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Abstract: Demulsifiers are considered the key materials for oil/water separation. Various works
in recent years have shown that demulsifiers with polyoxypropylen epolyoxyethylene branched
structures possess better demulsification effects. In this work, inspired by the chemical structure
of demulsifiers, a novel superhydrophilic/underwater superoleophobic membrane modified with
a polyoxypropylene polyoxyethylene block polymer was fabricated for enhanced separation of
O/W emulsion. First, a typical polyoxypropylene polyoxyethylene triblock polymer (Pluronic F127)
was grafted onto the poly styrene-maleic anhydride (SMA). Then, the Pluronic F127-grafted SMA
(abbreviated as F127@SMA) was blended with polyvinylidene fluoride (PVDF) for the preparation
of the F127@SMA/PVDF ultrafiltration membrane. The obtained F127@SMA/PVDF ultrafiltration
membrane displayed superhydrophilic/underwater superoleophobic properties, with a water contact
angle of 0◦ and an underwater oil contact angle (UOCA) higher than 150◦ for various oils. More-
over, it had excellent separation efficiency for SDS-stabilized emulsions, even when the oil being
emulsified was crude oil. The oil removal efficiency was greater than 99.1%, and the flux was up
to 272.4 L·m−2·h−1. Most importantly, the proposed F127@SMA/PVDF membrane also exhibited
outstanding reusability and long-term stability. Its UOCA remained higher than 150◦ in harsh
acidic, alkaline, and high-salt circumstances. Overall, the present work proposed an environmentally
friendly and convenient approach for the development of practical oil/water separation membranes.

Keywords: Pluronic F127; PVDF ultrafiltration membrane; oil/water separation

1. Introduction

With the increasing discharges from the petrochemical industry, domestic sewage,
and industrial leaks, achieving effective oil/water separation appears to be a critical issue
in the treatment of oil wastewater [1–4]. Traditional methods of treating oily wastewater
such as coagulation [5], physical adsorption [6], and centrifugation [7,8] have a number
of drawbacks including being prone to secondary pollutants, low oil/water separation
efficiencies, as well as high energy costs [9–11]. In addition, conventional methods make it
difficult to effectively treat oil/water emulsion, especially when the oil concentration is less
than the value of 400 ppm and the oil droplet size is less than 20 µm [12–14]. Therefore,
developing a low-cost and high-performance separation approach with environmentally
friendly properties for oil/water emulsion is considered of utmost importance and faces
numerous challenges.
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In recent years, membrane separation has been extensively used in oil/water sepa-
ration owing to the advantages of high efficiency, low cost, and simple operation [15–17].
Two types of membranes are generally employed in the scientific community, namely
hydrophobic/oleophilic and hydrophilic/underwater oleophobic membranes [18,19]. Gen-
erally, the former one is usually modified with hydrophobic agents and is mainly used for
the treatment of water-containing oils [20–22], while the latter one is typically modified
with various hydrophilic substances, which can endow the membrane with hydrophilic
substances and enhance the surface roughness. The membrane surface exhibits super-
oleophobic properties when wetted by water, and can effectively prevent contact with oil
droplets. Thereby, efficient oil/water separation can be realized [23–25].

According to Wenzel’s model, the properties of hydrophilic/oleophobic are associated
with the chemical composition as well as the surface microstructure [26,27]. In the last
decade, blending, graft polymerization, and surface coating methods have been widely
used to design superwetting membranes [28–30]. Teng et al. [31] embedded epoxied SiO2
nanoparticles and polyethyleneimine on the poly (vinylidene fluoride) (PVDF) membranes
via a dip-coating process to form a hydrophilic layer, and the modified membranes retained
over 98% of the oil during oil/water separation. Jin’s group prepared a new acid poly-
acrylic grafted PVDF membrane with low oil adhesion by salt-induced phase conversion
method [32,33]. The micro-nanostructures on the membrane surface displayed ultra-high
separation efficiency for different oil/water emulsions. However, most conventional hy-
drophilic modified membranes are mainly effective for separating oil/water mixtures or
oil slicks in water, rather than oil/water emulsions. The membrane technology for the
treatment of emulsified oil, particularly for systems such as oil recovery wastewater, still
faces many challenges.

As far as the crude oil recovery industry is concerned, the oil recovery fluid is a
mixture of oil/water (O/W) and water/oil (O/W) emulsions, and demulsifiers are re-
garded as the critical materials for demulsification and oil/water separation. Under
this direction, inspired by the chemical demulsification mechanism of demulsifiers, our
group previously grafted the hyperbranched polyether demulsifier onto the surface of the
SMA/PVDF membranes through an in situ alcoholization reaction [34]. Interestingly, the
produced demulsifier-functionalized membrane demonstrated excellent demulsification
and oil/water separation performance in SDS-stabilized O/W emulsions. Nevertheless,
this hyperbranched polyether demulsifier exhibited a complex structure and required high
fabrication costs, which is not conducive to its application.

Demulsifiers are made of alcohols, polyamines, or phenolamine resins as starting
agents, and polymerized with propylene oxide, ethylene oxide, etc. [35,36], and most of
them usually have numerous polyoxypropylene polyoxyethylene block polymer branched
chains. Inspired by this special chemical structure of the demulsifiers, a typical fragmentary
structure of demulsifiers, namely polyoxypropylene polyoxyethylene block copolymers,
was fixed to the PVDF membranes to provide a functional surface for improved separation
of O/W emulsions. First, a typical polyoxypropylene polyoxyethylene block polymer
(Pluronic F127) was grafted onto SMA by an esterification reaction. Then, the Pluronic
F127-grafted SMA (abbreviated as F127@SMA) was blended with PVDF to prepare the
F127@SMA/PVDF ultrafiltration membrane. The preparation procedure of the mem-
brane is displayed in Scheme 1. The chemical structure, surface morphology, antifouling
performance, and wettability of the modified membrane were thoroughly investigated.
Additionally, the separation effectiveness of the SDS-stabilized emulsions, the long-term
stability, and the chemical durability were assessed. Interestingly, the as-prepared poly-
oxypropylene polyoxyethylene block polymer functionalized membranes demonstrated
both extremely excellent oil/water separation properties and extremely low underwater
oil-adhesion capability, opening a new route for the realistic surfactant-stabilized oil/water
separation.
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Scheme 1. Schematic diagram of the fabrication of (a) F127@SMA and (b) F127@SMA/PVDF mem-
brane.

2. Results and Discussion
2.1. Characterization of F127@SMA

The FT−IR spectra of F127, SMA, and F127@SMA are presented in Figure 1a. In the
spectrum of F127, the absorption peaks at 1100 cm−1 and 3400 cm−1 were ascribed to the
vibrations of the C−O−C and −OH bonds, respectively. Moreover, the absorption peaks of
the conjugated C=O bond in SMA occurred at 1780 cm−1 and 1850 cm−1, while these peaks
disappeared in the spectrum of the F127@SMA. Furthermore, the characteristic peaks at
1100 cm−1 and 1720 cm−1 were depicted in the F127@SMA, which were attributed to the
C−O−C and O=C−O vibrations, respectively. The FT−IR results demonstrated that the
F127@SMA was successfully prepared.

The success of the grafting could be further verified by the analysis and comparison of
the changes in the spectra of F127, SMA, and the F127@SMA by 1H NMR characterization,
as shown in Figure 1b. From the spectrum of F127, it can be seen that the chemical shift at
3.5 ppm represented the −CH2− and −CH− groups on the backbone of polyether, and the
peaks at 1.1 ppm represented the −CH3 group. In the spectrum of SMA, the chemical shift
at 1.1–2.4 ppm was caused by the −CH2− and −CH− groups on the main chain, and the
peaks at 6.6–7.3 ppm were caused by protons of benzene rings on the side chain of SMA. In
the spectrum of the F127@SMA, both the peaks of the benzene ring on SMA and the peaks
of −CH2− and −CH− groups on the backbone of polyether can be found. Specifically,
the chemical shift of the −CH2− group linked to the ester group in F127 was found at
4.4 ppm, and the peak at a chemical shift of 2.3 ppm represented the −CH− group linked
to the carbonyl group on the SMA backbone. The aforementioned 1H NMR results further
demonstrated the successful grafting of the F127 with SMA.

The TGA curves of SMA, F127, and F127@SMA are presented in Figure 1c. As can
be seen, SMA and F127 showed one–step weight loss within the temperature range of
250–420 ◦C and 340–410 ◦C, respectively. However, it was found that the weight loss in the
F127@SMA consisted of two phases. A weight loss (6.56%) occurred before 180 ◦C in the
F127@SMA, which was mainly attributed to the elimination of H2O. In addition, the main
weight loss of the F127@SMA happened in the temperature range of 300–417 ◦C, which was
between SMA and F127. These results further proved that the F127@SMA was successfully
prepared.



Molecules 2023, 28, 1282 4 of 19Molecules 2023, 28, 1282 4 of 20 
 

 

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm
-1
)

 F127

1780

(a)

1720

 SMA

3400

1850

1100

 F127@SMA

 

8 7 6 5 4 3 2 1 0

(b)

Chemical shift (ppm)

 F127

 F127@SMA

 SMA

 

(c)

 F127@SMA

 SMA

0

20

40

60

80

100

300℃

340℃

250℃

Temperature (℃)

W
ei

g
h

t 
p

er
ce

n
ta

g
e 

(%
)

 F127

180℃

50 100 150 200 250 300 350 400 450 500 550

 

Figure 1. Characterization of the F127@SMA: (a) FT−IR, (b) 1H NMR, and (c) TGA. 
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The ATR−FT−IR spectra of the membrane surface are indicated in Figure 2a. From 

the extracted outcomes, the typical absorption peaks of PVDF can be observed for all the 

membranes. Among them, the peaks that appeared at 875 cm−1 and 1402 cm−1 were the 

vibration absorption peak of −CH2−, while the absorption peak of −C−F− was generated at 

1173 cm−1 [37]. Compared with the peak of the PVDF membrane (M-0), the characteristic 

peak of O=C−O appeared at 1720 cm‒1 after adding the F127@SMA, whereas the intensity 

was slightly improved with the increase of the F127@SMA content. The above results 

clearly suggested that the F127@SMA had been blended successfully into the PVDF ma-

trix. 

Figure 1. Characterization of the F127@SMA: (a) FT−IR, (b) 1H NMR, and (c) TGA.

2.2. Chemical Structure Characterization of Membrane Surfaces

The ATR−FT−IR spectra of the membrane surface are indicated in Figure 2a. From
the extracted outcomes, the typical absorption peaks of PVDF can be observed for all the
membranes. Among them, the peaks that appeared at 875 cm−1 and 1402 cm−1 were the
vibration absorption peak of −CH2−, while the absorption peak of −C−F− was generated
at 1173 cm−1 [37]. Compared with the peak of the PVDF membrane (M-0), the characteristic
peak of O=C−O appeared at 1720 cm−1 after adding the F127@SMA, whereas the intensity
was slightly improved with the increase of the F127@SMA content. The above results
clearly suggested that the F127@SMA had been blended successfully into the PVDF matrix.
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Figure 2. (a) ATR−FT−IR spectra of membranes, (b) XPS spectra of membranes.

The chemical elements on the membrane surface were investigated via XPS measure-
ments, indicated in Figure 2b. In the XPS of the M-0 membrane, the peaks with binding
energy values of 285.1 and 688.1 eV were generated by C1s and F1s, respectively, while
for the F127@SMA/PVDF membranes, new peaks with a binding energy of 533.1 eV were
observed. These new peaks were attributed to O1s from the F127@SMA polymers. To
facilitate observation of the elemental changes on the membrane surface, the content of
the elements and the ratio of O and F are presented in Table 1. From M-0 to M-7, with
the increase of F127@SMA content, the O/F ratio gradually increased. It was noteworthy
that M-7 exhibited the lowest content of the F element (13.8%) and the highest content of
the O element (18.1%). From these results, it can be concluded that the F127@SMA was
successfully blended into the PVDF matrix.

Table 1. Elemental composition of membranes determined by XPS.

Samples
Composition (at %) Atomic Ratio

C O F O/F

M-0 48.2 0 51.8 0
M-1 61.2 10.5 28.3 0.4
M-3 64.8 14.9 20.3 0.7
M-5 66.3 16.5 17.2 1.0
M-7 68.1 18.1 13.8 1.3

2.3. Morphology and Pore Structure of Membranes

The morphological structure of the membranes was observed by FE-SEM measure-
ments, and the images are indicated in Figure 3. As seen in Figure 3a, M-0 exhibited
smooth and dense surface morphologies, as well as a honeycomb cross-section. While
after blending with the F127@SMA, the modified PVDF membrane exhibited an asymmet-
rical construction in combination with a thick cortex on top and a porous finger-shaped
structure on the bottom, as can be observed clearly from Figure 3b,e. In addition, it was
discovered that the pore size at the top and bottom of the membrane increased remarkably
by increasing the F127@SMA content, suggesting that the membrane surface became loose,
which was beneficial in improving its permeability. This result was ascribed to the excellent
hydrophilicity of the F127@SMA. What is more, the addition of the F127@SMA had a
significant effect on the cross-sectional architecture of the membrane. Interestingly, the ad-
dition of the F127@SMA polymer changed the cross-section of the membrane from a denser
honeycomb-like pore shape to a finger-like pore shape. Moreover, by increasing the content
of the F127@SMA polymer, the macro-cavities in the sublayer also increased gradually,
whereas the membrane thickness increased accordingly, which was ascribed to the swelling
effect of hydrophilic additive in the membrane matrix [38]. The above-mentioned changes
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in the microstructure would affect the permeability of the membranes (to be discussed
later).
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Figure 3. FE-SEM micrographs from the top, bottom, and cross-section of various membranes at
three different scales of 1, 5, and 50 µm: (a) M-0, (b) M-1, (c) M-3, (d) M-5, and (e) M-7.

The porosity and the average pore size of the membrane were analyzed to explore
the influence of F127@SMA content on the microstructure of the PVDF membrane. As
displayed in Figure 4a, the addition of the F127@SMA polymer improved the porosity of the
PVDF membranes and increased their average pore size. This was because the F127@SMA
is a hydrophilic polymer with a comparatively high amount of hydrophilic polyoxyethylene
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groups. As a hydrophilic polymer, the F127@SMA accelerated the diffusion rate between
DMAc (solvent) and the water (non-solvent), contributing to the formation of greater
porosity and larger pores. Figure 4 indicates that the porosity of M-0 was less than 40%,
whereas the porosity of M-1 was close to 65%. Correspondingly, the average pore size
of M-0 was only about 18 nm, whereas that of M-1 was over 40 nm. As the content of
F127@SMA increased, the pore size also increased gradually. The average pore size of M-7
was close to 60 nm, which was over three times that of the PVDF membrane. This trend
of changes in porosity and average pore size was consistent with the results observed by
FE-SEM images.

There was no doubt that the above-mentioned macro-cavity structure enhanced the
permeate flux of the modified membrane (to be discussed below). However, the mechanical
properties were also affected. As can be observed in Figure 4b, M-0 has the highest tensile
strength (2.8 MPa) and elongation at break (75.0%). Additionally, both the tensile strength
and elongation at break gradually decreased with the increase of the F127@SMA polymer
content. The mechanical strength and tensile strength of M-7 were also only 1.0 MPa and
13.7%, respectively.
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Figure 4. Porosity/average pore size (a) and mechanical strength (b) of membranes.

2.4. Permeability and Surface Wettability of Membranes

The permeability of the membrane was evaluated by water flux and BSA retention,
as exhibited in Figure 5a. From the acquired outcomes, it was found that the water flux
(8.6 L·m−2·h−1) of M-0 was the lowest. The fluxes increased obviously with increas-
ing F127@SMA content, and the flux of M-7 reached 400.5 L·m−2·h−1. As illustrated in
Figure 4a, the above results for water flux were consistent with the results for membrane
pore structure. Generally, the permeability of membranes was closely related to hydrophilic-
ity [39]. As can be seen in Figure 5a, the BSA rejection rate decreased from 99.8% to 88.8%
by increasing the F127@SMA content from M-0 to M-7. This result was caused by the
increased content of F127@SMA in the membrane, resulting in a larger pore size.

The surface wettability of the membranes was measured by contact angle measure-
ments. Figure 5b illustrates the variation of the water contact angle (WCA) for different
membrane surfaces. The WCA of the M-0 membrane was around 114.0◦, whereas the
water droplets could maintain their initial size after 60 s, which suggested the episteme
of inherent hydrophobicity of the M-0. However, the WCA gradually decreased when
the F127@SMA was added. The WCA of M-1 declined from 59.5◦ to 21.5◦ in 60 s, and the
WCA of M-3, M-5, and M-7 all declined to 0◦ in less than 30 s, which confirmed that the
addition of the F127@SMA in PVDF membranes shifts the membrane surface from highly
hydrophobic to superhydrophilic. The significant decrease in WCA resulted from the
addition of hydrophilic chemical components (such as −CH2CH2O−, −OH, and −COOH)
to membrane pores and the membrane surface [40].
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Figure 5. Pure water flux and BSA rejection (a) and water contact angle (b) of membranes.

The variation of the underwater oil contact angle (UOCA) for various membrane
surfaces is illustrated in Figure 6a. It was found that the UOCA of M-0 was about 82.0◦,
which indicated the inherent oleophilicity of M-0. However, the UOCA gradually increased
when the F127@SMA was added. More specifically, the UOCA of M-1 increased to 137.0◦,
and the UOCA of M-3, M-5, and M-7 were 160.0◦, 157.0◦, and 158.5◦, respectively. In
addition, different oils were selected to perform UOCA tests on the M-0 and M-3. As
depicted in Figure 6b, the M-0 membrane displayed conspicuous under oleophilicity. The
UOCAs of the M-0 surface against petroleum ether, toluene, dichloroethane, kerosene,
and crude oil were 81.0◦, 78.5◦, 80.5◦, 87.5◦, and 83.0◦, respectively. However, the UOCA
of M-3 increased towards 155.5◦, 150.5◦, 151.5◦, 163.5◦, and 161.0◦, which confirmed the
underwater superoleophobicity for M-3. From these results, it was demonstrated that by
adding the F127@SMA polymer, the membrane surface could be converted from extremely
lipophilic to underwater superoleophobic.
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Figure 6. (a) Underwater oil contact angles on the surface of different membranes with crude oil.
(b) Underwater oil contact angles on the surface of M-0 and M-3 membranes with different oils.
(c) Dynamic underwater oil-adhesion behavior of M-0 and M-3 with crude oil.
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Underwater dynamic oil resistance tests were conducted to further verify the oil-
repelling properties of the hydrophilic membrane. We used a crude oil droplet as a detection
probe. It can be observed from Figure 6c that the oil droplet was in full contact with the
M-3 surface, then the droplet was gradually lifted upwards to move the droplet away from
the M-3 surface. Throughout the lifting procedure, the oil droplet maintained spherical
at all times, while no significant deformation was observed. However, when the same
operation was performed on the surface of M-0, the oil droplet was first adsorbed on the
membrane surface and then gradually absorbed by the membrane. The above-mentioned
results further demonstrate that the M-0 membrane had a high affinity for crude oil, while
the M-3 membrane exhibited extremely low underwater oil-adhesion properties. As a
consequence, oil droplets were easily detached from the membrane surface that had been
wetted with water, offering a favorable precondition for oil/water emulsion separation.

2.5. Antifouling Performance

To further verify the advantages of the produced polyoxypropylene polyoxyethylene
block polymer modified PVDF membranes, in terms of antifouling properties, recirculation
filtration experiments were carried out with the BSA solution [41,42], as indicated in
Figure 7a. M-0 showed poor resistance to BSA contamination, with low flux recovery after
rinsing with DI water. In contrast, after being cleaned by DI water, all modified membranes
exhibited good flux recovery performance. The flux recovery ratio (FRR), total fouling ratio
(Rt), reversible fouling ratio (Rr), and irreversible fouling ratio (Rir) were used to illustrate
antifouling capability of the membrane, while the resulting parameters of FRR, Rr, Rir, and
Rt are depicted in Table 2. Generally, membranes presented better antifouling performance
when the values of FRR and Rr were higher and the values of Rir and Rt were lower. As can
be found in Table 2, the values of FRR and Rr for M-0 were only 14.0% and 4.1%, whereas
the values of Rir and Rt were as high as 81.4% and 85.5%, indicating the poor antifouling
nature of M-0. In contrast, the values of FRR and Rr increased, while the respective values
of Rir and Rt declined significantly for the F127@SMA modified PVDF membranes. It was
also noticeable that the values of FRR (91.8%) and Rr (19.6%) for M-3 were significantly
higher than the respective values of the other membranes, whereas the values of Rir and
Rt of M-3 were the lowest among the studied membranes. These results suggested that
M-3 had the most excellent antifouling properties, which effectively protect the membrane
surface from oil contact.

By considering the mechanical strength, permeability performance, superhydrophilic/
underwater superoleophobic capability, and antifouling properties, the M-3 membrane
was selected to conduct subsequent experiments.
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Table 2. Antifouling properties of pristine blend membrane and modified membranes.

Membrane JW0
(L·m−2·h−1)

JW3
(L·m−2·h−1)

FRR
(%)

Rr
(%)

Rir
(%)

Rt
(%)

M-0 8.6 1.2 14.0 4.1 81.4 85.5
M-1 126.9 78.2 61.6 11.0 37.8 48.8
M-3 281.2 258.1 91.8 19.6 3.5 23.1
M-5 344.8 279.9 81.2 14.6 10.8 25.4
M-7 400. 5 308.9 77.1 12.7 16.2 28.9

Note: Jw0: the initial pure water flux; Jw3: pure water flux after the membrane was fouled by BSA solution for 3 cycles.

2.6. Separation of the O/W Emulsion
2.6.1. O/W Separation Performance

The separation properties of the modified membrane (M-3) were assessed via SDS-
stabilized O/W emulsions prepared by various oils, including petroleum ether, toluene,
dichloroethane, kerosene, and crude oil. Photographs and microscopy pictures of the pris-
tine emulsion and separated filtrates are displayed in Figure 8. The existence of emulsified
oil within the water caused the SDS-stabilized emulsion to be cloudy, and the size of the
oil droplets was discovered to be 2–9 µm. After filtration through the M-3 membrane, the
turbid emulsions became clarified. It was revealed by optical microscope images that there
were hardly any visible oil droplets in the filtrates. This phenomenon indicated that the oil
in the emulsion was successfully separated by the F127@SMA/PVDF membrane (M-3).
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The separation efficiency of the membrane was quantitatively analyzed via a total
organic carbon analyzer (TOC), and the results are listed in Table 3. From Table 3, it can
be seen that the TOC value for the crude oil/water emulsion reached 1082.7 ppm, which
significantly declined to 7.8 ppm after separation with the M-3 membrane, and the oil
removal rate was 99.3%. Similarly, the TOC removal rate for various O/W emulsions was
above 99.1% after being carried out with the M-3 membrane. These results suggested that
the modified membrane exhibited excellent separation efficiency for various emulsions.

Table 3. The TOC results for emulsions before and after filtration.

Emulsion with Different Oil
TOCf TOCM−3

p RM−3

(ppm) (ppm) (%)

Crude oil 1082.7 7.8 99.3
Kerosene 984.0 8.9 99.1

Dichloroethane 946.4 7.5 99.2
Toluene 807.2 7.2 99.1

Petroleum 852.8 6.1 99.3

2.6.2. Anti−Crude Oil Fouling and Operational Stability

The contaminants in oil recovery wastewater are mainly crude oil, so the resistance of
the membrane to crude oil contamination is extremely important for its long−term stable
operation. Under this perspective, in order to assess the resistance of M-3 to fouling by
crude oil, recirculation filtration experiments of crude oil/water emulsion were performed,
and the results are displayed in Figure 7b. As can be observed from Figure 7b, M-0 had
a poor anti−crude oil fouling performance as it had a very low FRR value (12.8%) after
rinsing with DI water. On the contrary, the M-3 membrane exhibited excellent anti-crude oil
fouling performance. It almost recovered its original flux completely with every washing
and kept a constant emulsion flux after the implementation of the three−cycle filtration.
The FRR of M-3 was as high as 97.2%, which was much bigger than that of M-0. This
was because the M-3 membrane had almost no adhesion to crude oil as suggested in
Figure 6c. On top of that, the oil droplets could be easily washed away with water, allowing
the membrane to be reused. The aforementioned results clearly suggested that the M-3
membrane exhibited high resistance to crude oil contamination, which was promising for
practical applications.

To assess the advantages of M-3 membranes for long-term use, ten cycles of filtration
were carried out using crude oil/water emulsions. Each cycle for emulsion separation lasted
for 120 min, and the acquired results are shown in Figure 9. It was discovered that the M-3
membrane filtration produced a steady flux of 272.4 L·m−2·h−1 and an extremely high oil
removal rate of over 99.3%, whereas the contact angle remained unchanged even after ten
cycles. From these results, it was further proved that the superhydrophilic and underwater
superoleophobicity of M-3 were not destroyed, suggesting that the F127@SMA/PVDF
membrane exhibits excellent reusability and long−term usability for emulsion separation.

The separation performance of some recently reported superwetting membranes for
oil-in-water emulsion was compared, and the results are shown in Table 4. We found
that the prepared F127@SMA/PVDF membrane achieved excellent oil/water separation
efficiency. In addition, most membranes were only used to separate O/W emulsions
prepared from light oils, while the F127@SMA/PVDF membrane could be used to separate
emulsions with various oils, including crude oil.
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Table 4. Comparison of various membranes used to separate oil-in-water emulsions.

Membranes Type of Oils in
O/W Emulison

Separation
Efficiency

(%)

Emulsions
Permeate Flux

(L·m−2·h−1·bar−1)
Reference

PVDF/EVOH
membrane petroleum 98.2% 287 [28]

PES-g-SBMA
membrane gas oil >99.0% 364 [29]

SiO2/PEI/PVDF
membrane soybean oil 99.6% 712.8 [31]

PVDFAH
Membrane

gasoline,
dodecane,

hexadecane
>99.0% 650–1000 [43]

PVDF/Sep/GO
membrane

kerosene,
decane,

petroleum ether,
mesitylene

>98.7% 70–200 [44]

PVDF-g-
PGAL/PVDF

membrane
engine 97.37% 241.99 [45]

PVDF/GO
membrane

petroleum ether,
toluene,

dichloroethane,
n-hexane

>99.0% >145 [46]

F127@SMA/PVDF
membrane

crude oil,
kerosene,

dichloroethane,
toluene,

petroleum

>99.1% 272.4 This work

2.6.3. Stability of the Modified Membrane

The stability of the membrane in harsh environments determines the service life of
its practical application. The chemical stability of the F127@SMA/PVDF (M-3) membrane
was investigated. To assess the acidic/alkaline resistance of the M-3 membrane, it was
soaked within an aqueous solution of various pH values (3.0–12.0) for one week. The
results of UOCA, separation efficiency, and flux of crude oil/water emulsion are shown
in Figure 10a,b. It can be found from Figure 10a that corrosion under acidic or alkaline
conditions had no significant impact on the underwater oleophobic performance of the
M-3 membrane. The recorded UOCA values were all still greater than 150◦ after a week
of corrosion under different pH conditions. Furthermore, as shown in Figure 10b, the
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flux stayed relatively constant in the range of 252.0–272.0 L·h−1·m−2, and the separation
efficiencies were all above 97.0%, indicating outstanding separation properties for crude
oil/water emulsion. It should also be noted that there was a slight decrease in the UOCA
value, oil/water separation efficiency, and flux after a week of immersion under strong
acid conditions, which might be ascribed to the partial loss of the F127@SMA due to ester
decomposition under the harsh acidic condition. In addition, M-3 was also soaked in a high
concentration salt solution for one week. As shown in Figure 10c, the UOCA was almost
unchanged, indicating that the M-3 membrane had a strong salt tolerance. These results
displayed that the membrane was capable of treating emulsion in weak acid, alkaline, and
salt environments.
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concentration solutions. 
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3. Experimental
3.1. Materials

Polyvinylidene fluoride (PVDF, MW~2.0 × 106 g/mol) was acquired from Zhejiang
Suxing Plastic Material Co., Ltd. (Zhejiang, China). Poly styrene-maleic anhydride (SMA,
MW~6.8 × 104 g/mol) was purchased from Shenzhen Hucheng Plastic Additives Chemical
Co., Ltd. (Shenzhen, China). Pluronic F127 (MW~1.3 × 104 g/mol) was supplied by Sigma-
Aldrich Trading Co., Ltd. (Shanghai, China). Moreover, Albumin Bovine Serum (BSA,
MW~6.8 × 104 g/mol) was obtained from Sora Biotechnology Co., Ltd. (Beijing, China),
while oils (kerosene, 1,2-dichloroethane, toluene, and petroleum ether) were supplied
from Kermel Chemical Reagent Co., Ltd. (Tianjin, China). Crude oil was supplied by
the Shengli Oil Field (Dongying, China). All other employed reagents were bought from
Fengchuan Fine Chemical Reagent Co., Ltd. (Tianjin, China), and were utilized directly
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without further purification. Moreover, the crude oil used in the experiments was diluted
to 50% concentration with kerosene.

3.2. Preparation of F127 Grafted SMA Ploymer

The direct blending of the polyoxypropylene polyoxyethylene block copolymer F127
into PVDF for membrane formation is not the best strategy because F127 has good water
solubility and will be lost during use. To ensure the stable existence of the polyoxypropylene
polyoxyethylene ether copolymer on the membrane, Pluronic F127 was grafted onto SMA
polymer before the fabrication of the membrane.

The process of grafting F127 onto SMA was as follows: first, F127 (28.0 g) and p-
Toluenesulfonic acid (12.0 g) were both dispersed in 128.0 g THF in a three-necked flask in
a 60 ◦C water bath. Then, SMA (46.0 g) was dissolved in 100.0 g THF and was added drop
wisely into the above reaction solution. Afterward, the reaction was continued for 9 h after
the addition of the SMA solution. The NaOH solution (0.5 mol·L−1) was added next, and
the pH of the mixture was adapted to 7. Interestingly, white flocculent precipitates were
continuously produced during this process. The precipitates were filtered and washed
repeatedly with ethanol. The F127 grafted SMA polymer (abbreviated as F127@SMA) was
gained after drying in a vacuum at 60 ◦C.

The chemical structures of the F127@SMA were determined by carrying out Fourier
transform infrared (FT-IR, Nicolet Nexus-670, Nicolet, Wisconsin, USA), as well as proton
nuclear magnetic resonance (1H NMR, AVANCE AV 400 MHz, Bruker, Karlsruhe, Germany)
measurements using d6-DMSO as solvent. The thermal stability of the polymers was
established by conducting thermogravimetric analysis (TGA, TG 209 F3 Tarsus, NETZSCH,
Bavaria, Germany) from room temperature to 800 ◦C at a rate of 10 ◦C/min in a nitrogen
atmosphere.

3.3. Preparation of the Membrane

The membranes were prepared by the NIPS method. Initially, PVDF (12 wt%) and
the F127@SMA (0 wt%, 1 wt%, 3 wt%, 5 wt%, and 7 wt%) were dissolved in DMAc and
reacted in a water bath at 70°C for 9 h to obtain a homogeneous solution. Afterward, the
mixture was left at room temperature for 12 h to ensure that the bubbles were sufficiently
removed. After that, the casting solution was poured onto a dry glass substrate, and a liquid
membrane with 200 µm thickness was made by a scraper. Finally, the liquid membrane was
soaked in water at a temperature of 35 ◦C for 10 min to obtain an ultrafiltration membrane.
The obtained membranes were recorded as M-0, M-1, M-3, M-5, and M-7.

3.4. Characterization of Membranes
3.4.1. Structure and Surface Features

The chemical structure and chemical elements of the membrane’s surface were ana-
lyzed by conducting attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FT-IR, Nicolet Nexus-670, Nicolet, Wisconsin, USA) and X-ray photoelectron (XPS,
NEXSA, Thermo Fisher, Massachusetts, USA) measurements. The structural morphology
of the membrane was observed by field emission scanning electron microscopy (FE-SEM,
Hitachi S-4800, Hitachi, Tokyo, Japan). Moreover, a layer of gold/palladium alloy (Cress-
ington 108 Auto sputter coater, Ted Pella, Inc., California, USA) was sputtered onto the dry
membrane samples before testing.

The porosity (ε, %) was evaluated via the dry-wet method [43,47] as indicated in
Equation (1):

ε(%) =
mw − md
ρAδ0

× 100% (1)

where md and mw are the dry and wet weights of membranes (g), respectively. δ0 (cm)
and A (cm2) represent the thickness and effective area of the membrane, and ρ denotes the
density of water (0.998 g·cm−3).
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The mean pore size (rm, nm) was calculated by the use of the Guerout–Elford–Ferry
(GEF) method [48], as indicated in Equation (2):

rm =

√
(2.9 − 1.75ε)8ηlQ

εA∆P
(2)

where η (Pa·s) represents the viscosity of water, Q (m3·s−1) refers to the volume of permeate
water per time, l (m) and A (cm2) stand for the thickness and effective area of the membrane,
and ∆P (MPa) denotes the pressure.

3.4.2. Mechanical Properties

The mechanical properties of the membrane were determined by conducting tensile
strength and elongation at break measurements. More specifically, the membrane sample
was first cut into a rectangle (30 mm long and 10 mm wide) and stretched at room tempera-
ture with a universal testing machine (ZwickRoell Z 0.5 kN, ZwickRoell, Ulm, Germany) at
a speed of 10 mm/min until fracture.

3.4.3. Permeability and Surface Wettability

The permeation performance of the membrane was assessed via cross-flow filtration,
and the test pressure was 0.1 MPa. Permeation flux (J, L·m−2·h−1) and rejection (R, %)
were calculated by Equations (3) and (4), respectively:

J =
V

A∆t
(3)

R =

(
1 −

Cp

C f

)
× 100% (4)

where A (m2) refers to the effective area of the membrane, V (L) represents the solution
volume, and ∆t (h) denotes the permeation time. The BSA concentrations in the per-
meate (Cp) and in the feed (C f ) were calculated by the absorbance at 278 nm using a
UV-spectrophotometer (Evolution201, Thermo Fisher, MA, USA).

The water contact angle (WCA) and underwater oil contact angle (UOCA) were
determined by a contact angle goniometer (DSA30E Krüss GmbH, Hamburg, Germany).
Typically, 2.0 µL droplets of water or oil were dropped and laid on the surface of the
membrane. Contact angle data and images were acquired at room temperature.

3.4.4. Antifouling Performance

The antifouling performance was characterized by performing dynamic cycling exper-
iments with BSA solution (1000 mg·L−1). The entire contamination process consists of three
parts, each of which was operated as follows. The membrane was first pre-pressurized
with DI water for 0.5 h (0.15 MPa), followed by testing the initial water flux at a pressure of
0.10 MPa for 1 h. Afterward, the membrane was contaminated with BSA solution instead
of DI water for 1 h, and then the water flux was remeasured after rinsing the membrane
with DI water for another 0.5 h [49–51]. The flux recovery ratio (FRR), total fouling ratio
(Rt), reversible fouling ratio (Rr), and irreversible fouling ratio (Rir) were calculated by
Equtions (5)–(8):

FRR =
Jw3

Jw0
× 100% (5)

Rr =
Jw3 − Jw1

Jw0
× 100% (6)

Rir =
Jw0 − Jw3

Jw0
× 100% (7)



Molecules 2023, 28, 1282 16 of 19

Rt =
Jw0 − Jw1

Jw0
× 100% (8)

where Jw0 is the flux of pure water, Jw1 denotes the flux of emulsion, and Jw3 represents
the water flux after the third cleaning (L·m−2·h−1).

3.5. O/W Emulsion Separation

The various oil/water emulsions were made by mixing 1.0 g of oil (petroleum ether,
toluene, dichloroethane, kerosene, or crude oil), and 0.2 g of SDS with 1.0 L of DI water
and under ultrasound for an hour at 25 ◦C. The emulsion separation performance of the
membrane was carried out using cross-flow filtration (as shown in Scheme 2) at a pressure
of 0.1 MPa. Moreover, an optical microscope (OLYMPUS BX43, Olympus Corporation,
Tokyo, Japan), total organic carbon (TOC) analyzer (GE Innovox, SIEVERS, Boulder, CO,
USA), and a particle size analyzer (Zetasizer Nano ZS90, Malvern Instruments Ltd, Malvern,
UK) were used to determine the optical photos, oil content, and oil droplet size of the
emulsions, respectively. The TOC removal rate (RTOC, %) was obtained by Equation (9):

RTOC =

(
1 −

TOCp

TOC f

)
× 100% (9)

where TOCp and TOC f represent the TOC values of the permeate and the feed emulsion
(ppm), respectively.
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Scheme 2. Schematic diagram of cross-flow filtration for O/W emulsion separation.

The oil recovery wastewater has a certain degree of acidity and high salt content.
Therefore, it was necessary to deeply investigate the stability of the modified membrane in
solutions with various pH values and different salt concentrations. First, the membranes
were soaked in aqueous solutions of different pH values for a week. Then, the membranes
were taken out after a week of immersion and cleaned with DI water to test the UOCA,
flux, and oil/water separation properties. Furthermore, the membranes were immersed in
different concentrations of salt solutions. After a week of soaking, the salt solutions were
removed, and the membranes were cleaned with water before the contact angle was tested.

4. Conclusions

In this work, a typical polyoxypropylene polyoxyethylene block polymer, Pluronic
F127, was grafted onto SMA and then blended with PVDF to prepare the F127@SMA/PVDF
ultrafiltration membrane by the NIPS method. The prepared F127@SMA modified PVDF
membrane exhibited superhydrophilicity (WCA of 0◦) and underwater superoleophobicity
(UOCA over 150◦), as well as extremely low underwater oil-adhesion and high oil/water
separation efficiency (>99.1%). In addition, the modified membrane was reusable and
demonstrated long-term operational stability. After ten cyclic filtrations using the modi-
fied membrane, the oil rejection rate and UCOA were over 99.3% and 157◦, respectively.
Most importantly, the modified membrane remained stable after immersion within harsh
acidic/alkaline and high concentrations of NaCl solutions. In general, the proposed envi-
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ronmentally friendly and simple strategy has significant potential for efficient oil separation
from oil/water emulsions.

Author Contributions: M.Z.: Investigation, Writing—original draft. M.W.: Conceptualization,
Writing—review and editing, Supervision. J.C.: Data curation. L.D.: Resources. Y.T.: Resources.
Z.C.: Project administration. J.L.: Validation. B.H.: supervision. F.Y.: Writing—review and editing,
Supervision, Funding acquisition. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (21808166,
22178268, 21878230, 22178267), Tianjin Science and Technology Planning Project (21ZYJDSN00130),
the National Key Research and Development Program of China (Grant No. 2020YFA0211003), and
the Natural Science Foundation of Ningbo (No. 2019B10138).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank Analytical & Testing Center of Tiangong University
for providing infrastructural support and funding.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Du, L.; Quan, X.; Fan, X.-F.; Chen, S.; Yu, H.-T. Electro-responsive carbon membranes with reversible superhydrophobic-

ity/superhydrophilicity switch for efficient oil/water separation. Sep. Purif. Technol. 2019, 210, 891–899. [CrossRef]
2. Zhang, M.-J.; Cui, J.-X.; Lu, T.; Tang, G.-S.; Wu, S.-T.; Ma, W.-J.; Huang, C.-B. Robust, functionalized reduced graphene-based

nanofibrous membrane for contaminated water purification. Chem. Eng. J. 2021, 404, 126347. [CrossRef]
3. Ma, W.-J.; Ding, Y.-C.; Zhang, M.-J.; Gao, S.-T.; Li, Y.-S.; Huang, C.-B.; Fu, G.-D. Nature-inspired chemistry toward hierarchical

superhydrophobic, antibacterial and biocompatible nanofibrous membranes for effective UV-shielding, self-cleaning and oil-water
separation. J. Hazard. Mater. 2020, 384, 121476. [CrossRef] [PubMed]

4. Tummons, E.; Han, Q.; Tanudjaja, H.J.; Hejase, C.A.; Chew, J.W.; Tarabara, V.V. Membrane fouling by emulsified oil: A review.
Sep. Purif. Technol. 2020, 248, 116919. [CrossRef]

5. Zheng, W.-W.; Huang, J.-Y.; Li, S.-H.; Ge, M.-Z.; Teng, L.; Chen, Z.; Lai, Y.-K. Advanced materials with special wettability toward
intelligent oily wastewater remediation. ACS Appl. Mater. Interfaces 2021, 13, 67–87. [CrossRef]

6. Xia, C.-B.; Li, Y.-B.; Fei, T.; Gong, W.-L. Facile one-pot synthesis of superhydrophobic reduced graphene oxidecoated polyurethane
sponge at the presence of ethanol for oil-water separation. Chem. Eng. J. 2018, 345, 648–658. [CrossRef]

7. Jiang, G.-M.; Li, J.-X.; Nie, Y.-L.; Zhang, S.; Dong, F.; Guan, B.-H.; Lv, X.-S. Immobilizing Water into Crystal Lattice of Calcium
Sulfate for its Separation from Water-in-Oil Emulsion. Environ. Sci. Technol. 2016, 50, 7650–7657. [CrossRef]

8. Ge, J.-L.; Jin, Q.; Zong, D.-D.; Yu, J.-Y.; Ding, B. Biomimetic Multilayer Nanofibrous Membranes with Elaborated Superwettability
for Effective Purification of Emulsified Oily Wastewater. ACS Appl. Mater. Interfaces 2018, 10, 16183–16192. [CrossRef]

9. Shin, J.H.; Heo, J.H.; Jeon, S.; Park, J.H.; Kim, S.; Kang, H.W. Bio-inspired hollow PDMS sponge for enhanced oil-water separation.
J. Hazard. Mater. 2019, 365, 494–501. [CrossRef]

10. Zhang, Y.; Tong, X.; Zhang, B.; Zhang, C.; Zhang, H.; Chen, Y. Enhanced permeation and antifouling performance of polyvinyl
chloride (PVC) blend Pluronic F127 ultrafiltration membrane by using salt coagulation bath (SCB). J. Membr. Sci. 2018, 548, 32–41.
[CrossRef]

11. Padaki, M.; Emadzadeh, D.; Masturra, T.; Ismail, A.F. Antifouling properties of novel PSf and TNT composite membrane and
study of effect of the flow direction on membrane washing. Desalination 2015, 362, 141–150. [CrossRef]

12. Zhang, F.; Zhang, W.-B.; Shi, Z.; Wang, D.; Jin, J.; Jiang, L. Nanowire-haired inorganic membranes with superhydrophilicity and
underwater ultralow adhesive superoleophobicity for high-efficiency oil/water separation. Adv. Mater. 2013, 25, 4192–4198.
[PubMed]

13. Li, L.-X.; Zhang, J.-P.; Wang, A.-Q. Removal of Organic Pollutants from Water Using Superwetting Materials. Chem. Rec. 2018, 18,
118–136. [PubMed]

14. Wei, C.-J.; Dai, F.-Y.; Lin, L.-G.; An, Z.-H.; He, Y.; Chen, X.; Chen, L.; Zhao, Y.-P. Simplified and robust adhesive-free superhy-
drophobic SiO2-decorated PVDF membranes for efficient oil/water separation. J. Membr. Sci. 2018, 555, 220–228. [CrossRef]

15. Wu, Y.-L.; Lu, J.; Xing, W.-D.; Ma, F.-G.; Gao, J.; Lin, X.-Y.; Yu, C.; Yan, M. Double-layer-based molecularly imprinted membranes
for template-dependent recognition and separation: An imitated core-shell-based synergistic integration design. Chem. Eng. J.
2020, 397, 125371.

http://doi.org/10.1016/j.seppur.2018.05.032
http://doi.org/10.1016/j.cej.2020.126347
http://doi.org/10.1016/j.jhazmat.2019.121476
http://www.ncbi.nlm.nih.gov/pubmed/31699485
http://doi.org/10.1016/j.seppur.2020.116919
http://doi.org/10.1021/acsami.0c18794
http://doi.org/10.1016/j.cej.2018.01.079
http://doi.org/10.1021/acs.est.6b01152
http://doi.org/10.1021/acsami.8b01952
http://doi.org/10.1016/j.jhazmat.2018.10.078
http://doi.org/10.1016/j.memsci.2017.11.003
http://doi.org/10.1016/j.desal.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23788392
http://www.ncbi.nlm.nih.gov/pubmed/28766897
http://doi.org/10.1016/j.memsci.2018.03.058


Molecules 2023, 28, 1282 18 of 19

16. Liu, J.-H.; Shen, L.-G.; Lin, H.-J.; Huang, Z.-Y.; Hong, H.-C.; Chen, C. Preparation of Ni@UiO-66 incorporated polyethersulfone
(PES) membrane by magnetic field assisted strategy to improve permeability and photocatalytic self-cleaning ability. J. Colloid
Interface Sci. 2022, 618, 483–495. [CrossRef]

17. Qian, M.; Yan, X.; Chen, Y.; Guo, X.-J.; Lang, W.-Z. Covalent organic framework membrane on electrospun polyvinylidene
fluoride substrate with a hydrophilic intermediate layer. J. Colloid Interface Sci. 2022, 622, 11–20. [CrossRef]

18. Yan, L.-L.; Yang, X.-B.; Zhao, Y.-Y.; Wu, Y.-D.; Moutloali, R.M.; Mamba, B.B.; Sorokin, P.; Shao, L. Bio-inspired mineral-hydrogel
hybrid coating on hydrophobic PVDF membrane boosting oil/water emulsion separation. Sep. Purif. Technol. 2022, 285, 120383.
[CrossRef]

19. Peng, K.; Huang, Y.-A.; Peng, N.; Chang, C.-Y. Antibacterial nanocellulose membranes coated with silver nanoparticles for
oil/water emulsions separation. Carbohydr. Polym. 2022, 278, 118929. [CrossRef]

20. Yang, Y.-J.; Li, Y.-Q.; Cao, L.-X.; Wang, Y.-J.; Li, L.; Li, W.-L. Electrospun PVDF-SiO2 nanofibrous membranes with enhanced
surface roughness for oil-water coalescence separation. Sep. Purif. Technol. 2021, 269, 118726.

21. Zhao, Y.-H.; Guo, J.-X.; Li, Y.-C.; Zhang, X.-N.; An, A.K.; Wang, Z.-K. Sustainable Superhydrophobic and superoleophilic PH-CNT
membrane for emulsified oil-water separation. Desalination 2022, 526, 115536. [CrossRef]

22. Ahmad, N.; Rasheed, S.; Ahmed, K.; Musharraf, S.G.; Najam-ul-Haq, M.; Hussain, D. Facile two-step functionalization of
multifunctional superhydrophobic cotton fabric for UV-blocking, self cleaning, antibacterial, and oil-water separation. Sep. Purif.
Technol. 2023, 306, 122626. [CrossRef]

23. Zhang, J.-Y.; Fang, W.-X.; Zhang, F.; Gao, S.-J.; Guo, Y.-L.; Li, J.-Y.; Zhu, Y.-Z.; Zhang, Y.-T.; Jin, J. Ultrathin microporous membrane
with high oil intrusion pressure for effective oil/water separation. J. Membr. Sci. 2020, 608, 118201. [CrossRef]

24. Boyraz, E.; Yalcinkaya, F. Hydrophilic Surface-Modified PAN Nanofibrous Membranes for Efficient Oil-Water Emulsion Separation.
Polymers 2021, 13, 197. [CrossRef]

25. Tian, Q.; Qiu, F.-X.; Li, Z.-D.; Xiong, Q.; Zhao, B.-C.; Zhang, T. Structured sludge derived multifunctional layer for simultaneous
separation of oil/water emulsions and anions contaminants. J. Hazard. Mater. 2022, 432, 128651. [CrossRef] [PubMed]

26. Tuteja, A.; Choi, W.; Ma, M.L.; Mabry, J.M.; Mazzella, S.A.; Rutledge, G.C.; McKinley, G.H.; Cohen, R.E. Designing superoleophobic
surfaces. Science 2007, 318, 1618–1622. [CrossRef] [PubMed]

27. Giacomello, A.; Meloni, S.; Chinappi, M.; Casciola, C.M. Cassie-Baxter and Wenzel states on a nanostructured surface: Phase
diagram, metastabilities, and transition mechanism by atomistic free energy calculations. Langmuir 2012, 28, 10764–10772.
[CrossRef] [PubMed]

28. Xiang, S.; Tang, X.-X.; Rajabzadeh, S.; Zhang, P.-F.; Cui, Z.-Y.; Matsuyama, H. Fabrication of PVDF/EVOH blend hollow fiber
membranes with hydrophilic property via thermally induced phase process. Sep. Purif. Technol. 2022, 301, 122031. [CrossRef]

29. Salimi, P.; Aroujalian, A.; Iranshahi, D. Development of PES-based hydrophilic membranes via corona air plasma for highly
effective water purification. J. Environ. Chem. Eng. 2022, 10, 107775. [CrossRef]

30. Jiang, Y.-X.; Xian, C.-Y.; Xu, X.-F.; Zheng, W.-W.; Zhu, T.-X.; Cai, W.-L.; Huang, J.-Y.; Lai, Y.-K. Robust PAAm-TA hydrogel coated
PVDF membranes with excellent crude-oil antifouling ability for sustainable emulsion separation. J. Membr. Sci. 2023, 667, 121166.
[CrossRef]

31. Teng, L.; Yue, C.; Zhang, G.-W. Epoxied SiO2 nanoparticles and polyethyleneimine (PEI) coated polyvinylidene fluoride (PVDF)
membrane for improved oil water separation, anti-fouling, dye and heavy metal ions removal capabilities. J. Colloid Interface Sci.
2023, 630, 416–429. [CrossRef] [PubMed]

32. Zhang, W.-B.; Zhu, Y.-Z.; Liu, X.; Wang, D.; Li, J.-Y.; Jiang, L.; Jin, J. Salt-induced fabrication of superhydrophilic and underwater
superoleophobic PAA-g-PVDF membranes for effective separation of oil-in-water emulsions. Angew. Chem. 2014, 53, 856–860.
[CrossRef] [PubMed]

33. Gao, S.-J.; Sun, J.-C.; Liu, P.-P.; Zhang, F.; Zhang, W.-B.; Yuan, S.-L.; Li, J.-Y.; Jin, J. A Robust Polyionized Hydrogel with an
Unprecedented Underwater Anti-Crude-Oil-Adhesion Property. Adv. Mater. 2016, 28, 5307–5314. [CrossRef] [PubMed]

34. Xu, C.; Yan, F.; Wang, M.-X.; Yan, H.; Cui, Z.-Y.; Li, J.-X.; He, B.-Q. Fabrication of hyperbranched polyether demulsifier modified
PVDF membrane for demulsification and separation of oil-in-water emulsion. J. Membr. Sci. 2020, 602, 117974. [CrossRef]

35. Niu, Z.; Yue, T.; He, X.; Manica, R. Changing the Interface Between an Asphaltene Model Compound and Water by Addition of an
EO-PO Demulsifier through Adsorption Competition or Adsorption Replacement. Energy Fuels 2019, 33, 5035–5042. [CrossRef]

36. Niu, Z.; Ma, X.M.; Manica, R.; Yue, T. Molecular Destabilization Mechanism of Asphaltene Model Compound C5Pe Interfacial
Film by EO-PO Copolymer: Experiments and MD Simulation. J. Phys. Chem. C 2019, 123, 10501–10508. [CrossRef]

37. Zhu, Y.-Z.; Zhang, F.; Wang, D.; Pei, X.-F.; Zhang, W.-B.; Jin, J. A novel zwitterionic polyelectrolyte grafted PVDF membrane for
thoroughly separating oil from water with ultrahigh efficiency. J. Mater. Chem. A 2013, 1, 5758–5765. [CrossRef]

38. Karkooti, A.; Yazdi, A.Z.; Chen, P.; McGregor, M.; Nazemifard, N.; Sadrzadeh, M. Development of advanced nanocomposite
membranes using graphene nanoribbons and nanosheets for water treatment. J. Membr. Sci. 2018, 560, 97–107. [CrossRef]

39. Chen, Y.-F.; Zhang, Y.-T.; Zhang, H.-Q.; Liu, J.-D.; Song, C.-H. Biofouling control of halloysite nanotubes-decorated polyethersul-
fone ultrafiltration membrane modified with chitosan-silver nanoparticles. Chem. Eng. J. 2013, 228, 12–20. [CrossRef]

40. Yan, F.; Chen, H.; Lu, Y.; Lu, Z.-H.; Yu, S.-C.; Liu, M.-H.; Gao, C.-J. Improving the water permeability and antifouling property of
thin-film composite polyamide nanofiltration membrane by modifying the active layer with triethanolamine. J. Membr. Sci. 2016,
513, 108–116. [CrossRef]

http://doi.org/10.1016/j.jcis.2022.03.106
http://doi.org/10.1016/j.jcis.2022.04.049
http://doi.org/10.1016/j.seppur.2021.120383
http://doi.org/10.1016/j.carbpol.2021.118929
http://doi.org/10.1016/j.desal.2021.115536
http://doi.org/10.1016/j.seppur.2022.122626
http://doi.org/10.1016/j.memsci.2020.118201
http://doi.org/10.3390/polym13020197
http://doi.org/10.1016/j.jhazmat.2022.128651
http://www.ncbi.nlm.nih.gov/pubmed/35299105
http://doi.org/10.1126/science.1148326
http://www.ncbi.nlm.nih.gov/pubmed/18063796
http://doi.org/10.1021/la3018453
http://www.ncbi.nlm.nih.gov/pubmed/22708630
http://doi.org/10.1016/j.seppur.2022.122031
http://doi.org/10.1016/j.jece.2022.107775
http://doi.org/10.1016/j.memsci.2022.121166
http://doi.org/10.1016/j.jcis.2022.09.148
http://www.ncbi.nlm.nih.gov/pubmed/36265343
http://doi.org/10.1002/anie.201308183
http://www.ncbi.nlm.nih.gov/pubmed/24307602
http://doi.org/10.1002/adma.201600417
http://www.ncbi.nlm.nih.gov/pubmed/27159880
http://doi.org/10.1016/j.memsci.2020.117974
http://doi.org/10.1021/acs.energyfuels.9b00741
http://doi.org/10.1021/acs.jpcc.9b02248
http://doi.org/10.1039/c3ta01598j
http://doi.org/10.1016/j.memsci.2018.04.034
http://doi.org/10.1016/j.cej.2013.05.015
http://doi.org/10.1016/j.memsci.2016.04.049


Molecules 2023, 28, 1282 19 of 19

41. Gao, C.-M.; Chen, J.-C.; Liu, S.-H.; Yang, H.; Ji, S.-F.; Chen, H.-Y. A double anti-fouling mechanism established by self-assembly of
TiO2 on F127 chains for improving the hydrophilicity of PES membrane based on RTIPS method. Sep. Purif. Technol. 2021, 255,
117742. [CrossRef]

42. Lin, Y.-C.; Chao, C.-M.; Wang, D.-K.; Liu, K.-M.; Tseng, H.H. Enhancing the antifouling properties of a PVDF membrane for
protein separation by grafting branch-like zwitterions via a novel amphiphilic SMA-HEA linker. J. Membr. Sci. 2021, 624, 119126.
[CrossRef]

43. Yuan, T.; Meng, J.-Q.; Hao, T.-Y.; Wang, Z.-H.; Zhang, Y.-F. A scalable method toward superhydrophilic and underwater
superoleophobic PVDF membranes for effective oil/water emulsion separation. ACS Appl. Mater. Interfaces 2015, 7, 14896–14904.
[CrossRef]

44. Shao, L.-Y.; Yu, Z.-X.; Li, X.-H.; Zeng, H.-J.; Liu, Y.-C. One-step preparation of sepiolite/graphene oxide membrane for multifunc-
tional oil-in-water emulsions separation. Appl. Clay Sci. 2019, 181, 105208. [CrossRef]

45. Li, C.-C.; Chen, X.-Y.; Luo, J.; Wang, F.; Liu, G.-J.; Zhu, H.-L.; Guo, Y.-H. PVDF grafted Gallic acid to enhance the hydrophilicity
and antibacterial properties of PVDF composite membrane. Sep. Purif. Technol. 2021, 259, 118127. [CrossRef]

46. Cui, J.-Y.; Xie, A.-T.; Yan, Z.; Yan, Y.-S. Fabrication of crosslinking modified PVDF/GO membrane with acid, alkali and salt
resistance for efficient oil-water emulsion separation. Sep. Purif. Technol. 2021, 265, 118525. [CrossRef]

47. Li, J.-F.; Xu, Z.-L.; Yang, H.; Yu, L.-Y.; Liu, M. Effect of TiO2 nanoparticles on the surface morphology and performance of
microporous PES membrane. Appl. Surf. Sci. 2009, 255, 4725–4732. [CrossRef]

48. Feng, C.-S.; Shi, B.-L.; Li, G.-M.; Wu, Y.-L. Preparation and properties of microporous membrane from poly(vinylidene fluoride-
co-tetrafluoroethylene) (F2.4) for membrane distillation. J. Membr. Sci. 2004, 237, 15–24. [CrossRef]

49. Gumbi, N.N.; Hu, M.-Y.; Mamba, B.B.; Li, J.-X.; Nxumalo, E.N. Macrovoid-free PES/SPSf/O-MWCNT ultrafiltration membranes
with improved mechanical strength, antifouling and antibacterial properties. J. Membr. Sci. 2018, 566, 288–300. [CrossRef]

50. Chen, F.-T.; Shi, X.-X.; Chen, X.-B.; Chen, W.-X. An iron (II) phthalocyanine/poly(vinylidene fluoride) composite membrane with
antifouling property and catalytic self-cleaning function for high-efficiency oil/water separation. J. Membr. Sci. 2018, 552, 295–304.
[CrossRef]

51. Wei, Q.-Q.; Wu, C.-Y.; Zhang, J.; Cui, Z.-Y.; Jiang, T.; Li, J.-X. Fabrication of surface microstructure for the ultrafiltration membrane
based on “active-passive” synergistic antifouling and its antifouling mechanism of protein. React. Funct. Polym. 2021, 169, 105068.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.seppur.2020.117742
http://doi.org/10.1016/j.memsci.2021.119126
http://doi.org/10.1021/acsami.5b03625
http://doi.org/10.1016/j.clay.2019.105208
http://doi.org/10.1016/j.seppur.2020.118127
http://doi.org/10.1016/j.seppur.2021.118528
http://doi.org/10.1016/j.apsusc.2008.07.139
http://doi.org/10.1016/j.memsci.2004.02.007
http://doi.org/10.1016/j.memsci.2018.09.009
http://doi.org/10.1016/j.memsci.2018.02.030
http://doi.org/10.1016/j.reactfunctpolym.2021.105068

	Introduction 
	Results and Discussion 
	Characterization of F127@SMA 
	Chemical Structure Characterization of Membrane Surfaces 
	Morphology and Pore Structure of Membranes 
	Permeability and Surface Wettability of Membranes 
	Antifouling Performance 
	Separation of the O/W Emulsion 
	O/W Separation Performance 
	Anti-Crude Oil Fouling and Operational Stability 
	Stability of the Modified Membrane 


	Experimental 
	Materials 
	Preparation of F127 Grafted SMA Ploymer 
	Preparation of the Membrane 
	Characterization of Membranes 
	Structure and Surface Features 
	Mechanical Properties 
	Permeability and Surface Wettability 
	Antifouling Performance 

	O/W Emulsion Separation 

	Conclusions 
	References

