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Abstract—The surface modification of poly (vinylidene fluoride) (PVDF) membrane was performed via a two-step
polymerization reactions. Poly (acrylic acid) (PAAc) was first grafted onto the membrane surface for the preparation of
PVDF-g-PAAc membrane, and then poly (ethylene glycol) 200 (PEG 200) was immobilized on the membrane surface
by the esterification reaction for the fabrication of PVDF-g-PEGA membrane. Attenuated total reflectance (ATR) FTIR,
X-ray photoelectron spectroscopy (XPS), scanning electron microscope (SEM), and protein adsorption, water flux,
water content and dynamic contact angle were conducted to characterize the structures and performance of the resul-
tant PVDF membranes. The experimental results showed that the adsorption of bovine serum albumin (BSA) on the
PVDF-g-PEGA membrane decreased about 80% when the grafting ratio reached to 15 wt%, compared with the pris-
tine PVDF membrane. Moreover, the water contact angle of the membrane dropped to 60.5°, while the membrane

pore sizes remained little changed.

Keywords: Poly(Vinylidene Fluoride), Surface Modification, Hydrophilic, Anti-fouling, Polymerization

INTRODUCTION

Poly (vinylidene fluoride) (PVDEF), a semicrystalline polymer,
has gained increasing attention owing to its outstanding thermal
and chemical resistance, good conductivity and mechanical strength
in the membrane industry [1,2]. In addition to the applications in
microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF),
PVDF membrane is also used in membrane distillation, gas sepa-
ration, pervaporation, and recovery of biofuels, separator for lith-
ium ion battery, ion exchange process and others [3-6]. However,
due to its inherent hydrophobicity and low surface energy, PVDF
membranes are easily fouled in aqueous solutions like biomedical
filtration and protein separation processes, which could reduce the
membrane efficiency, shorten the membrane lifespan and increase
the operation cost [7,8]. It is well known that a hydrophilic sur-
face can effectively resist the membrane fouling. Therefore, consid-
erable efforts have been devoted to obtain the hydrophilic PVDF
membranes by surface modification or blending [9-11].

Blending modification is an extensively applied approach to endow
hydrophilicity and anti-fouling properties on the PVDF membranes
by adding hydrophilic or amphiphilic polymers during the mem-
brane fabrication [12-16]. Hashim et al. [14] prepared hydrophilic
PVDF membranes from amphiphilic copolymer poly(ethylene gly-
col) methyl ether methacrylate (PEGMA) (PVDE-g-PEGMA). These
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obtained membranes showed a significant improvement of hydro-
philicity and fouling resistance. The surface modification mainly
includes coating and grafting. Boributh et al. [17] studied the modi-
fication of PVDF membrane with chitosan solution. It was found
that the chitosan deposited on the membrane can effectively reduce
the protein fouling and increase the hydrophilicity. Li et al. [18]
prepared PVDF membrane using physisorbed free radical graft-
ing technique. These membranes exhibited high hydrophilic and
low-protein fouling performance after grafting zwitterionic mono-
mer sulfobetaine methacrylate (SBMA). Among these modifica-
tion methods, surface grafting has attracted much interest due to
its obvious modification effect. To incorporate the desired proper-
ties onto the membrane, the PVDF membrane surfaces have to be
pretreated to provide active sites or groups prior to graft polymer-
ization. Activation techniques like plasma treatment [19], ozonization
[20], and UV irradiation [21] are all expensive and require spe-
cific equipment. Therefore, a simple and facile activation method
for the modification of PVDF membrane is of urgent requirement.
According to Brewis et al. [22] and Ross et al. [23], the conju-
gated double bond and polyenes structure generated on the mem-
brane surface by exposure to the alkaline solution can be attacked
with specific reactants to introduce proper functional groups. There-
fore, the PVDF membrane was pretreated with alkaline before graft-
ing polymerization in this study. This simple and effective initiation
process can provide enough active sites for the following reactions.
Meanwhile, the membranes could retain the excellent bulk proper-
ties of a hydrophobic material. As a strong hydrophilic substance,
acrylic acid (AAc) has gained extensive attention in the hydrophilic
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modification of PVDF membrane, and several research groups have
evaluated the anti-fouling performance and hydrophilicity of AAc
on the membrane [24-26]. In general, the formation of PAAc chains
on the membrane surface could lead to the sharp decline of the
water flux due to the blocking of the membrane pores. To suppress
the extent of the decreased water flux, PVDF membranes will be
further modified by introducing lager hydrophilic groups or poly-
mers, like polyethylene glycol (PEG). PEG is an ideal antifouling
material used in membrane modification due to its hydrophilicity,
large excluded volume of the hydrated PEG chains [27-29]. Wang
et al. [27] immobilized PEG chains onto the surfaces of PVDF micro-
porous membranes. It was found that the protein adsorption on
the PEG-g-PVDF membrane was decreased with the grafting of
PEG.

In this work, a facile and simple two-step grafting polymeriza-
tion reaction is carried out for the surface modification of PVDF
membrane. First, PAAc chains are grafted onto the PVDF mem-
brane with surface-initiated grafting polymerization after alkaline
pretreatment. Then PEG is grafted onto the PVDF-g-PAAc mem-
brane through the esterification reaction of the carboxyl group in
PA Ac with the hydroxyl group in PEG. Expertly; our modified PVDF
membranes exhibit a significant improvement of hydrophilicity
and anti-fouling performance. The filtration performance, anti-foul-
ing properties and dynamic contact angles of the modified mem-
branes are characterized.

EXPERIMENTAL

1. Materials

Poly (vinylidene fluoride) (PVDF) membrane, with an average
pore diameter of 0.45 pm was provided by Merck Millipore Com-
pany. Acrylic acid (AAc), poly (ethylene glycol) (PEG 200, Mn=
200), ethanol, 1-propyl alcohol, benzoyl peroxide (BPO), potas-
sium hydroxide (KOH) and hydrochloric acid (HCl, 37 wt%) were
purchased from Shanghai Sinopharm Chemical Reagent Co. LTD
(China). Bovine serum albumin (BSA) (MW=67 K) was obtained
from Lianguan Biochemical Reagent Company of Shanghai. Deion-
ized water was supplied by our own lab. BPO was recrystallized
from pure trichloromethane and methanol before use. HCI aque-
ous solution was diluted to 10 wt%. All other chemicals used for
experiments were analytical grade and were used directly.
2. Alkaline Pretreatment

PVDF membranes were immersed in different concentrations
of KOH aqueous solution, ethanol solution and ethanol/water (W/W,
1/1 and 95/5) solutions at 50-80 °C; after a certain treatment time,
the membranes were taken out and washed to neutral (pH=7) with
the plenty of deionized water. The purpose of the alkaline treat-
ment is to produce the activated carbon conjugated double bonds
on the membranes [30,31].
3. Preparation of PVDF-g-PAAc Membrane

The effect of three kinds of alkaline treatment system on the graft-
ing ratio of PVDF membrane was evaluated. According to experi-
mentation and data comparison, the optimum condition of alkaline
pretreatment was ethanol/water (1 : 1, mass ratio) solution consist-
ing of 10 wt% KOH at 60 °C. The PVDF-g-PAAc membrane was
prepared first by immersing unmodified PVDF membrane into

an ethanol/water (1: 1, mass ratio) solution consisting of 10 wt%
KOH at 60 °C; after a certain treatment time, ranging from 0.5 to
3 h, the membrane was taken out and washed to neutral. Subse-
quently, the PVDF membrane suffering from alkaline treatment
was put into a 1-propyl alcohol solution containing 8 wt% AAc and
1 wt% BPO in a sealed conical flask; the reaction was carried out
at 70 °C for four hours. The grafted PVDF membrane was then
exhaustively washed in an ultrasonic cleaner to clear away the physi-
cally-adsorbed polymers. The grafting ratio of PAAc was calcu-
lated gravimetrically as follows:

Gy= 0,100 wto 1)
Wo

where W/ indicates the weight of PVDF-g-PAAc membrane, and
W, indicates the weight of membrane after the alkaline treatment.
4. Preparation of PVDF-g-PEGA Membrane

The PVDF-g-PAAc membranes with various grafting ratios (G)
were immersed into the esterification solutions of PEG 200, con-
taining 1 wt% HCl as the catalyst. The reactions were at 105 °C for
different periods, including 1, 2, 3, 4 h, respectively. The resultant
PVDF membranes were then rinsed with deionized water thor-
oughly to remove the unreacted residual PEG.

All the above solutions containing membranes were degassed
through ultrasonic.
5. Characterization of Structures and Morphologies

The surface chemical structures of the original and modified
membranes were investigated by ATR-FTIR and XPS. ATR-FTIR
was conducted on a Thermo Nicolet 360 (American) instrument
and each spectrum was captured via 32 scans at a resolution of 4
cm™; the range of the spectra was from 500 to 4,000 cm ™. XPS anal-
ysis was performed on a Kratos AXIS Ultra HAS spectrometer
with a monochromatized Al K radiation (1,486.6 €V). The surface
and the cross-sectional morphologies of the modified and initial
membranes were observed by scanning electronic microscopy (SEM,
S-3400N, Hitachi). The membranes were frozen in liquid nitrogen,
fractured into small samples to obtain the cross-sections. Samples
for SEM analysis were sputtered with gold-palladium alloy prior to
microscopic analysis.
6. Characterization of Pore Size, Rejection and Water Content

The maximum pore size of the membrane was determined by
the bubble point using a DJ-5 membrane and filter integrity test
instrument, manufactured by Shanghai Jingyuan Filter Equipment
Co., Ltd. (China). The membrane sample was thoroughly wetted
with ethanol before measurement. Then the membrane sample was
transferred into a test instrument which connected a gas source;
when the gas passed through the wetted membrane, the gas pres-
sure would equal to the interfacial tension of the liquid within the
membrane pores at a moment, and the gas pressure at this point,
namely bubble point, corresponding to the maximum pore size of
the membrane. The result was obtained as follows:

_4xyxBxcos@_Cxy

D
p p

@
where D is the diameter of the membrane pores; y is the interfa-
cial tension of the liquid; P is the gas pressure; @is the contact angle

between the liquid and the wall of pores; B is capillary constant; C
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is constant. In this study, the used liquid is ethanol. %, is 22.3
mN/m; @is 0; B is 1; the unit of P is Pa; Therefore, Eq. (2) is derived
as follows:

8.92x 10"
D(m) === 3)

The rejection of the membrane was characterized using polysty-
rene microspheres (3x10~° g/ml, 713.3 nm, Lot No.: PS-M-11003),
provided by Wuhan Branch Micro-Technology Co., Ltd. (China).
The measuring method was the same as the following water flux,
and the concentrations of the feed and permeates were determined
via a UV spectrophotometer at 338 nm. The rejection (R) was cal-
culated by the following equation [32]:

R:(I—EE)XIOO Wt% o)
<
where ¢, and ¢, are solute concentrations of permeate and feed solu-
tions, respectively.

The membrane hydrophilicity can be evaluated by the water con-
tent of the membrane. The PVDF membrane was first dried at 80 °C
for 4h to a constant weight; the weight was marked as Wy. Then
the membrane was immersed in deionized water for 24 h at room
temperature. The membrane was then removed and the surface
water was wiped dry with filter paper; the membrane weight was
then recorded as W, The water content of the membrane was cal-
culated by[33]:

We—Wp

Water content= x 100 wt% (5)

Wr

7. Characterization of Protein Adsorption

A BSA solution with a concentration of 2 mg/ml was used to
study the adsorption of the BSA of the nascent and modified mem-
brane. The membrane sample with efficient surface area of 12.56
cm’” was first washed with ethanol, followed by washing with water.
After that, the sample was transferred into a tube filled with 10 ml
BSA solution for 24 h at 30 °C. Then, the sample was taken out.
The BSA concentration of the solution was determined by a total
organic carbon analyzer (TOC, Model TOCyy, Shimadzu, Japan).
The amount of protein adsorption (C,;) of the membrane could
be calculated as follows:
G elY ©

where the parameters C; and C, denote the BSA concentration

Alkaline Treatment
H C—C—C

PVDF

PVDF-g-PAAc

before and after membrane adsorption, V is the volume of the soak-
ing solution and A is the efficient surface area of the PVDF mem-
brane.
8. Filtration Performance

The filtration performance of the pristine and modified PVDF
membrane was measured by a self-made MF experimental equip-
ment. A circular cut membrane with constant membrane area (A=
2.826x10° m’) was placed into a cell, and the pressure in the cell
was kept at 1 bar. Afterwards, pure water and BSA solution (2 mg/
ml) were forced to permeate through the membrane for a due course
of time alternately, and the flux was marked as J, (). Protein foul-
ing experiments were conducted by immersing the membranes in
10 mg/ml BSA solutions for 24 h at 25°C. Then the membranes
were taken out from the solutions and rinsed with the deionized
water several times. The water flow rates (J) of the membrane after
protein fouling were measured with the method mentioned above.
Each membrane sample was pressurized with distilled water for
half an hour before the filtration experiment. The fluxes were cal-
culated by [34]:

VWR

Twm= At @)

where V. is the permeate volume, A=2.826x10"" m’, is the mem-
brane area, and At is the permeation time.
9. Characterization of Dynamic Contact Angle

The dynamic contact angle () of the PVDF membrane was meas-
ured by JC20 00D1 (produced by Shanghai Zhongcheng Digital
Technology Apparatus Co. Ltd., China) at ambient temperature. A
droplet of 0.2 uL water was dropped from a needle tip onto the
membrane surface. The machine was equipped with a camera en-
abling image capture at 10 frames/s. Contact angles were calculated
from these images using the specific calculation software. To ensure
that the results were fully authentic, the experimental errors in meas-
uring the @values were evaluated to be less than + 0.5°. Each set of
sample was measured in triplicate, and the average data of the con-
tact angle was used.

RESULTS AND DISCUSSION

1. Surface Modification and Characterization of PVDF Mem-
brane

The PVDF-g-PEGA membrane was prepared via a two-step graft-
ing polymerization, which is illustrated in Fig. 1. In the first step,
PAAc chains were grafted onto the PVDF membrane with the sur-

PVDF-g-PEGA

Fig. 1. Schematic illustration for the modification process of PVDF membrane.
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face-initiated grafting polymerization after alkaline pretreatment.
Then, PEG 200 was introduced onto the PVDF-g-PAAc membrane
through the esterification reaction between the -COOH groups of
the PAAc and the -OH groups of the PEG 200. The results are sum-
marized in Table 2. The presence of PAAc chains and the subse-
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PVDF-g-PEGA
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Fig. 2. ATR-FTIR spectra of the pristine and surface modified PVDF
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quent esterification groups on the PVDF membrane are confirmed
by ATR-FTIR spectra. The spectra of the original PVDF membrane,
the PVDF-g-PAAc membrane (GA, Table 2) and the PVDF-g-PEGA
membrane (G4, Table 2) are shown in Fig. 2. After the grafting of
PAACc, the presence of PAAc chains could be confirmed from the
absorption peak appearing at 1,720 cm™", which is associated with
the -COOH stretching. For the membrane of PVDF-g-PEGA, the ob-
vious absorption band at 1,731 cm™, correlated with O-C=0 stretch-
ing, is observed clearly. Meanwhile, the characteristic peak appear-
ing at 1,110 cm™" is attributed to the stretching of C-O-C in PEG.
Therefore, the spectra of the surface modified PVDF membranes
preliminarily indicate that the PEGA chains are successfully grafted
on the surface of the PVDF membrane.

To further demonstrate the presence of the graft copolymers
onto the PVDF membrane, X-ray photoelectron spectroscopy (XPS)
analysis was used to investigate the chemical components of the
pristine and modified membranes. The wide-scan and Cls char-
acteristic peaks of the membranes in XPS spectra are given in Fig.
3. The background was subtracted from the XPS spectra by using
a Shirley-type background subtraction. Only Cls and F1s charac-
teristic peaks exist in the pristine PVDF membrane (Fig. 3(a)). For
the PVDF-g-PAAc and PVDF-g-PEGA membrane, the emergence
of Ols characteristic peaks and the increase of the C/F ratio in the
wide-scan spectra demonstrate that PAAc and PEGA chains are

membrane. chemically grafted onto the PVDF membrane. The surface elemen-
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Fig. 3. XPS wide-scan spectra (a) and Cls core-level spectra of (b) pristine PVDF membrane; (c) PVDF-g-PAAc membrane (Gz=15 wt%);

(d) PVDF-g-PEGA membrane (G4, Table 2).
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Table 1. Elemental compositions of pristine and modified PVDF
membrane

Atom percent (%)

Membrane sample

Cls Ols Fls
PVDF 4943 0 50.57
PVDF-g-PAAc 54.69 10.54 3477
PVDF-g-PEGA 58.77 15.71 25.52

tal compositions of the PVDF membranes are summarized in Table
1. An obviously increase of the oxygen element can be seen in the
surface modified PVDF membrane. The low ratio of C/F in the
pristine PVDF membrane could be ascribed to the restricted sam-
pling location in XPS measurement. Moreover, the chemical struc-
tures of the membranes are further analyzed by Cls core-level spectra.
The pristine PVDF membrane shows two peaks (Fig. 3(b)), with
the binding energy at 285.8 eV for -CH, and 290.5¢V for -CF,,
respectively, which are in perfect accordance with the data reported
by Hsu et al. [35]. Compared with those of pristine PVDF mem-
brane, the PVDF-g-PA Ac membrane (Fig. 3(c)) exhibits character-
istic peaks at 284.6 eV for -CH species and 288.5¢V for O-C=0
species, which confirms the presence of PAAc chains. Fig. 3(d) shows
the Cls core-level spectrum of the PVDF-g-PEGA membrane.
Unlike the result of the PVDF-g-PAAc membrane, the intensive
absorption peaks at 286.2 eV for -CO species of PEG chains could
observed clearly, and the presence of the PEG chains could also be
confirmed by the reduction of the intensity for -CF, species. There-
fore, the results of ATR-FTIR and XPS indicate the successful prepa-
ration of PVDF-g-PEGA membranes.

The surface morphologies of the original and surface modified
PVDF membranes are obtained at the magnification of x3000 and
%5000 in Fig. 4. The original PVDF membrane shows a homoge-
neous porous structure. After the grafting of PAAc and PEG, the
membrane pore size is reduced and the porous structure becomes
heterogeneous. It indicates that the formation of PAAc and PEGA

PVDF-g-PAAC

x5000

could roughen the layer of the membrane. The cross-sectional mor-
phologies of the original and surface modified PVDF membranes
are shown in Fig. 5. Compared with the uniform porous structure
of the pristine PVDF membrane, the PVDF-g-PAAc and PVDF-
g-PEGA membranes exhibit thickened porous structure due to the
coverage of PAAc and PEGA chains. The cross-sectional micro-
graphs of surface modified membranes indicate that the grafted
chains have incorporated not only onto the membrane surface,
but also into the pores of the membrane surface.

2. Characterization of Pore Size, Rejection and Water Content
of the Membrane

As shown in Table 2, the maximum pore size, corresponding to
the bubble point, exhibits a substantial decrease for the PVDF-g-
PAAc membrane, which is caused by the fact that the graft layer of
PAAc covered the membrane pores. In contrast, the maximum
pore size of the PVDF-g-PEGA membrane exhibits an increased
tendency. Possible explanation is that the degree of the membrane
pore clogging was reduced after introducing the PEG 200 onto the
membrane surface with the esterification reaction. Overall, the max-
imum pore size (0.440-0.528 um) of the PVDF membranes remains
little changed. The rejection of the modified PVDF membrane is
also similar to that of original one, which indicates that the sur-
face modification of PVDF membrane shows little effect on the
membrane pore structure.

The water content of the membrane is also one of the important
parameters of the hydrophilicity of the membrane. The PVDF-g-
PA Ac membrane exhibits high water content due to the large amount
of hydrophilic carboxyl groups. Meanwhile, the water content of
the membranes increases with the increase of the grafting ratio,
indicating that the hydrophilicity of the surface modified PVDF
membranes has been greatly improved. The water content of the
membranes with various esterification reaction times in Table 3
shows little change. This is because the PAAc modified PVDF mem-
brane exhibits excellent hydrophilicity;, and the effect of the intro-
duction of the hydroxyl groups on the hydrophilicity appears neg-
ligible.

PVDF-g-PEGA

PVDF:g-PEGA

xf&_l][lﬂ

Fig. 4. Surface morphologies of the original PVDF membrane, the PVDF-g-PAAc membrane (Gz=15wt%) and the PVDF-g-PEGA mem-

brane (G4, Table 2).
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PVDF-g-PAAc

Fig. 5. Cross-sectional morphologies of the original PVDF membrane, the PVDF-g-PAAc membrane (Gz=15 wt%) and the PVDF-g-PEGA
membrane (G4, Table 2).

Table 2. Performance of the pristine and modified PVDF membranes

Membrane Sample Alkaline treatment ~ Graft ratio/ Bubble point/ Maximum pore Water Rejection/ Water flux/
number time/(h) (%) (MPa) size, D/mm  content (%) (R, %) (L/m%/h)
GO PVDF 0 0 0.169+0.027 0.528+0.084 0 92.0+1.8 1260+13.8
GA PVDF-g-PAAc 2.0 15 0.208+0.041 0.429+0.085 98.0+£2.0 95.8+1.2 1060%12.1
Gl PVDF-g-PEGA 0.5 4.0 0.191+0.031 0.467+0.077 76.8+2.5 93.5+0.5 1200+12.8
QG2 PVDEF-g-PEGA 1.0 7.0 0.193+0.034 0.463+0.082 80.6£1.5 94.6+1.0 1180+11.2
G3 PVDEF-g-PEGA 1.5 9.8 0.196+0.045 0.455+0.087 85.0+2.7 95.2+1.5 1170+11.5
G4 PVDEF-g-PEGA 2.0 15 0.203+0.039 0.440+0.082 89.3+5.2 95.5+1.5 1160+12.7
G5 PVDEF-g-PEGA 3.0 16.9 0.194+0.035 0.460+0.083 92.6+£39  94.0+22 1170135

Table 3. Performance of PVDF-g-PEGA membranes

Membrane Sample Alkaline treatment Graft ratio/  Esterification = Bubble point/ Maximum pore =~ Water  Rejection/
number time/(h) (%) reaction time/(h) (MPa) size, D/mm  content/(%) (R, %)
R1 PVDE-g-PEGA 2.0 15 1.0 0.194+0.035  0.460+0.083 89.0£5.0 94.0£1.0
R2 PVDE-g-PEGA 2.0 15 2.0 0.192+0.033  0.465%0.080 88.5+49 93.8%1.2
R3 PVDE-g-PEGA 2.0 15 3.0 0.189+0.030  0.472+0.075 89.0£5.0 93.5%1.6
R4(G4) PVDF-g-PEGA 2.0 15 4.0 0.203+£0.039  0.440+0.082 89.3£52  955%1.5

Korean J. Chem. Eng.(Vol. 32, No. 12)
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Fig. 6. Protein adsorption of pristine and surface modified membranes with various grafting ratio and esterification reaction time.

3. Filtration Performance of the Surface Modified Membranes

The anti-fouling performance of the surface modified PVDF mem-
branes is evaluated by protein adsorption and filtration performance
after protein fouling. Fig. 6 shows the effect of various grafting ratio
(esterification reaction time=4h) and esterification reaction time
(Gg=15wt%) on the membrane protein adsorption. It is found that
the amount of protein adsorption on the membrane is decreased
with the increase of the grafting ratio and esterification reaction
time. The amount of BSA adhered to the pristine PVDF membrane
is 49 pg/cm’, while it is only about 10 pg/cm’ for the surface mod-
ified membrane. The PVDF-g-PEGA membrane with the graft-
ing ratio of 169 wt% shows the best anti-fouling property (4 pg/
cm’). Possible interpretation for the resistance of protein adsorp-
tion on the modified membrane is that the grafted PEGA chains
on the membrane formed a hydration layer on the hydrophilic
surface. With the amount of the grafted PEGA chains increasing,
the strengthened hydration interaction can effectively prevent pro-
tein adherence.

The water flux data in Fig. 7 shows the anti-fouling performance
of the pristine PVDF membrane and the PVDF-g-PEGA mem-
branes with various grafting ratio (esterification reaction time=4h)
and esterification reaction time (Gz=15 wt%). The pristine PVDF
membrane shows a high water flux before protein adsorption, and
the PVDF-g-PAAc membrane exhibits a small water flux due to
the coverage of large amount of PAAc chains (Table 2). Further

I Before protein adsorption

1400 4 After protein adsorption

—

[

=

=
1

1000
800
600
400

Water flux(L/m2/h)

200 -

9.8 15
Grafting ratio(wt%)

incorporation of PEG chains onto the PVDF-g-PAAc membrane
could not only improve the substantially decreased water flux, but
also could immobilize the required hydrophilic properties. As shown
in Fig. 7, the water flux decreases slightly with the increase of the
grafting ratio, which could be attributed to the increased excluded
volume of the hydrated PEGA chains on the membrane. However,
the water flux increased a little when the grafting ratio was up to
16.9 wt%, which is probably caused by the damage to the mem-
brane pore structure. Meanwhile, the increased water flux could
be obtained by the increased esterification reaction time. It could
be ascribed to the improvement of the hydrophilicity of the mem-
brane. After being exposed to the 10 mg/ml of BSA solution for
24h at 25°C, the water flux of the unmodified PVDF membrane
decreased to 558.7 L/m’/h, only 44% of the original membrane.
Differently, the surface modified membrane shows outstanding
anti-fouling property with the increase of the grafting ratio and esteri-
fication reaction time. The water flux after protein adsorption is
almost the same as before, indicating that the grafted PEGA chains
on the membrane can effectively block the adsorption and deposi-
tion of the protein on the membrane surface. Thus, it could expand
the fouling resistance and life-span of the membrane [36].

For PVDF-g-PEGA membranes with various esterification reac-
tion time (Gz=15 wt%), the permeation flux of BSA solution (2 mg/
ml) was determined. As shown in Fig. 8, the introduction of the
PEGA chains on the membrane surface can effectively reduce the

- Before protein adsorption
1200 After protein adsorption

1000 -
8004
6004

4004

Water flux(L/m2/h)

200+

2
Reaction time

Fig. 7. Water flux of pristine and surface modified membranes before and after protein fouling with various grafting ratio and esterification

reaction time.
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Fig. 8. Permeate flux decline behavior of (a) PVDF membrane,
PVDF-g-PEGA membranes with esterification reaction time
(Gr=15wt%) of 1 h (b), 2h (c), 3h (d) and 4 h (e).
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Fig. 9. The dynamic contact angle of the original and prepared PVDF
membranes.

degree of the flux decline. Meanwhile, the high water flux recov-
ery of the PVDF-g-PEGA membranes was observed at later stage
of the filtration, which illustrates that the membrane modified in
this work exhibits excellent antifouling performance.
4. Dynamic Contact Angle

The hydrophilicity of the PVDF membrane was characterized
by the transient pure water contact angle of the membrane sur-
face [37]. The contact angle of the PVDF-g-PAAc membrane sur-
face drops to 36.5°, while that of PVDF-g-PEGA membrane surface
drops to 60.5° within the contact time (Fig. 9). Interestingly, the
data of the PVDF-g-PA Ac membrane were dramatically lower than
that of the original membrane and PVDF-g-PEGA membrane,
indicating that the PAAc grafted membrane has a significant im-
provement in hydrophilicity. The possible explanation is that the
carboxyl is a strong hydrophilic group, and the coordination num-
bers with the water molecules are up to 5 [38], while the hydroxyl
groups formed on PVDF-g-PEGA membrane exhibit a weaker hy-
drophilicity because the maximum coordination number with the
water molecules is 3. However, the incorporation of PEG chains

onto the membrane surface can effectively reduce the extent of the
decreased water flux caused by membrane pores blockage with mas-
sive PAAc chains, and meanwhile, PEGA chains are capable of sig-
nificantly enhancing the membrane anti-fouling property. In this
work, PAAc grafted onto the membrane surface can provide a reac-
tion site for PEG; therefore, a PVDF membrane with hydrophilic
and anti-fouling performance was achieved.

CONCLUSIONS

A novel method for the hydrophilic modification of PVDF mem-
brane was proposed. The modification method could be easily car-
ried out by a two-step polymerization reaction. The results of ATR-
FTIR, XPS and SEM demonstrated that PAAc and PEG were suc-
cessfully grafted onto the PVDF membrane. PVDF-g-PEGA mem-
branes prepared using this method showed outstanding hydrophilic
and anti-protein fouling performance. The protein adsorption on
the modified PVDF membrane with the grafting ratio of 16.9 wt%
decreased from 49 pg/cm’ to 4 pg/cm’. Compared with the pris-
tine PVDF membrane, the water flux of the PVDF-g-PEGA mem-
brane after protein fouling showed reduced degree of flux decline.
These results indicate that the modified PVDF membrane could
effectively prevent the protein adsorption on the membrane. The
dynamic contact angle experiments show that the PVDF-g-PEGA
membrane has highly hydrophilicity with the contact angle decreased
from 130° of the pristine membrane to 60.5". It is envisioned that
the method proposed in this work may provide a novel idea for
the modification of PVDF membranes. And the hydrophilic and
low-fouling membrane achieved using this method can favor wide-
range applications of PVDF membrane in the biomedical filtra-
tion and protein separation processes.
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