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Enhanced permeability and fouling-resistant capacity
of poly(vinylidene ﬂuoride) ultraﬁltration membrane
based on the PPG-co-PEG-co-PPG copolymer with two
hydrophobic terminals and one hydrophilic intermediate
Bo Zhang, Panpan Wang , Jianxin Yu, Haicheng Jiang, Po Gao and Jun Ma

ABSTRACT
A simple and efﬁcient route was used to prepare an amphiphilic copolymer (poly(propylene glycol)co-poly(ethylene glycol)-co-poly(propylene glycol)) (PPG-co-PEG-co-PPG) by one-pot polymerization
reaction. This copolymer was used as the hydrophilic additive in preparation of poly(vinylidene
ﬂuoride) (PVDF) ultraﬁltration membranes via immersion–precipitation process. Surface
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characteristics of the membranes were conﬁrmed by contact angle measurements, zeta potential,
attenuated total reﬂectance Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, scanning electron microscopy and atomic force microscopy. During ﬁltration
experiments, the modiﬁed membranes showed better permeation and antifouling performances
compared to PVDF membranes with bovine serum albumin, sodium alginate and yeast. After
hydraulic stirring cleaning with deionized water, water ﬂux recovery and rejection ratio of the
modiﬁed membranes were higher than those of pristine PVDF membrane, and the ﬂux recovery ratio
was maximized at 94.29%. It was suggested that PPG-co-PEG-co-PPG copolymer was anchored in the
PVDF membrane through the two hydrophobic ends of PPG blocks, while the hydrophilic
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intermediate of the PEG block segregated onto the membrane or pore surface during the membrane
preparation process. The synthesized method of amphiphilic PPG-co-PEG-co-PPG copolymer paved a
novel way to solve the problems of less compatibility between the copolymer and membrane matrix
and instability with water molecules in the ultraﬁltration process.
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INTRODUCTION
Membrane separation technology has been widely used in
the chemical industry, electronics, medicine, and environmental engineering (Ekambaram & Doraisamy ). The
selection of membrane materials is an important aspect of
membrane separation technology, which gained increasing
attention in water treatment (Lu et al. ). Poly(vinylidene
ﬂuoride) (PVDF) membranes are popular in many applications owing to good membrane-forming and excellent
physicochemical properties (Kang & Cao ). However,
PVDF membranes have some limitations, especially owing
to PVDF’s intrinsic hydrophobicity. Organic pollutants are
easily adsorbed onto the membrane surface or membrane
doi: 10.2166/wst.2019.203
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pores in the ﬁltration process (Boributh et al. ), resulting
in membrane pore blockage, ﬂux depression, and shortening
of membrane life (Miao et al. ). It was widely accepted
that surface hydrophilic modiﬁcation was an efﬁcient
method to resist membrane fouling.
There are mainly two categories of modiﬁcation
methods for improving surface hydrophilicity and antifouling properties of PVDF membranes. The ﬁrst category is to
modify the membrane surface by surface grafting (Almasian
et al. ), hydrophilic coating (Guo et al. ), plasma
treatment (Tichonovas et al. ) and UV-induced grafting
copolymerization (Anirudhan & Rejeena ). These
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modiﬁcation methods change the pore distribution and
hydrophilicity of the membrane surface, but require complex instrumentation and operating procedures, which also
may cause ﬂux decline due to pore blocking of contaminants
on the membrane surface (Lü et al. ). Another category
is carried out by adding surface-modifying molecules
(SMMs) into the casting solution to improve hydrophilicity
of the as-prepared membrane (Rana et al. ). This hydrophilic modiﬁcation by SMMs is an in situ blending pathway
and easily realized in industrial production lines, regardless
of membrane materials and modules.
Two types of SMMs are commonly used for improving the
hydrophilicity of membranes. The ﬁrst type refers to watersoluble hydrophilic agents with small molecular weight,
including polyethylene glycol (PEG) and polypropylene
glycol (PPG) (Rajabzadeh et al. ). Arthanareeswaran and
co-workers studied the effect of PEG 600 on ultraﬁltration
performance of polysulfone/sulfonated poly(ether ether
ketone) membranes (Arthanareeswaran et al. ). With the
increase of PEG 600 content from 2.5 to 7.5 wt%, the largest
micropore size on the membrane surfaces increased from 38.9
to 42.7 Å. PEG has excellent ability to improve hydrophilicity
interactions and unique coordination with surrounding water
molecules (Tarboush et al. ). However, hydrophilic PEG
with small molecular weight can easily leach out of the membrane matrix in the ﬁltration process due to their high afﬁnity
with water (Liu et al. ).
Amphiphilic copolymer is another type of SMM. Rana
and colleagues had successfully synthesized an end-capping
urethane prepolymer by a two-step polymerization method
and modiﬁed poly(ether sulfone) membranes (Rana et al.
). Statistical analysis showed that both moisture content
and permeability had changed signiﬁcantly. Tarboush et al.
() used hydrophilic SMMs to produce thin-ﬁlm-composite polyamide membranes for the desalination of salty
water. Dang and colleagues investigated the effect of
hydrophilic SMMs blended with various host polymers on
the performance of ultraﬁltration membranes (Dang et al.
). It can be concluded that the two ends of SMMs are
composed of hydrophilic segments of PEG, which made
no stable cross-linking between the block copolymer and
the membrane matrix, thus leading to no change in the contact angle and ﬂux of the modiﬁed membranes. Up to now,
the employment of two-hydrophobic end anchoring of copolymers does not appear in the literature on the preparation
of blended polymeric membranes. Therefore, developing a
simple and effective synthetic method of amphiphilic copolymer adapted to be compatible with the membrane matrix
is the most essential assignment at present. Also, the stability
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in operation includes stability in fabrication and stability
during the chemical cleaning. The stability in fabrication
was reﬂected in the afﬁnity of the matrix for the host hydrophobic polymer and it ensured that the copolymers were
stably anchored to the PVDF membrane matrix. Therefore,
the stability during chemical membrane cleaning should
be one of the important topics to be studied in future.
In this work, we prepared a new amphiphilic copolymer
which was blended into PVDF membranes to accomplish
the purposes of improving water ﬂux and enhancing
antifouling performance with bovine serum albumin
(BSA), sodium alginate (SA) and yeast solution. Systematically, structures of the synthesized amphiphilic copolymer
were characterized. The performances of modiﬁed PVDF
membranes were evaluated with regard to surface chemical
construction, morphology, contact angle, zeta potential and
antifouling property.

EXPERIMENTAL
Materials
The PVDF powder (average number-average molecular weight
(Mn) ¼ 380,000 g mol1) was provided by Shanghai 3F New
Materials Co. Ltd. Analytical grade 4,40 -diphenylmethane
diisocyanate (MDI), supplied by Aladdin Chemical
Reagent Co., Ltd, N,N-dimethylacetamide (DMAc), PEG
(Mn ¼ 1,000 g mol1) and PPG (Mn ¼ 2,000 g mol1) were
purchased from Sigma Aldrich (Milwaukee, WI, USA).
BSA (Mw ¼ 67,000 g mol1) and SA were obtained from
Sigma Chemical Co., Ltd. The yeast was obtained from
China General Microbiological Culture. Deionized water
was puriﬁed by distilled water with a Millipore Milli-Q
ﬁltration system.
Synthesis and characterization of copolymer
The PPG-co-PEG-co-PPG copolymer was synthesized by
using the one-pot polymerization method in earlier reports
(Rana et al. ). In the reaction, degassed PEG (2.0 g,
0.002 mol) with molecular weight of 1,000 was dissolved
in dry DMAC solution in a round-bottom ﬂask and stirred.
After bubbling with nitrogen for 20 minutes, a mixture
of MDI (0.75 g, 0.003 mol) and DMAC was added dropwise.
The monomer was purged with N2 gas for at least 30 minutes
before adding DMAC to prevent the occurrence of side reactions. The higher molar ratio of MDI/PEG could ensure the
end-capping by MDI. The structural veriﬁcation of the
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copolymer is shown in the ‘Results and discussion’ later. The
ﬂask was then placed in an oil bath heated to 80  C and left
for 7.5 h under nitrogen atmosphere. Then 0.002 mol PPG2000 was dissolved in 20 mL degassed DMAc solvent with
mechanical stirring at 80  C for 8 h to obtain the resultant
solution. After the reaction, the product was washed repeatedly for ﬁve times with deionized water to get the yellow
precipitate; the precipitate was ﬁltered and dried, then
freeze-dried for 24 h. Fourier transform infrared (FTIR)
spectra were recorded on a Perkin-Elmer spectrophotometer between 4,000 cm1 and 500 cm1. To prepare
FTIR samples, we used an agate mortar and pestle to
grind the copolymer and mixed it with potassium bromide
(KBr) (in a ratio of 1:100) to produce the powder, which
was then pressed into a pellet. Proton nuclear magnetic
resonance (1H-NMR) spectra were recorded on a Bruker
DRX 400 MHz spectrometer using dimethyl sulfoxide-d6
as solvent.
Membrane preparation and characterization
The ultraﬁltration membranes were obtained from casting
solutions, containing PVDF graft copolymers in DMAC solution, by using the method of phase inversion (Wang et al.
). The compositions of the casting solution of the
membrane are given in Supporting Information Table S2
(available with the online version of this paper). The PVDF
powder, the solvent DMAC and additive were placed in a
three-necked round-bottom ﬂask and stirred for 4 hours in
a constant temperature water bath at 70  C. The casting
was then allowed to stand at room temperature for 24 h to
release air bubbles. The casting solution was evenly poured
onto a glass plate, and the membrane was prepared using a
casting knife with a thickness of 250 µm. The glass plate
and membranes were immersed in deionized water at room
temperature for more than 24 h to make the membranes separate from the solvent; then the membranes removed from
the deionized water and dried at room temperature.
The attenuated total reﬂectance Fourier transform infrared spectroscopy (ATR-FTIR, Perkin-Elmer) was used for
characterization of the chemical composition of the membranes. The sample membrane was dried before the test. It
was important to obtain good contact between sample and
the equipment. Contact angle of the membrane surface
was measured by an OCA20 optical contact angle instrument (QSPJ 360). The surface zeta potential of the
membrane was measured by a 1.0 mM KCL solution by a
SurPASS electrokinetic analyzer (Anton-Paa) at a pH in
the range of 2–9. Cross-sectional and surface morphologies
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were observed by scanning electron microscopy (S-4800)
and surface topography was characterized by atomic force
microscopy (AFM, Agilent 5100). The chemical elements
on the membrane surface were analyzed by X-ray photoelectron spectroscopy (XPS, PHI 5700).
The overall porosity (ε) of the membrane was calculated
from Equation (1):
ε(%) ¼

W1  W2
× 100
A×l×ρ

(1)

where A is the membrane area (m2), l represents the
thickness of the membrane (m), ρ is the density of water,
W1 is the wet weight of membrane, and W2 is the dried
weight of membrane.

Ultraﬁltration experiments and antifouling properties
evaluation
The pure water ﬂux (Jw) was calculated according to
Equation (2):
Jw ¼

V
A×t

(2)

where V means the volume of pure water through the
membrane in a certain period time (L), A refers to the
effective area of the membrane (m2), t is the permeation
time (h).
The real feed water quality composition is very complex,
including organic pollutants, biological pollutants and
particulate matter (Yamamura et al. ), and the main
advantage of prepared membranes in this study is to resist
and block the attack of organic contaminating molecules.
BSA, SA and yeast solution are used as the model foulant
to evaluate the permeation and antifouling property of prepared membranes (Zhao et al. ). In the progress of
ﬁltration experiments, the membranes were pre-compressed
with the pressure of 0.15 MPa. Subsequently, pure water ﬁltration was carried put for 30 minutes at the pressure of
0.1 MPa, the volume recorded as J0, and then the ﬂux for
model foulant (0.2 g/L of BSA, SA, yeast solution) was
measured as Jb at the pressure of 0.1 MPa. After the model
foulant ﬁltration, the membranes were washed with deionized water for 30 minutes, and then the volume of pure
water was measured again, recorded as Jw. To further evaluate the antifouling properties of the membranes, the ﬂux
recovery ratio (FRR), total decline fouling ratio (DRt),
reversible decline fouling ratio (DRr), and irreversible
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decline fouling ratio (DRir) were investigated by Equations
(3)–(6), respectively.
Jw
FRR(%) ¼ × 100
J0

(3)

DRt (%) ¼

J0  Jb
× 100
J0

(4)

DRr (%) ¼

Jw  Jb
× 100
J0

(5)

DRir (%) ¼

J0  Jw
× 100
J0

(6)

The rejection of model foulant was calculated according
to the following equation via measuring the ﬁltered solution
with a UV-vis spectrophotometer; the rejection rate (R) was
investigated by Equation (7):
R (%) ¼

Cf  Cp
× 100
Cf

(7)

where Cp and Cf represent the concentrations of permeation
solution and model foulant in the feed, respectively.
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RESULTS AND DISCUSSION
Chemical analysis of copolymer PPG-co-PEG-co-PPG and
membranes
Figure 1(b) shows the characteristic peaks of PEG, PPG and
the synthetic copolymer PPG-co-PEG-co-PPG. As shown in
Figure 1(b), the stretching vibration of the N–C¼O appeared
at 1,720 cm–1, while those peaks at 1,279 cm–1 could
designate the stretching vibration of C–N. For the PPG-coPEG-co-PPG copolymers, the peaks corresponding to
asymmetrical stretching vibrations of C–O bonds occurred
at 1,130 cm1, in the spectra. Furthermore, the peak at
3,275 cm–1 was caused by the polyurethane stretching
vibration of N–H and C¼O in the copolymer, which demonstrated the successful polymerization of the MDI and PEG.
The bands at 2,950 cm1 were attributed to stretching
vibration of C–H. Therefore, the presence of these signals
could also indicate that PPG was responsive to macromolecules of the prepolymer. It was demonstrated that
amphiphilic block copolymer PPG-co-PEG-co-PPG was successfully synthesized through the two-step polymerization

(a) Schematic diagrams for the synthesis of PPG-co-PEG-co-PPG. (b) FTIR spectra of PPG-co-PEG-co-PPG copolymer, PEG-1000, and PPG-2000. (c) ATR-FTIR spectra of the
membrane with pristine PVDF membrane (M0) and modiﬁed membranes of PVDF/ PPG-co-PEG-co-PPG (M1, M2, M3, and M4).
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process in Figure 1(a). The results of the NMR analysis also
illustrated that the target copolymer was successfully produced. The characteristic peak of NH–CO group was at
8.09 ppm due to the terminal with –OH reacting successfully
with the NCO in the prepolymer. Figure 1(c) shows the
respective ATR-FTIR spectra for the top surface of the pristine PVDF membrane (M0), and modiﬁed membranes with
the PPG-co-PEG-co-PPG copolymer (M1, M2, M3, M4).
Compared with pristine PVDF membrane, there were
three new peaks in the spectra of modiﬁed membranes.
The appearance of a stronger absorption at 1,580 cm1
could be attributed to the O¼C–N stretching vibration of
the polyurethane in modiﬁed membranes (Sinha & Purkait
). As the concentration of the block copolymer gradually
increased, the signal group of the O¼C–N gradually became
more pronounced. The other two stretching vibrations at
1,152 cm1 and 1,080 cm1 appeared in the spectra of the
modiﬁed membranes, and these peaks represented the
characteristic bands of C-N stretching mode and C-O-C
bending vibrations, respectively (Carretier et al. ). The
C–N stretching vibration was caused by the reaction of the
NCO group with the hydroxyl group in the PEG or
PPG. The results were consistent with the results of the
subsequent XPS analysis. XPS analysis showed that the content of N and O elements increased with the addition
of PPG-co-PEG-co-PPG copolymer. These characteristic
bands conﬁrmed the copolymer PPG-co-PEG-co-PPG had
been successfully incorporated into the membrane surface.
Surface and morphological characterization
of membranes
As can be seen from Figure 2, the integration of the additives
changed the membrane formation process and affected the
membrane surface and cross-sectional structure. The
values of porosity of the pristine PVDF and PVDF/PPGco-PEG-co-PPG membranes are presented in Table S1
(available with the online version of this paper). The crosssection of the pristine membrane exhibited a typical asymmetric structure with a skin layer, ﬁnger-like structure, and
bottom supporting layer. After interfusing the copolymer, the
macropore structure of the modiﬁed membranes extended
to the entire cross-section. The prepared block copolymer
PPG-co-PEG-co-PPG had a structure possessing a strong
hydrophilic middle block and hydrophobic anchors at both
end blocks, which was conducive to the increase in the
number of pores and the pore size of the membrane surface,
and the mean pore size of the membranes is shown in
Table S3 (available online). It is well known that membrane
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properties can be controlled by many factors, including casting
conditions and membrane morphology. The compatibility
between casting solution and the coagulation bath was
increased by interpolating hydrophilic polymer into the casting solution and speeding up the exchange rate between
solvent and non-solvent, which was favorable for forming
the large pores of the cross-section. The increase of pore size
was beneﬁcial to the transport of substances. However, the
increase in the pore size was slow, and was not enough to
cause membrane pore blockage on the membrane surface.
To further characterize the top surface topography of
the modiﬁed and unmodiﬁed membranes, Figure 3 shows
three-dimensional images of the AFM, and the surface
roughness parameters of membranes are presented in
Table S3. The AFM images included bright peak areas and
darker valley areas. As the addition of block copolymers
into casting solution increased, the modiﬁed membranes
exhibited rougher surface topography, deeper grooves and
more undulate peaks, while the root mean square ridge
elevations of M1, M2, M3 and M4 increased to 1.34, 11.9,
17.3 nm and 22.1 nm respectively. Large roughness increased
the total surface area of the dirt attached to the membrane,
and the ridge–valley structure was generated due to the
accumulation of surface fouling (Lalia et al. ). Particulate
pollutants accumulated preferentially in the ‘valley’ of the
rough membrane, resulting in ‘valley blockage’, which
caused a serious drop in membrane ﬂux. Smooth structured
membranes were less prone to fouling than the relatively
rough membranes (Elimelech et al. ). In addition, membrane fouling was also related to the zeta potential and
contact angle of the membrane surface.
Contact angle and zeta potential analyses
The surface contact angle is an important parameter in
surface hydrophilicity or hydrophobicity. Figure 4(a) shows
the contact angles between the modiﬁed membranes and
the pristine membrane. Compared with the pristine PVDF
membrane, the contact angle of modiﬁed membranes had
a signiﬁcant decrease; the initial contact angle (M0) of
pristine PVDF membrane was about 87 while the initial
contact angles of M1, M2, M3 and M4 decreased to 80 ,
76 , 73 and 68 respectively. The study also examined the
dynamic contact angles of the pristine PVDF membrane
and modiﬁed membranes, the results of which are shown
in Figure 4(b). Water contact angle of pristine membrane
surface did not change obviously with time. In addition,
the contact angles of the modiﬁed membranes decayed
more signiﬁcantly than that of the pristine PVDF membrane
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Micrographs of the pristine PVDF (M0) and modiﬁed membranes (M1, M2, M3, and M4). Left column: surface morphologies of membranes. Right column: cross-sections of
membranes.

during the dripping time. The water contact angle depends
not only on the surface wettability but also on the surface
roughness (Xu et al. ). Theoretical and experimental
studies have concluded that, for most surfaces, roughness
below a certain threshold (usually <100 nm) usually does
not affect the hysteresis of the contact angle (Extrand

Downloaded from http://iwaponline.com/wst/article-pdf/79/11/2068/619999/wst079112068.pdf
by guest

). It conﬁrmed that the combination of the hydrophilic
copolymer into the membrane matrix enhanced the hydrophilicity of the membrane surface. The surface zeta
potential of PVDF and M2 and M4 changes with pH as
shown in Figure 4(c). The membrane potential showed positive charge at low pH and negative charge at high pH. The
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Figure 3

|

AFM three-dimensional images of membrane surfaces of the pristine PVDF (M0) (a) and modiﬁed membranes M1, M2, M3, and M4 ((b) to (e), respectively).

Figure 4

|

(a) Water contact angles of the pristine PVDF (M0) and modiﬁed membranes (M1, M2, M3, and M4), (b) variation in water contact angle during dripping time and (c) surface zeta
potentials of the PVDF membrane and modiﬁed membranes (M2 and M4).

modiﬁed membranes exhibited even more negative zeta
potential than the original membrane, which may be attributed to the ether group in the PEG molecule adsorbing the
hydroxyl ion through hydrogen bonding. The modiﬁed membrane M4 had a large number of negatively charged hydroxyl
groups, so modiﬁed membrane M4 showed the lowest electronegativity. The increase in the negative charge resulted in the
pollution particles (such as proteins) with similar pore size
and negative charge on the surface of the membrane being
further increased. In addition, electrostatic repulsion between
the membrane and the functional group also caused the
reduction of membrane fouling.
XPS analyses
The element analyses of copolymer coverages on the membrane surface were conﬁrmed by XPS, as shown in
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Figure 5. In Figure 5(a), the typical characteristic peaks of
pristine PVDF membrane were located at around 685.3 eV
for F1s and 286.4 eV for C 1s. Differing from that of the pristine PVDF membrane, two new peaks of N element and O
element were observed in the wide scan spectra of modiﬁed
membranes, corresponding to the signals with binding
energies of 401.8 eV and 533.2 eV in the copolymer, respectively. The chemical composition of the membrane surface is
listed in Table S1. Obviously, the content of nitrogen and
oxygen elements was signiﬁcantly increased, while the
decrease of ﬂuorine element was observed compared to
the pristine membrane. In addition, the experimental
values of N/F for modiﬁed membranes were much higher
than the theoretical values. The hydrophilic groups were
concentrated on the surface of the membrane, and hydrophobic groups were embedded in the membrane matrix.
We obtained the C 1s core-level spectra of the pristine
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(a) Wide-scan XPS spectra of the pristine PVDF (M0) and modiﬁed membranes (M1, M2, M3, and M4). C 1s core-level spectra of (b) membrane M0, (c) membrane M1, (d) membrane
M2, (e) membrane M3, and (f) membrane M4.

membrane (M0) and modiﬁed membranes (M1, M2, M3, and
M4), in which two or three peaks differentiation were ﬁtted
by curve-ﬁtted analysis. Simultaneously, the pristine PVDF
membrane only showed carbon and ﬂuorine signal components with binding energies at 284.6 eV and 290.1 eV,
as presented in Figure 5(b). Meanwhile, there were typical
oxygen peaks and nitrogen peaks in the modiﬁed membranes, and the binding energies at 286.5 eV and 285.8 eV
respectively. The new peaks of the nitrogen element in the
modiﬁed membranes demonstrated that PPG-co-PEG-coPPG copolymer had been distributed into the modiﬁed
PVDF membrane.
Antifouling property
Antifouling property of PVDF/PPG-co-PEG-co-PPG membranes was evaluated, according to the changes of
water ﬂux. FRR is an indicator of reversibility of membrane
fouling. Figure 6 shows the change tendency in water ﬂux
and fouling-resistant behavior of membranes during the
cycle ﬁltration. From Figure 6(a), the water ﬂux of PVDF/
PPG-co-PEG-co-PPG ultraﬁltration membranes showed a
decreasing trend in varying degrees and maintained a
stable level with the ﬁltration process of BSA aqueous
solution after 20 minutes. After a simple hydraulic stirring
cleaning, the ﬂux of water permeation increased
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signiﬁcantly. The FRR values are calculated as 70.88%,
82.06%, 93.33%, 94.81% and 94.29% respectively for the
M0, M1, M2, M3 and M4 membranes. As seen from
Figure 6(b) and 6(c), all modiﬁed membranes had higher
water ﬂux and ﬂux recovery rate than the pristine PVDF
membrane after ﬁltration with SA and yeast solution. In
Figure 6(c), after a moment of membrane ﬂux measured,
M4 membrane was not stable due to pressure instability
(pre-pressure 0.15 MPa conversion to 0.1 MPa), and the
ﬂux of M4 membrane had a stable state after the pressure
stabilized at 0.1 MPa. The rejection rate (R%) of membranes
is shown in Table S4 (available online). The rejection rate of
a pristine membrane was 68.5% while the BSA rejection of
modiﬁed membranes of M1, M2, M3 and M4 increased to
76.8%, 80.6%, 85.2%, and 95.4%, respectively. The antifouling properties were remarkably improved and the SA and
yeast rejection was maintained at a high level for modiﬁed
M4 membranes (>99%). The hydrophilic groups in PPGco-PEG-co-PPG copolymer inhibited and reduced the
adhesion caused by the non-speciﬁc interaction between
the pollutants and membrane surface, making the membrane block the attack of pollutants. With the increased
amounts of copolymer PPG-co-PEG-co-PPG, the water permeation ﬂux increased and attained its maximum at PPG-coPEG-co-PPG of 2.0 wt%. Antifouling membranes fabricated
via different modiﬁed methods are brieﬂy summarized in
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Left column: time dependence on recycling ﬂux for the M0, M1, M2, M3 and M4 membranes during the ﬁltration of (a) BSA solution, (b) SA solution, and (c) yeast solution. Right
column: summary of total fouling ratio (Rt), irreversible ratio (Rir), reversible fouling ratio (Rr), and ﬂux recovery ratio (FRR) during the cycle ﬁltration.

Table 1. It is observed from this table that PVDF/PPG-coPEG-co-PPG membrane showed excellent antifouling
performance during the ﬁltration of 0.2 g/L of BSA, SA
and yeast solution. PPG-co-PEG-co-PPG copolymer incorporated into the membrane casting solution promoted the
increase in the number of membrane pores and pore size.
In addition, the PEG hydrophilic segment on the surface
of the modiﬁed membrane could form a hydration layer by
hydrogen bonding, which acted as a protective layer between
the pollutants and membrane surface (Hashim et al. ).
The stability during the chemical cleaning depends on the
anchoring effect and chemical resistance of the amphiphilic
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block polymer. The stability during chemical membrane
cleaning should be an important subject in the future study.

CONCLUSION
A simple and effective method to improve the hydrophilicity
and antifouling resistance of PVDF membrane surface was
successfully developed. We carried out the synthesis of
copolymer PPG-co-PEG-co-PPG with superior properties
via one-pot polymerization reaction in this study. Blending
of the amphiphilic copolymer and PVDF powders was
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Antifouling performance comparison between this work and other modiﬁed membranes

Membrane

Pure water ﬂux (L/m2 h)

Organic feed

Rejection (%)

FRR (%)

Reference

Ag/SiO2-modiﬁed PVDF

∼410

0.2 g/L BSA

75

50.2

Pan et al. ()

GO-modiﬁed PVDF

166

0.1 g/L BSA

84

92

Zhang et al. ()

PU-modiﬁed PVDF

∼169

1.0 g/L BSA

88

93

Lü et al. ()

CNC-modiﬁed PVDF

40

0.2 g/L BSA

82

∼79

Lv et al. ()

HEA-grafted PVDF

486

0.1 g/L SA

–

92

Shen et al. ()

PVC-PEGMA blended PVC

461

2 g/L SA

94

80

Wu et al. ()

PHFBM-PMAA-PMTAC PVDF

120

0.1 g/L yeast

99

94

Wang et al. ()

PBI-modiﬁed PSF

355

0.05 M BSA

∼69

∼93

Eren et al. ()

PVDF/PPG-PEG-PPG (M4)

171

0.2 g/L BSA

95

94

In this work

PVDF/PPG-PEG-PPG (M4)

164

0.2 g/L SA

99

90.8

In this work

PVDF/PPG-PEG-PPG (M4)

182

0.2 g/L yeast

99

93.2

In this work

GO, graphene oxide; PU, polyurethane; CNC, cellulose nanocrystal; HEA, hydroxyethyl acrylate; PVC, polyvinyl chloride; PEGMA, poly(ethylene glycol) methyl ether methacrylate; PHFBMPMAA-PMTAC, poly(hexaﬂuorobutyl methacrylate)-poly(methacrylic acid)-poly[(2-(methacryloyloxy) ethyl) trimethyl ammonium chloride]; PBI, poly[2,20 -(m-phenylene)-5,50 -dibenzimidazole];
PSF, polysulfone.

used to prepare hydrophilic PVDF/PPG-co-PEG-co-PPG
membrane through the immersion–precipitation process. Filtration experiments showed that the resulting membranes
were more effective in preventing and releasing model
foulants such as BSA, SA and yeast solution. More importantly, the ﬂux recovery rate and irreversible fouling
rate both increased signiﬁcantly with the incorporation of
PPG-co-PEG-co-PPG. Compared with the pristine membrane,
both total fouling ratio and irreversible fouling ratio decreased
signiﬁcantly. Among them, the ﬂux recovery rate of M4 membrane reached as high as 94.29%, and the rejection rate
reached more than 99%. Therefore, the novel PVDF/PPGco-PEG-co-PPG membranes may lay the foundation for antifouling membranes with wide applicability.
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