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fluorinated polyarylate
membranes via in situ photocopolymerization and
microphase separation for efficient separation of
oil-in-water emulsion†

Hui Li, *ab Cuiping Zhou,a Chunsheng Li,a Xiaohui Lia and Shuxiang Zhang*b

A superhydrophilic modified fluorinated polyarylate membrane with high tensile strength was prepared by

a combination of in situ photocopolymerization and microphase separation. The as-prepared membrane

was successfully utilized for oil-in-water emulsion separation with high separation efficiency and high

flux. Furthermore, the membrane displayed excellent antifouling performance and recyclability for long-

term use.
Today, the ever-growing serious environmental pollution caused
by oil-contaminated water from the daily life of people as well as
from industries demands the search for novel materials and
strategies to realize oil/water separation with high efficiency.1–5

Traditional separation technologies such as gravity separation,
centrifugation, skimming, sedimentation, and otation are
useful for most of the separation processes. Unfortunately, low
separation efficiency, high energy consumption and complex
equipment have restricted the application of these technologies
to some extent.6–8 Other than that, it may be very difficult for
them to separate emulsied oil/water solutions.9 Therefore,
desirablematerials for effective separation of oil/water emulsions
are urgently needed. As a result, ltration polymer membranes
have been considered to be a suitable technology for separating
various emulsions, but suffer from low ux, surface fouling and
poor mechanical properties.2,9

Recently, signicant interests have been attracted to the
design and preparation of oil/water separation membranes with
special wettability by a combination of rough structure and
surface chemistry.2,10–14 Typically, these polymer membranes
may be classed into two types, polymer coated mesh
membranes and polymer porous membranes.3,15–22 For polymer
coated mesh membrane, it requires a mesh as a support which
is capable of improving mechanical properties and rendering
ering, University of Jinan, Jinan 250022,
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a micro-scale porous structure.2 For example, Tuteja and co-
workers developed a superhydrophobic mesh membrane
coated with a blend of cross-linked poly(ethylene glycol)dia-
crylate and uorodecyl polyhedral oligomeric silsesquioxane,
which was valuable for separation of oil/water emulsions with
droplet sizes larger than 1 mm.21 PVDF has been acknowledged
as one of the main materials for manufacturing polymer porous
membranes for separation of oil/water emulsions through
a phase-inversion process.1,2 In 2014, a superhydrophilic and
underwater superoleophobic poly-(acrylic acid)-graed PVDF
(PAA-g-PVDF) membrane was fabricated by a salt-induced
phase-inversion approach and applied to oil-in-water emul-
sions, however, the tensile strength of this membrane was not
more than 0.64 MPa, which limited their practical
applications.22

Polyarylate, a family of high-performance polymers, noted
for their strength, toughness, chemical resistance, and high
melting points.23–26 Recently, Livingston and co-workers have
demonstrated the formation of crosslinked polyarylate micro-
porous membranes which have great potential for applications
in molecular separations.27 In previous studies, our group
developed a simple procedure to fabricate a superhydrophobic
and superoleophilic porous polyarylate membrane which could
effectively separate oil/water mixtures.28 In this communication,
we reported the fabrication of a novel superhydrophilic sodium
acrylate modied uorinated polyarylate (SFPAR) membrane
for efficient separation of oil-in-water emulsion by a combina-
tion of in situ photocopolymerization and microphase separa-
tion. It was very exciting that the as-prepared SFPAR membrane
exhibited prominent mechanical strength and outstanding
water permeability. Furthermore, the membrane also displayed
excellent underwater superoleophobicity, antifouling perfor-
mance and recyclability for long-term use, which highlight its
potential for practical applications.
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic of the formation of a SFPAR membrane via in
situ photocopolymerization and a limitedmicro-phase separation. The
fluorinated polyarylate (FPAR) was fabricated by interfacial polymeri-
zation of bisphenol AF, terephthaloyl chloride, and isophthaloyl chlo-
ride (Fig. S1a†). The number-average molecular weight of the obtained
PAR is 93 000 and the polydispersity index is 1.76 (Fig. S2†). The
experiments are described in detail in the ESI.†
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Fig. 1 shows the formation of a SFPAR membrane via in situ
photocopolymerization for endowing with the hydrophilic
property of FPAR (Scheme 1a–c), followed a microphase sepa-
ration (Scheme 1d and e) for obtaining the SFPAR membrane
with porous structure. The experiments are described in detail
in the ESI.†Here, in situ photocopolymerization was applied for
getting hydrophilic FPAR, which have the following advantages:
good dispersibility of the formed acrylate copolymer in the
FPAR matrix, low reaction temperature, and shortening the
preparation time of membrane. Aer a microphase separation
and a drying process, a white membrane was obtained by
peeling from a substrate (Scheme 1f).

One of the main purposes of in situ photocopolymerization is
to improve the wettability of FPAR by introducing carboxylate
salts (Fig. S1b†). Fig. 1a shows water contact angle of the FPAR
membranes as function of sodium acrylate mass fraction. The
results indicated that the value of water contact angle on the
FPAR surface signicant decreased with the increase of the
sodium acrylate content. Aer the sodium acrylate content
exceeded �9.5 wt%, the contact angle tended to equilibrium,
less than �1�, which formed a superhydrophilic modied FPAR
membrane (SFPAR). To further examine the wettability of water
on the FPAR membranes, the water contact angles of the FPAR
and SFPAR membrane as function of time was also measured
(Fig. 1b). The pure FPAR membrane had the initial water
contact angel of approximately 96.2� and the value of water
contact angel almost kept stable aer 100 s, exhibiting good
hydrophobicity. On the contrary, the approach to introducing
carboxylate to FPAR caused a signicant differences. The SFPAR
membrane had the initial water contact angel of approximately
Fig. 1 Water contact angle of the FPAR membranes as function of
sodium acrylate mass fraction (a), water contact angle of the SFPAR
and FPAR membranes as function of time (the insets are photographs
of water drops on themembrane surfaces) (b), underwater–oil contact
angle (c and d) and dynamic underwater–oil-adhesion of the SFPAR
membrane (e and f). The underwater–oil contact angle were
measured with 4 mL hexadecane droplet.

This journal is © The Royal Society of Chemistry 2019
40�. Interestingly, the value of water contact angel of the SFPAR
membrane rapidly decreased to�1� in less than 7 s, illustrating
outstanding superhydrophilicity, which is caused by the intro-
duction of carboxylate sodium and the porous structure of the
SFPAR membrane. Furthermore, the underwater–oil contact
angle (OCA) and dynamic underwater–oil-adhesion of the SPAR
membrane were also studied (Fig. 1c and d). An oil droplet was
lied up and contacted the SPAR membrane surface under
water (Fig. 1c and d). It was observed that the oil droplet
remained spherical and the underwater–OCA of this membrane
is �161.7�, demonstrating excellent underwater super-
oleophobicity. From Fig. 1e to Fig. 1f, the oil droplet was forced
to adequately contact the membrance surface and then moved
to the le. During the moving process, the spherical oil droplet
had no obvious deformation, also showing that the SPAR
membrane had excellent antiadhesion to oil.

ATR-FTIR spectra of the SFPAR and FPAR membranes are
shown in Fig. 2a. For ATR-FTIR spectrum of the SFPAR
membrane, besides the corresponding absorption peak of
FPAR, The characteristic stretching peaks were obviously shown
at 2850–3000 cm�1 and 1457 cm�1, respectively, resulting from
–CH2– and –CH3, and –O–CH2– groups of the crosslinked
acrylate copolymer prepared by in situ photocopolymerization.
The peak at 1569 cm�1 was the asymmetric CO2� (salts)
stretching vibration in –CO2Na of the formed acrylate copol-
ymer. Moreover, the peak at 1640 cm�1, which was attributed to
the stretching vibration of vinyl bond, was not observed from
the ATR-FTIR spectrum of the SFPAR membrane, indicating
that the monomers were polymerized.

XPS was performed to examine the surface chemical
composition. Fig. 2b exhibits the overall XPS spectra of the
SFPAR and FPAR membranes. There were three signals on the
surface of the FPAR membrane attributed to C, O and F element
whose atomic percentage was approximately 66.0, 20.6, and
13.4%, respectively. In comparison with the XPS spectrum of
FPAR, the new signal appearing in the spectrum of the SFPAR
membrane was attributed to Na element. The percentage of Na
was estimated to be approximately 4.5 wt%, higher than the
RSC Adv., 2019, 9, 958–962 | 959
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Fig. 2 ATR-FTTR spectra of the SFPAR and FPAR membranes (a) and
the overall XPS spectra of the SFPAR and FPAR membranes (b).
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bulk content (2.3 wt%), and the F content of SFPAR membrane
was obvious decreased and the O content is increased aer in
situ photocopolymerization, indicating the obvious surface
enrichment of sodium carboxylate groups in the SFPAR
membrane.

Fig. 3 displays SEM images of the surface and cross section of
the FPAR and SFPAR membranes. Apparently, the morphol-
ogies of the SFPAR membrane are different from those of the
FPAR which can be attributed to the thermodynamics instability
and the non-solvent Induce phase separation. The FPAR surface
Fig. 3 SEM images of the FPAR and SFPARmembranes: the surface (a)
and cross section (b) of the FPAR membrane; the surface (c) and cross
section (d) of the SFPAR membrane. The inset is high-magnification
SEM image of the SFPAR membrane surface.

960 | RSC Adv., 2019, 9, 958–962
is smooth (Fig. 3a), while the SFPAP surface is porous and has
a great number of micro nano-scale pores (Fig. 3c) and the pore
size and pore distribution were calculated by NanoMeasurer 1.2
(Fig. S3a†). For the cross of the FPAR and SFPAR membranes,
the former is dense and few pores can be found (Fig. 3b).
However, the latter is loose and possesses many inter-connected
nano-scale channels with a diameter of 50–200 nm (Fig. 3d).
Different from the reported superhydrophilic membranes made
from semicrystalline PVDF,22,29,30 the FPAR is amorphous.
According to the XPS and SEM results above, the possible
formation mechanism of SFPAR membranes with porous
structure prepared by in situ photocopolymerization and phase
separation can be described as follows. As can be seen from
Scheme 1, the FPAR, the monomers (BA, SA and TEGDA) and
photoinitiator are rst dissolved in THF to form the homoge-
nous viscous solution (Scheme 1a and b). Aer in situ photo-
copolymerization of BA, SA and TEGDA occurs at room
temperature, the crosslinked polyacrylate containing sodium
carboxylate groups come into being in the viscous solution
(Scheme 1c). During the immersion process (Scheme 1d), with
the extraction of THF by the coagulation bath, the blend matrix
of the amorphous FPAR and the crosslinked polyacrylate will
gradually shrink and solidify. Simultaneously, a microphase
separation occurs in the blend matrix due to the crosslinking of
polyacrylate and the thermodynamics instability. Furthermore,
sodium carboxylate groups attached to the polyacrylate network
can absorb enough water in the blendmatrix, ultimately leading
to the formation of the wet membrane containing water. During
the drying process, water is evaporated from the wet membrane
and the porous structure appears in the membrane because the
solidication of FPAR matrix restricts the movement of the
polyacrylate segments. Finally, the SFPAR membrane with
porous structure is obtained aer the blend matrix is fully dried
at room temperature (Scheme 1e and f). The hydrophilic
sodium carboxylate groups will enrich in the SFPAR membrane
surface and the inner surface of the micro nano channel due to
the driving forces of surface free energy and hydrophilicity/
hydrophobicity interactions (Fig. S3b, ESI†), which makes it
possible for the preparation of oil–water separation membrane.

In this work, oil–water separation of the SFPAR membrane
was carried out with a vacuum driven ltration system at
0.07 MPa. Toluene-in-water emulsion was employed to evaluate
the separation ability of the membrane and the droplet size
distribution of the emulsion is in the range from �900 nm to
�8 mm (Fig. S4, ESI†). Fig. 4a illustrates a self-made separation
device and the separation result of toluene-in-water emulsion
(the separation experiments are described in detail in the ESI†).
Compared with the milky white feed emulsion (up), the ltrate
(down) is colorless from the appearance. A noticable difference
was observed between the feed and the ltrate by the optical
microscopy images. There appear a great many droplets in the
image of the feed before ltration, however, no droplet can be
viewed for the ltrate. Furthermore, the characteristic peak of
toluene for the ltrate is not observed from UV-VIS spectrom-
eter (TU-1901, Beijing Purkinje General Instrument Co., Ltd,
China) in comparison with the feed (Fig. S5, ESI†), and the oil
content in the ltrate is 54 � 17 ppm measured by a total
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The vacuum driven filtration system and separation results for
toluene-in-water emulsion (a) and change of the flux and flux recovery
in the separation of a toluene-in-water emulsion over five cycles (b).
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organic carbon analyzer, indicating that the as-prepared
membrane can successfully separate oil/water emulsion with
high efficiency. The other two emulsions also have good sepa-
ration efficiency (Table S1, ESI†).

Taking advantage of the reported method,22,29 the ux and
the antifouling property of the membrane weremeasured by the
vacuum driven ltration system. Continuous separation of the
toluene-in-water emulsion lasts for approximately 30 hours over
ve cycles and the ux is detected every an hour and six points
were taken down within each cycle. The SFPAR membrane is
gently washed by using DI water to dispose of surface adsor-
bent. As shown in Fig. 4b, the ux has a slight decline from
�3800 to �3600 L m�2 h�1 within one cycle. Nevertheless, the
membrane can recover fully to the initial ux aer it is washed
by water. The results show that the SFPAR membrane possesses
a high ux and an outstanding antifouling performance for
long-term use. Further studies will focus on the regulation of
the pore size of the SFPAR membrane and get the most proper
selectivity and penetration. Moreover, as one of the important
factors in practical application, the tensile strength of the
membrane was also tested by a testing machine (Fig. S6, ESI†).
Due to the porous structure, the tensile strength of the SFPAR
membrane is �6.02 MPa, less than that of the FPAR membrane
(�27.59 MPa). However, the SFPAR membrane still has high
mechanical property compared with the reported hydrophilic
modied PVDF oil/water separation membrane.14,17

In conclusion, we have developed a novel superhydrophilic
modied FPAR membrane with porous structure by in situ
photocopolymerization of acrylate monomers and subsequent
microphase separation. The results of ATR-FTIR and XPS
demonstrated that sodium carboxylate groups was immobilized
in the FPARmembrane by in situ photocopolymerization. When
the sodium acrylate content was beyond �9.5 wt%, the as-
prepared SFPAR membrane exhibited prominent super-
hydrophilicity, underwater superoleophobicity, and water
permeability. The SFPAR membrane could effectively separate
oil-in-water emulsions with high separation efficiency and high
ux. Signicantly, the obtained membrane possessed a good
antifouling property and could be recycled for long-time use.
From a practical perspective, the SFPAR membrane had
a higher mechanical strength than traditional hydrophilic
polymeric membranes with similar permeation properties.
Therefore, we anticipate that our membrane will have high
This journal is © The Royal Society of Chemistry 2019
potential in practical application for treating wastewater from
the daily life and industries.
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