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oto-Fenton self-cleaning PVDF
composite membrane for highly efficient oil-in-
water emulsion separation

Chengcai Li,ab Minghui Shi,a Dan Xu,a Qiqi Liao,a Guojin Liu,ac Yuhai Guo, ab

Hang Zhangd and Hailin Zhu *ab

The anti-fouling performance of membranes is an important performance in the separation of oil/water.

However, the membrane with anti-fouling performance will also have surface scaling phenomenon

when it runs for a long time. Therefore, there is still a great demand for stain-resistant membranes with

good self-cleaning ability and high flux recovery rate. Based on this, this paper firstly prepared

a hydrophilic membrane with carboxyl group and carboxyl ion by blending poly(ethylene-alt-maleic

anhydride) (PEMA) and polyvinylidene fluoride (PVDF), and then prepared a self-cleaning composite

membrane by in situ mineralization of b-FeOOH particles on the surface of the membrane for efficient

oil-in-water emulsion separation. A large number of –COOH/COO− and b-FeOOH particles on the

membrane surface make the composite membrane have strong hydrophilic properties (WCA = 20.34°)

and underwater superoleophobicity (UOCA = 155.10°). These composite membranes have high

separation efficiency (98.8%) and high flux (694.56 L m−2 h−1 bar−1) for soybean oil-in-water emulsion.

Importantly, the as-prepared membrane shows excellent flux recovery rate (over 99.93%) attributed to

the robust photo-Fenton catalytic activity of b-FeOOH, and the b-FeOOH is chemically bonded to the

as-prepared membrane, which makes the as-prepared membrane have good reusability. This work

provides hope for the application of self-cleaning membranes in the construction of anti-fouling

membranes for wastewater remediation.
1. Introduction

Water pollution has become a major obstacle to economic
development, and more and more people are beginning to pay
attention to water pollution.1–5 The increase in oily sewage
caused by common petrochemical discharges, domestic waste-
water and frequent industrial spills have brought many adverse
effects on the aquatic environment and human life.6–11 At
present, oil–water separation is still considered as a worldwide
problem. There are many ways to solve the problem of oil
pollution, such as adsorption method, centrifugal method, in
situ combustion method, and so on. These traditional methods
all have the problem of secondary pollution, complex operation
process and low separation efficiency.12,13 The membrane
separation technology is also one of the most commonmethods
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the Royal Society of Chemistry
in oil–water separation. Polymer membrane, one of the main
membrane materials, has been widely used in water pollution
treatment,14–16 due to its good mechanical properties and easy
processing. Microltration membranes are widely employed in
green wastewater regeneration because of their low energy
consumption and high inhibition rate. However, membrane
contamination remains one of the main obstacles to the further
sustainable development of membrane technology, as micro-
scopic interactions between polymer membrane surfaces and
organic contaminants lead to membrane contamination,
resulting in reduced separation performance and reduced
membrane life.17,18 Therefore, it is very desirable to develop
membranes with excellent stain resistance, but it is challenging
to meet the growing environmental requirements. The prepa-
ration of microltration membranes with high anti-fouling
properties is a major method of solving membrane
contamination.

At present, there are many methods used to prepare anti-
fouling membranes, such as surface crosslinking, coating,
surface mineralization, in situ blending and other methods,
people have made great efforts to design anti-fouling
membranes.19–23 Among them, in situ blending features simul-
taneous membrane formation and modication by one-step
method, and shows the advantages of three-dimensional
RSC Adv., 2022, 12, 35543–35555 | 35543
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View Article Online
modication of porous membranes in terms of membrane
surface and pore wall modication.24,25 In order to improve anti-
fouling performance, nanomaterials (such as silica, graphene
oxide, titanium dioxide, zinc oxide, etc.) have been mixed in situ
into the polymer matrix to change the properties of the
membrane.26–29 Photolytic nanomaterials can further improve
the anti-fouling performance of the membrane under light
exposure. Fenton oxidation is intensively adaptable to pollut-
ants and consumes low energy, so it is one of the most
commonly utilized methods for deep treatment of organic
pollutants in water.30 Recently, the photo-Fenton method has
been combined with membrane technology to improve the anti-
fouling performance of membranes. For example, Wang et al.31

reported a PVDF@CuFe2O4 membrane by incorporating
CuFe2O4 into a PVDF membrane. Due to the high photo-Fenton
activity, the membrane exhibits versatile anti-fouling properties
against different types of dirt. Wu et al.32 prepared TiO2-PDA/
PSF hybrid membranes via mixing and surface adhesion,
which showed outstanding self-cleaning ability under ultravi-
olet irradiation. However, the compatibility of inorganic nano-
materials with so polymer matrices is not satisfactory, giving
rise to uneven aggregation and dispersion of nanoparticles,
which will cause the separation performance of the membrane
to be affected to a certain extent.33

In past studies, heterogeneous Fenton-like reaction is
considered to be one of the powerful and economic advanced
oxidation processes (AOPs) for the degradation of recalcitrant
organics via hydroxyl radicals and/or superoxide radicals.34,35

Among study that have been reported, the FeOOH is greatly
promising as a viable photocatalyst because its Fe3-m3-oxo
cluster helps to purify water by producing hydroxyl radicals
through photo-Fenton-like reactions.36 Fenton oxidation has
high adaptability to pollutants and low energy consumption, so
Fenton technology is one of the most common methods of
organic matter pollution in water. The photo-Fenton reaction
uses Fe(III) for photolysis under light conditions to form Fe(II),
which then continues to produce hydroxyl radicals through the
photo-Fenton reaction. Thus, the cycle between Fe(III) and Fe(II)
is effectively maintained, and the degradation rate of organic
pollutants in water is accelerated. Xie et al.37 used PVDF/NH2-
MIL-88B (Fe) (PVDF/NM88B) rich hydrophilic amino groups
and high photo-Fenton activity to improve the self-cleaning
ability of the hybrid membrane. Due to the hydrophilicity of
NM88B and the high photo-Fenton activity, the PVDF/NM88B
membrane exhibited excellent anti-fouling properties. Wang
et al.38 fabricated a negatively charged super hydrophilic
membrane by depositing b-FeOOH nanorods on commercially
available sulfonated polyolen lithium-ion battery separators
(LIBS), and the polyolen surface-rich sulfonic acid groups
provided sufficient binding sites for xed b-FeOOH nanorods,
using the b-FeOOH high-Fenton activity to impart the
membrane efficient self-cleaning ability. Zhao et al.39 adapted
a polyphenol-metal-manipulated nano-hybridization strategy to
make a novel super-wetting CNT@CS/TA-FeOOH nano-hybrid
membrane with high permeability, oil resistance and self-
cleaning properties. The methods of preparing photo Fenton
membrane can be summarized into two kinds, one is to blend
35544 | RSC Adv., 2022, 12, 35543–35555
photo Fenton catalyst and polymer to prepare membrane, the
other is to deposit a layer of photo Fenton catalyst on the surface
of polymer membrane by in situ deposition. These two methods
have a common defect, there is no chemical bond between the
photo Fenton catalyst and the polymer. Due to the poor binding
fastness between the photo Fenton catalyst and the polymer, the
catalyst is easy to fall off in the process of use, resulting in the
reduction of self-cleaning performance of the membrane. So
based on the development of a new photo Fenton membrane
preparation method.

Poly(ethylene-alt-maleic anhydride) (PEMA) has good
hydrophilicity, not only can be dissolved in organic solvents,
but also itself and its hydrolyzed products cannot be dissolved
in water, widely used to regulate the hydrophilicity of polymer.
In this work, we doped PEMA into the polyvinylidene uoride
(PVDF) to prepare PVDF/PEMA composite membrane via an in
situ blending process, and then the PVDF/PEMAmembrane was
treated by acid and alkali to hydrolyze all maleic anhydride
bonds into –COOH and –COO− group, thereby preparing
a hydrophilic PVDF composite membrane. Last, on the basis of
strong chelation between –COOH/–COO− groups and Fe(III), the
b-FeOOH catalyst layer was generated on the surface by
mineralization. The hydrophilic b-FeOOH endow the composite
membrane with hydrophilicity, thus enhancing the anti-fouling
performance. Meanwhile, the photo Fenton catalyst b-FeOOH to
degrade oil pollutants through hydroxyl radicals and/or super-
oxide radicals, which improves the self-cleaning performance of
the composite membrane. The catalyst and the substrate
membrane are connected by chemical bonds, which has excel-
lent stability. This membrane with superhydrophilicity and
high self-cleaning properties has great application prospects in
organic wastewater treatment.
2. Experimental part
2.1 Materials

Poly(vinylidene uoride) (PVDF, Solvay 6010,Mn = 500 000) was
purchased from Solvay S.A. (America). Poly(ethylene-alt-maleic
anhydride) (PEMA, Mn = 50 000) was obtained from Vertellus
(America). Polyvinylpyrrolidone (PVP, Mn = 8000), N,N-dime-
thylformamide (DMF), FeCl3$6H2O, sodium dodecyl sulfate
(SDS) and methylene blue (MB) were Shanghai Macklin
Biochemical Co., Ltd (China). Ethanol, H2O2 (30%), 1,2-
dichloroethane, hydrochloric acid (HCl, 36.0–38.0%) and NaOH
was acquired from Hangzhou Gaojing Chemicals Co., Ltd.
2.2 Fabrication of PVDF hydrophilic composite membrane

The composite membrane was prepared by Nonsolvent Induce
Phase Separation (NIPS). Firstly, PVDF (6 g), PEMA (0 g, 0.3 g,
0.6 g, 0.9 g, 1.2 g, 1.5 g) and PVP blended powder was dissolved
in DMF solvent by magnetic stirring at 50 °C for 12 h, aer
standing overnight at 50 °C to obtain uniform cast solution
(total mass of solution 50 g). The cast solution is immediately
cast onto the glass substrate by a casting knife and immersed in
a coagulation bath (deionized water), when the membrane was
completely detached from the glass plate, the membrane was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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immersed in deionized water for 24 h to completely remove PVP
and DMF from the membrane. Then the prepared membranes
were soaked in 0.1 mol L−1 HCl solution for 1 h and then soaked
in 0.1 mol L−1 NaOH solution for 1 h. When the reaction was
complete, the composite membrane was rinsed with deionized
water and dried in a vacuum oven at 40 °C, named asmembrane
M0, M1, M2, M3, M4 and M5, respectively. According to the
hydrophilic properties membranes, the membranes prepared
under the optimal PEMA content were selected, and the
following experiments were carried out (Fig. 1).
Fig. 2 XRD patterns of anatase PVDF, M5 and M@b-FeOOH(0.1).
2.3 Fabrication of PVDF hydrophilic composite membranes
loading b-FeOOH

A certain amount of FeCl3$6H2O and 50 mL HCl solution (pH =

2) was added into 100 mL deionized water forming a clear
synthesis solution, the concentrations of Fe3+ are 0.025 mol L−1,
0.05 mol L−1, 0.075 mol L−1, 0.1 mol L−1 and 0.125 mol L−1,
respectively. The above-mentioned washed membrane was
immersed into the synthesis solution, slightly mechanically
stirred at 50 °C for 24 h, then the modied membrane was
rinsed with deionized water for 12 h to remove surface loose
catalyst, and dried in a vacuum oven at 40 °C, named as
membrane M@b-FeOOH(0.025), M@b-FeOOH(0.05), M@b-
FeOOH(0.075), M@b-FeOOH(0.1) and M@b-FeOOH(0.125),
respectively.
2.4 Oil-in-water emulsion separation experiment

In order to prepare a surfactant-stabilized oil-in-water emul-
sion, 1 g soybean oil and 0.2 g SDS were dissolved in 1 L
deionized water, and then mixed liquor was stirred at 600 rpm
for 2 h to obtain a stable oil-in-water emulsion. Emulsion
droplet size was detected by a dynamic light scattering (DLS) (LB
550, HORIBA). Using the cross-ow ltration device, the oil–
water separation is carried out under a constant pressure of 1
bar, the ltrate was collected aer ltration, and the oil content
before and aer separation was detected by UV
Fig. 1 A comprehensive description of the PVDF/@b-FeOOH membran

© 2022 The Author(s). Published by the Royal Society of Chemistry
spectrophotometer at 220 nm, and the separation efficiency is
calculated by the following eqn (1):

R ¼
�
1� Cf

C0

�
� 100% (1)

where Cf and C0 represent the oil content of ltrate and raw
emulsion measured by a UV spectrophotometer.

The ux is calculated by the following eqn (2):

J ¼ V

A� Dt� DP
(2)

where V (L) is the volume of permeable water, A (m2) is the
effective membrane area, Dt (h) is the separation time, and DP
(bar) is the applied pressure.

To evaluate the self-cleaning performance of the membrane,
calculate the ux recovery ratio (FRR). Aer the separation of
oil-in-water emulsion, the composite membrane was simply
cleaned with deionized water, and the membrane pure water
permeation ux aer cleaning was tested, and then the
e preparation process.

RSC Adv., 2022, 12, 35543–35555 | 35545
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Fig. 3 (a) ATR-FTIR spectra of the membranes, (b) survey XPS spectra, (c) O1s and (d) Fe2p core-level XPS spectra of the M@b-FeOOH(0.1)
membrane.

Table 1 Elemental composition of different membranes as deter-
mined by XPS

Membrane

Composition (at%)

C F O Fe Na

PVDF 57.11 42.89
M5 54.05 41.22 4 — 0.72
M@b-FeOOH(0.1) 40.09 8.25 37.67 13.57 0.42
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membrane was treated again by photo Fenton process and the
membrane pure water permeation ux was tested. The FRR is
calculated by the following eqn (3):

FRR ¼ JF

J0
� 100% (3)

where J0 is the ux of pure water and JF is the water ux of the
membrane washed by the deionized water/photo-Fenton
process.
2.5 Photo-Fenton catalytic capability tests

The photo-Fenton catalytic capability of the composite
membrane was analysed by MB (initial concentration
10 mg L−1) in dark and under UV irradiation, respectively. First,
the membrane sample (diameter is 21 mm, thickness is 0.25
35546 | RSC Adv., 2022, 12, 35543–35555
mm) was immersed in a beaker containing 50 mL dye solution,
the solution was stirred in dark at room temperature to ensure
adsorption/desorption equilibrium. Then, add 1 mL of H2O2

(30%) to the dye solution and the catalytic experiment was
carried out under 250 W UV-lamp (main spectrum 365 nm). In
the adsorption and catalytic processes, samples were taken at
1 h intervals the absorbance of each sample was measured by
ultraviolet spectrophotometer at the maximum absorption
wavelength of 664 nm.
2.6 Characterization

2.6.1 Instruments and methods. The surface morphology
and cross-sectional morphology of the membrane was observed
by JSM-5610LV eld emission scanning electron microscope
(JEOL, Japan). The Nicolet 5700 Fourier Transform Infrared
Spectrometer (Thermo Electron Corporation, USA) determines
the infrared spectrum of the membrane. X-ray diffraction is
performed using an X-ray diffractometer. The mechanical
properties of the membrane are tested with the YM065 power
tester. The proportion of elements in the membrane was
measured by K-Alpha X-ray photoelectron spectrometer. The
absorption wavelength was determined with UH4150 UV-Visible
NIR Spectrophotometer. The particle size of the oil–water
emulsion is measured via Zetasizer Nano S Particle Size
Analyzer (Malvern, Britain).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The photographs and SEM images of PVDF (a), M4 (b), M@b-FeOOH(0.025) (c), M@b-FeOOH(0.1) (d) and M@b-FeOOH(0.125) (e).
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3. Results and discussion
3.1 XRD analysis

The crystal structure of the prepared composite material was
tested by XRD. As shown in Fig. 2, a diffraction peak at 2q =

20.8° was found, which constituted the typical XRD patterns of
PVDF. As for M@b-FeOOH(0.1), other diffraction peaks at 2q =

12.18°, 17.15°, 27.15°, 34.34°, 35.16°, 39.69°, 46.86°, 52.52°,
56.37° and 61.68° were attributed to (110), (200), (310), (400),
© 2022 The Author(s). Published by the Royal Society of Chemistry
(211), (301), (411), (600), (521) and (002) planes of b-FeOOH
(JCPDS no. 34-1266).40,41 The results show that b-FeOOH was
successfully prepared on the surface of the composite
membrane aer mineralization.
3.2 Surface chemical structure analysis

The chemical composition of different membrane was analyzed
by FTIR, as shown Fig. 3a. It can be seen that all the membranes
RSC Adv., 2022, 12, 35543–35555 | 35547
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Fig. 5 The EDS mapping images of M@b-FeOOH(0.1) surface (a) and cross-section (b).
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exhibited the peaks at 874 cm−1, 1175 cm−1 and 1402 cm−1,
which were attributed to C–C, –CF2–, –CH2–, respectively. As for
M5, two new characteristic peaks at 1558 cm−1 and 1652 cm−1

were found, which is ascribed to in –COO− bond resonance.
Meanwhile, the peak intensity at 3000–3700 cm−1 became
stronger, which attributed to the –OH.42 Since the PVDF has
a vibration peaks around 840 cm−1 belonging to Fe–O–Fe
stretching vibrations are overlapped. Compared with the
membrane, the vibration peaks of Fe–O–Fe stretching intensity
are intensied, meanwhile, the new peaks at 688 cm−1 were
attributed to the Fe–O stretching vibrations.43 Additionally, it
still has a strong –OH stretching vibration absorption peak at
3000–3700, which indicates a substantial increase in the
hydroxyl groups from the b-FeOOH surface.

The surface composition and nature of the oxidation state
was evaluated using XPS analysis. The survey spectra of PVDF,
M5 and M@b-FeOOH(0.1) (Fig. 3b) displayed the same peaks of
C1s and F1s. As for M5, the peak of O1s and Na1s were found
due to the presence of –COOH and –COONa on the membrane
surface. Compared with the PVDF and M5, the new peak was
found at 710.8 eV, they are attributed to the Fe2p, which
Fig. 6 The affection of PEMA content on hydrophilicity of composite m

35548 | RSC Adv., 2022, 12, 35543–35555
conrmed the presence of Fe element. Meanwhile, the peak
intensity of O1s in the M@b-FeOOH(0.1) membrane is signi-
cantly enhanced. The elemental compositions of different
membranes were shown in Table 1, which is consistent with the
above XPS spectral results. To further verify the valence state of
O and Fe element, a Gaussian tting method was used to study
the high-resolution XPS spectrum of O1s and Fe2p. For Fig. 3c,
the O element tting characteristic peaks of the M@b-
FeOOH(0.1) membrane at 529.90, 530.79, 531.50 and 532.09 eV
corresponding to the lattice oxygen of Fe–O2

−, Fe–O, C–O and
C]O, respectively.44 Fig. 3d shows the Fe2p of the M@b-
FeOOH(0.1) membrane high-resolution XPS spectra, it can been
found that two satellites peaks at 717.86 eV and 732.76 eV are
characteristic of the mixed valence Fe materials.45 The tting
peaks at 710.24 eV and 724.20 eV corresponding to the Fe2+, and
the tting peaks at 711.83 eV and 726.60 eV corresponding to
the Fe3+.46 The above results are consistent with the XRD results,
thus indicating that mixed-valent iron oxide (b-FeOOH) has
been successfully loaded onto the PVDFmembrane surface. The
elemental compositions of different membranes were shown in
Table 1, which is consistent with the above XPS spectral results.
embranes. (a) WCA and Flux, (b) dynamic WCA.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The affection of FeCl3 concentration on hydrophilicity of composite membranes.

Fig. 8 Dynamic underwater oil-adhesion and underwater oil contact
angle of the M@b-FeOOH(0.1) membrane (dichloromethane).
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3.3 Morphologies of membrane

The surface morphologies of different membrane were investi-
gated by SEM. Fig. 4 shows the optical photographs and corre-
sponding SEM images of the membranes at different stages. It
can be seen that the pristine PVDF and M5 membrane is white
(Fig. 4a1 and b1). Aer mineralization, the membranes become
yellow (Fig. 4c1–e1), which proves intuitively that b-FeOOH has
mineralized on the membrane surface. Compared Fig. 4b2 and
b3 with Fig. 4a2 and a3, it can be seen that with the addition of
PEMA, the pore size of the blending membrane is larger than
that of the PVDF membrane. The main reason is that PEMA is
a hydrophilic polymer, and the presence of PEMA can accelerate
the exchange rate of water from the coagulation bath to the
casting solution, resulting in the pore size of the blending
membrane become larger. Abundant particles can be observed
on the surface of the M@b-FeOOHmembranes (Fig. 4c2, c3–e2,
e3). Furthermore, with the increase in the mass concentration
of the FeCl3 aqueous solution, the b-FeOOH particles becomes
denser on the membrane surface and the pore size become
small.

The EDS spectra was used to characterize the dispersion of
O, Na and Fe elements in composite membrane. The EDS
spectra of the surface and cross-section of M@b-FeOOH(0.1) is
shown in Fig. 5. It can be found that O, Na and Fe elements were
© 2022 The Author(s). Published by the Royal Society of Chemistry
densely and uniformly distributed on the surface and cross-
section of the composite membrane, which endows the
composite membrane with excellent hydrophilicity and photo-
catalytic performance.
3.4 Surface water permeability and wettability of
membranes

The hydrophilicity of the membrane is critical to the use of the
membrane. The anhydride in PEMA has good hydrophilicity
aer hydrolysis, increasing the proportion of PEMA can
improve the hydrophilicity of the composite membrane. In
order to select the optimal ratio of PVDF to PEMA, the water
contact angle and water ux test of PVDF/PEMA membranes
with different PEMA content is performed, and the results are
shown in Fig. 6. As shown in Fig. 6a, compared with the PVDF
membrane, the WCA of composite membrane changed signi-
cantly. With the increase of the PEMA content from 0 to 20%,
the values of WCA decrease from 90.5 ± 1.01° (M0) to 40.55 ±

0.72° (M4), and the values of Jw increase from 118.24 ± 10.18
(M0) to 715.72 ± 14.22 L m−2 h−1 bar−1 (M4). The main reason
is that PEMA is a hydrophilic polymer, and a large number of
carboxyl groups and carboxyl ions are formed aer the hydro-
lysis of maleic anhydride in the membrane. With the increase of
PEMA content, the content of hydrophilic groups in the
membrane increases, resulting in the enhancement of
membrane hydrophilicity. When the PEMA content is 25%
(M5), the WCA slightly increased and Jw slightly decreased, it
may be because the compatibility between PEMA and PVDF
deteriorates, whichmakes PEMA not uniformly dispersed in the
membrane, resulting in a decrease in the hydrophilicity of the
membrane. The hydraulic permeability characterized by the
dynamic water contact angle is vital to the hydrophilic
membranes, and the results are shown in Fig. 6b. It can be seen
that only the surface WCA of the M4 decreases to 0 aer 22 s,
and the WCA of the PVDF membrane basically does not change.
The surface WCA of the membrane prepared under other PEMA
content decreases slowly and then tends to be stable. Therefore,
according to the hydrophilic properties of the membrane, the
membrane prepared at 20% PEMA has the best performance.
RSC Adv., 2022, 12, 35543–35555 | 35549
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Fig. 9 (a) Optical micrographs and particle size distribution of emulsions before and after separation, (b) recyclability separation experiment of
emulsion and (c) FRR of the membrane after rinsing under different conditions.
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On the basis of the composite membrane prepared with 20%
PEMA content, the affection of FeCl3 concentration on the
hydrophilicity of the composite membrane was further studied,
and the results are shown in the Fig. 7. As shown Fig. 7a, with
the increase of the FeCl3 concentrations from 0 to 0.1 mol L−1,
the values of WCA decrease from 40.55 ± 0.72° (M4) to 20.34 ±

0.65° (M@b-FeOOH(0.1)), and the values of Jw increase from
715.72 ± 14.22 L m−2 h−1 bar−1 (M4) to 1845.65 ± 19.68 L m−2

h−1 bar−1 (M@b-FeOOH(0.1)). The main reason is that the
number of hydrophilic groups on the membrane surface
increases with the appearance of b-FeOOH particles. When
FeCl3 concentrations is too high, a large amount of b-FeOOH
products accumulate on the membrane surface, which makes
the membrane micropore blocked, the surface roughness is
reduced, and the WCA on the membrane surface is increased,
and the Jw is decreased. Themembranes used in the subsequent
experiments were prepared under these conditions. Meanwhile,
the surface WCA of M@b-FeOOH(0.025), M@b-FeOOH(0.05),
M@b-FeOOH(0.075), M@b-FeOOH(0.1) and M@b-
FeOOH(0.125) can be reduced to 0° within 17 s, 13 s, 8 s, 5 s and
6 s, respectively (Fig. 7b). The results indicate that the hydro-
philicity of the membrane can be further increased by the
appearance of b-FeOOH particles.
35550 | RSC Adv., 2022, 12, 35543–35555
3.5 Separation and anti-fouling performance

The underwater superoleophobicity of the membrane deter-
mines the separation performance of the membrane during oil–
water separation, which is determined by its underwater
dynamic viscous oil performance and underwater oil contact
angle (UOCA). Fig. 8 investigates the underwater dynamic
viscous oil properties of the M@b-FeOOH(0.1) membrane and
the UOCA. It can be seen from the Fig. 8 that when the
dichloromethane droplets were rst forced to fully contact the
surface of the M@b-FeOOH(0.1) membrane under water and
then lied up, the oil droplets remained almost spherical, and
there was no visible residue on the membrane surface. Mean-
while, the UOCA of the M@b-FeOOH(0.1) membrane to
dichloromethane is 155.10°, indicating that the M@b-
FeOOH(0.1) membrane has excellent anti-oil adhesion and/
underwater superoleophobic properties under water.

To evaluate the oil-in-water emulsion separation perfor-
mance of composite membrane, the separation experiment of
soybean oil-in-water emulsion was carried, the result was shown
in Fig. 9. Fig. 9a shows the optical microscope images before
and aer separation of the oil-in-water emulsion. It can be seen
that the emulsion before separation is milky white, and the
dense oil droplets can be clearly observed in the optical
micrographs, the ltrate aer separation is clear and no oil
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07116a


Fig. 10 (a) UV-vis diffuse reflection spectra of the PVDF, PEMA, M4 and M@b-FeOOH(0.1), (b) the dynamic curve of the H2O2 and photo-Fenton
catalytic degradation for the removal of MB, (c) UV-vis adsorption spectra of the MB solution over photo-Fenton catalytic degradation process,
(d) photo-Fenton catalytic degradation performance of the M@b-FeOOH(0.1) for MB (b) during 10 cycles.

Fig. 11 The stress–strain curves of the membranes.
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droplets are observed in the optical micrographs, indicating the
high efficiency of the M@b-FeOOH(0.1) membrane for oil-in-
water emulsion separation. As shown Fig. 8b, it can be found
that the separation efficiency reached 98.8% and penetration
ux reached 694.56 L m−2 h−1 bar−1. Meanwhile, in order to
study the reusable performance of the composite membrane in
© 2022 The Author(s). Published by the Royal Society of Chemistry
oil–water separation, three times of soybean oil-in-water emul-
sion ltration experiments were performed on the prepared
composite membrane, and the results were shown in Fig. 9b.
The M@b-FeOOH(0.1) membrane can achieve a separation
efficiency of more than 98.7% in three cycles of soybean oil-in-
water emulsion, and has a high permeation ux. Aer each
separation experiment, the composite membrane was washed
with deionized water and photo-Fenton process, the FRR of the
composite membrane aer deionized water washing and photo-
Fenton process were tested respectively, the results were shown
in Fig. 9c. It can be seen that aer oil/water separation, the FRR
of the composite membrane reaches 95.57% aer simple
deionized water washing, while the FRR of the composite
membrane reaches 99.93% aer photo-Fenton process, indi-
cating that photo-Fenton cleaning can effectively remove oil
stains on the membrane surface. Aer three cycles, the FRR of
the composite membrane still reached 99.9%, indicating that
the membrane has excellent cleaning ability. The results show
that the membrane has good recyclability and self-cleaning
performance.
3.6 Photo-Fenton catalytic capability

The optical property of the membrane was analyzed by
ultraviolet-visible infrared spectroscopy (UV-vis DRS). As shown
RSC Adv., 2022, 12, 35543–35555 | 35551
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Fig. 12 Mechanisms of self-cleaning for M@b-FeOOH(0.1) membrane.
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in Fig. 10a, compared with PVDF and M4, the M@b-FeOOH(0.1)
membrane has a stronger absorption peak at 302–600 nm.
These results show that the prepared composite membrane has
a high utilization rate of light energy, which is conducive for
improving the photo-Fenton catalytic activity. In this experi-
ment, MB was selected as a simulated organic pollutant because
of its hazards and prevalence in the aquatic environment. The
photo-Fenton activity of the M@b-FeOOH(0.1) membrane is
estimated based on the degradation of MB under UV light
irradiation. As shown Fig. 10b, when only H2O2 was added to
the MB solution, the MB degradation rate was 39.5%. When
only M@b-FeOOH(0.1) was added to the MB solution, the
adsorption experiment was carried out in the dark condition,
and the UV-light was carried out aer equilibrium, and it can
been found that the dye concentration did not change much.
When the M@b-FeOOH(0.1) and H2O2 was added to the MB
solution, the MB degradation rate was as high as 99.8% at the
same UV light time. The changes in the UV-vis adsorption
spectra for the MB solution are shown in Fig. 10c. The MB
solution shows a strong absorbance at 664 nm, and the absor-
bance almost disappears aer 7 h. These results indicate that
the conjugated chromophore structure was destroyed and the
MB molecules were completely degraded into small organic/
inorganic molecular or/and ionic products, as demonstrated
by a previous research on the degradation pathway of MB in b-
FeOOH@GO catalyzed photo-Fenton-like system.47 The reus-
ability of catalytic membrane plays an important role in prac-
tical applications, as this study experiments on the reusability
of themembrane and the results are shown in Fig. 10d. Aer the
rst photocatalytic dye degradation experiment, the M@b-
FeOOH(0.1) membrane was washed with deionized water, and
then placed in fresh dye solution to repeat the adsorption
degradation experiment. It can be seen from Fig. 8d that the
degradation rate of the M@b-FeOOH(0.1) decreases slightly
aer running 10 times, but the M@b-FeOOH(0.1) exhibited
great recyclability with 99.5% degradation ratio for RhB,
demonstrating that the photo-Fenton catalytic performance of
the M@b-FeOOH(0.1) is relatively stable and can be recycled.
35552 | RSC Adv., 2022, 12, 35543–35555
3.7 Mechanical properties of the membrane

The application of themembrane also has a certain relationship
with its mechanical properties. Excellent mechanical properties
will directly affect the application eld of the membrane.
Therefore, the mechanical properties of the membrane are
evaluated by testing the stress–strain curve of the membrane,
the result is shown in Fig. 11. The tensile strength of the
composite membrane is higher than that of the PVDF and M4
membrane. On the one hand, due to the hydrogen bonding
between the rich –COOH and –COO− groups and uorine
groups on the PVDF chain may contribute to the improvement
of mechanical property. On the other hand, aer in minerali-
zation of b-FeOOH, a large number of b-FeOOH particles appear
on the membrane surface, which leads to the increase of
membrane surface roughness, so that the tensile strength of
composite membrane further increase. In conclusion, the
prepared composite membrane has good mechanical property
and has potential application value in the eld of sewage
treatment.
3.8 Mechanism of photo-Fenton self-cleaning

During the oil-in-water separation experiment, the water will
pass through the composite membrane, and the oil will remain
in the surface layer or pore of the composite membrane,
causing membrane pollution. The contaminated composite
membrane is self-cleaning through photo-Fenton, a possible
mechanism was proposed and displayed in Fig. 12. The M@b-
FeOOH(0.1) membrane has Fe–O clusters, and can be activated
and produce photo-induced carriers. Photoelectrons (e−) can
promote the decomposition of H2O2 to produce $OH48 More-
over, some e-may be captured by O2, further forming $O2

−.49

Therefore, the oil on the membrane can be decomposed by the
strong oxidation of $OH and $O2

− oxidation. Meanwhile, the
remaining h+ can directly oxidize the oil deposited on the
surface of the composite membrane. H2O2 reacts with Fe(III) in
the M@b-FeOOH(0.1) membrane to form Fe(II), Fe(II) further
promote the decomposition of H2O2, and generates $OH by the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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light Fenton reaction. At the same time, the b-FeOOH is
oxidized to its initial state, thus producing a large amount of
$OH in the cyclic reaction. Thus, even in the absence of light,
the oil deposited in the membrane pores can be oxidized and
decomposed. The strong photo-Fenton self-cleaning capability
makes the composite membrane have broad application pros-
pects in wastewater remediation.

4. Conclusion

In summary, a composite membrane with self-cleaning prop-
erties was prepared by using phase conversion method aer
blending PEMA with PVDF, and then Fe3+ was mineralized into
b-FeOOH particles and deposited on the PVDF/PEMA composite
membrane. A large number of –COOH/COO− and b-FeOOH
particles on the membrane surface make the composite
membrane have strong hydrophilic properties (WCA = 20.34°)
and underwater superoleophobicity (UOCA = 155.10°). More-
over, the composite membrane has high separation efficiency
(98.8%) and penetration ux (694.56 L m−2 h−1 bar−1) for
soybean oil-in-water emulsion. Furthermore, the b-FeOOH with
the robust photo-Fenton catalytic activity could remove oil
foulants adsorbed onto the membrane surface by catalytic
degradation, which granted the M@b-FeOOH(0.1) membrane
with better self-cleaning performance and ux recovery (over
99.9%), and the b-FeOOH is chemically bonded to the as-
prepared membrane, which makes the as-prepared membrane
have good reusability. The present work provides a useful way to
deal with membrane fouling in oil/water emulsion separation.
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