDBS, 1.2 mmol/L) was separated by the SiO2/
PU membrane under the influence of gravity. The emul-
sion was milky white and turbid and contained numerous 
oil droplets when observed under an optical microscope 

(Fig. 9b). The size of the oil droplets ranged from 2.172 
to 15.709 µm (Fig. 9c), which was larger than the pore 
size of the SiO2/PU membrane (mean of 1.202 µm, Fig. 
S6b). The sieving effect of the pore channels caused the 
oil droplets’ interfacial membrane to be destabilized by 
the squeezing or cutting of the fibers in the membrane [9], 
leading to the aggregation of the droplets into larger ones 
[49]. The water’s repulsion on the surface of the SiO2/PU 
membrane to the oil droplets prevented them from pen-
etrating the membrane [17]. However, for electrospun-PU 
membranes with an average pore size of 3.417 µm, emul-
sified oils distributed in the aqueous phase with smaller 
particle sizes will permeate through the membrane with 
the water (Fig. S6a). When the membrane was grafted 
with SiO2, the pore size was significantly reduced and 
the porosity decreased from 70.55 to 63.14% (Fig. S7), 

Fig. 7   (a) Photograph of dichloromethane being squeezed and lifted 
on the membrane in water, (b) photograph of dichloromethane (dyed 
with oil red O) rolled over the surface of the membrane immersed in 
water (c) underwater oil contact angle (UWOCA), and (d) underwater 

oil sliding angle (UOSA) of the membrane to the different kinds of 
oils: (I) dichloromethane, (II) carbon tetrachloride, (III) bromoben-
zene, and (IV) nitrobenzene
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resulting in a decrease in the water-absorption rate. After 
membrane separation, the transparent filtrate was obtained 
and it was difficult to observe the oil droplets in the filtrate 

(Fig. 9d, e). The variation in separation flux through the 
membrane to separate oil-in-water emulsion as a function 
of separation time over a cycle of 30 min was depicted in 

Fig. 8   The fouling resistance of 
the membrane to peanut oil (a, 
b) and motor oil (c, d) in water

Fig. 9   (a) Photo of the oil-in-water emulsion separation with the 
membrane under gravity, (b) photo of the emulsion before the mem-
brane separation, (c) photo of the filter after the membrane separa-

tion, (d) optical-microscope photograph, and (e) oil-droplet size of 
the emulsion before the membrane separation, and (e) optical-micro-
scope photograph of the filter after the membrane separation
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Fig. 10a. Under the influence of gravity, the separation of 
oil-in-water emulsion gradually slowed down, indicated by 
the gradual decrease of the separation flux with time. This 
was due to the reduced effect of gravity as the emulsion 
height decreased [50], and the oil droplets adhering to the 
surface of the membrane made it difficult for the water to 
penetrate the pore channels of the membrane [51]. And the 
separation time for the oil-in-water emulsion have been 
increased to 1500 min (50 cycles, Fig. 10b), the initial 
separation flux varied from 2546 to 2864 L/m2/h, and the 
final separation flux was maintained at 25 L/m2/h. Further-
more, the stability study of the membrane was investigated 
by the oil-retention rate and UOCA at different separation 
cycles. Even after 50 cycles of membrane separation, the 
oil-retention rate of the membrane for the peanut oil-in-
water emulusion remained higher than 99.0% (Fig. 10c). 
Simultaneously, the membrane still exhibited underwater 
superoleophobicity with the UOCA fluctuating between 
152.5 and 154.7° after the cyclic separation (Fig. 10d).

4 � Conclusion

In summary, the electrospun PU membrane was treated with 
oxygen plasma to introduce active sites (–OH groups), then 
the fibers were coupled with APTES to make them adhesive. 
This allowed for the clustering of hydrophilic silica particles 
on the fiber surface, forming a rough structure and a hydro-
philic epidermis to create a superhydrophilic membrane. 
The initial WCA of the resultant membrane was 23.3°, and 
the membrane had a moisture-evaporation rate of 0.42 g/h 
and a water-absorption capacity of 273%. In addition, it 
showed excellent underwater oleophobicity, with oil drop-
let not adhering to the membrane in water. Furthermore, the 
membrane had a UOCA of 155.9 to 159.7° and a UOSA of 
4.0 to 4.6° for different oils, meaning that oils with higher 
density than water could roll on the surface of the membrane 
in water. The prepared membrane was found to be highly 
resistant to oil and was able to self-clean when immersed in 
water. The oil-in-water emulsion with oil-droplet sizes above 

Fig. 10   Separation flux through the membrane to separate oil-in-
water emulsion during (a) 30  min (1 cycle) and (b) 1500  min (50 
cycles), (c) oil-retention rate of the membrane for the separation of 

oil-in-water emulsion at different cycles, and (d) UOCA of the mem-
brane after the separation of oil-in-water emulsion at different cycles



1633Fibers and Polymers (2024) 25:1623–1634	

2.172 µm, when prepared with anionic surfactant, can be 
separated from the aqueous phase by the superhydrophilic 
membrane under gravity. During the cyclic separation of 
the membbrane for the oil-in-water emulsion (50 cycles), 
the initial separation flux varied from 2546 to 2864 L/m2/h, 
and the final separation flux was maintained at 25 L/m2/h. 
Furthermore, the oil-retention rate of the membrane for the 
peanut oil-in-water emulusion remained higher than 99.0%. 
Simultaneously, the membrane still exhibited underwater 
superoleophobicity with the UOCA fluctuating between 
152.5 and 154.7° after the cyclic separation.
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