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ABSTRACT: A highly hydrophilic PVDF membrane was fabricated
through chemically binding TiO2 nanoparticles and a poly(vinyl alcohol)
(PVA) layer onto a membrane surface simultaneously. The chemical
composition of the modified membrane surface was determined by X-ray
photoelectron spectroscopy, and the binding performance of TiO2
nanoparticles and the PVA layer was investigated by a rinsing test. The
results indicated that the TiO2 nanoparticles were uniformly and strongly
tailored onto the membrane surface, while the PVA layer was firmly
attached onto the surface of TiO2 nanoparticles and the membrane by
adsorption-cross-linking. The possible mechanisms during the mod-
ification process and filtration performance, i.e., water permeability and
bovine serum albumin (BSA) rejection, were investigated as well.
Furthermore, antifouling property was discussed through multicycles of
BSA solution filtration tests, where the flux recovery ratio was significantly increased from 20.0% for pristine PVDF membrane to
80.5% for PVDF/TiO2/PVA-modified membrane. This remarkable promotion is mainly ascribed to the improvement of surface
hydrophilicity, where the water contact angle of the membrane surface was decreased from 84° for pristine membrane to 24° for
PVDF/TiO2/PVA membrane. This study presents a novel and varied strategy for immobilization of nanoparticles and PVA layer
on substrate surface, which could be easily adapted for a variety of materials for surface modification.
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■ INTRODUCTION

Polyvinylidene fluoride (PVDF) membrane has been exten-
sively used in microfiltration and ultrafiltration processes for
industrial application because of its excellent mechanical
properties, thermal stability, and chemical resistance.1−3

However, the strong hydrophobic nature of pure PVDF
membrane always leads to low water permeability and easy
fouling while treating an aqueous solution containing some
natural organic and colloidal matters which are prone to
deposition and absorption onto the membrane surface.4−11

This inevitably depresses the lifetime of the membrane and
subsequently leads to more operation cost of replacement.12−16

As a simple modification method, the incorporation of
nanomaterials to impart the antifouling property of the
membrane has attracted significant interest in recent years
due to the facile processing, and commonly used nanomaterials
mainly include titanium dioxide,17−19 silicon dioxide,20,21

aluminum oxide,22 and carbon nanotubes.23,24

Some literature reports about blending titanium dioxide
(TiO2) nanoparticles into PVDF membrane have shown the
effectiveness to improve membrane hydrophilicity and
antifouling ability.25,26 Unfortunately, exhibition of the
improvement in membrane hydrophilicity and resistance to
membrane fouling is limited due to the poor dispersibility and
entirely enfolded by polymer matrix, which significantly
decreases the modification efficiency. Tailoring TiO2 nano-

particles on the membrane surface through self-assembly or a
chemical bonding process has been proven to be an effective
strategy to improve the hydrophilicity and antifouling property
of PVDF membranes compared with the nanoparticles
blending strategy,5,12,13,17,27 since all TiO2 nanoparticles are
entirely exposed to the environment rather than entrapped in
membrane matrix. Furthermore, it presents a uniform
dispersion of TiO2 nanoparticles on the membrane surface,
which can effectively decline the blocking probability of
membrane surface pores. However, these approaches seem to
be not efficient under a relatively high TiO2 concentration to
modify the PVDF membrane due to the weak binding force
between the membrane surface and the nanoparticles.28−31

Nevertheless, the quantity and density of TiO2 nanoparticles on
the membrane surface directly decide the efficiency of surface
modification, and the firm binding of TiO2 nanoparticles can
ensure the long-lasting hydrophilicity and reduce water
permeation resistance. Therefore, it is necessary to develop
an effective and facile strategy to uniformly disperse TiO2 on
the membrane surface with the strong binding force for
improving membrane performance.
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Recently, poly(vinyl alcohol) (PVA) has been widely used as
a selective and functionalized skin layer for a thin film
composite membrane via adsorption-cross-linking with regard
to its high hydrophilicity, excellent mechanical strength, and
chemical resistance,32−35 and many literature reports have
confirmed that the PVA-modified surface exhibited a
remarkable enhancement of hydrophilicity as well as antifouling
property.32,36,37 Du et al.38 modified a PVDF flat sheet
membrane by surface coating PVA, which exhibited a slower
fouling rate compared to pristine membrane during natural
water filtration. Nevertheless, the interaction between a coated
PVA layer and the membrane surface was relatively weak, which
inevitably led to the peeling or delamination of the hydrophilic
coating from the membrane surface during long-term
operation. Actually, a recent study by Puspitasari et al.39 has
revealed that the coated substance on the PVDF membrane
surface could be removed during the membrane cleaning
process.
This present paper demonstrates a facile surface modification

approach for hydrophobic PVDF membrane. Hydroxyl groups
were introduced onto the prepared membrane surface through
a chemical treatment process, which would form a strong
chemical bond for binding TiO2 nanoparticles on the
membrane surface using trimesoyl chloride as a bridge.
Afterward, the separate TiO2 nanoparticles were further
bonded together by a cross-linked PVA thin layer, which
effectively inhibited the shedding of single nanoparticles from
the membrane surface. Meanwhile, the fixed TiO2 nanoparticles
provided some anchor sites for the PVA layer as well, which
effectively inhibited the peeling or delamination of the PVA
thin layer from the membrane surface and overcame the
limitation caused by the surface coating method. The
hydrophilicity of the resulting membrane presented a
remarkable improvement, where the water contact angle is
decreased from 84° for pristine membrane to 24° for PVDF/
TiO2/PVA membrane. Furthermore, the hydrophilicity kept a
significant stability and durability in the long-term rinsing
process. To the best of our knowledge, there is no such a
strategy reported to fix TiO2 nanoparticles and PVA layer on
the surface of a PVDF membrane simultaneously with tight
binding for performance enhancement.

■ EXPERIMENTAL SECTION
Materials. PVDF powder (Kynar) was supplied by Arkema Inc.

Poly(vinyl alcohol) (PVA, 1799), N,N-dimethylacetamide, polyvinyl-

pyrrolidone (PVP, K30), glutaraldehyde, γ-butyrolactone, anhydrous
ethanol, sulfuric acid, trimesoyl chloride (TMC, 98%), potassium
hydroxide (KOH), sodium bisulfite (NaHSO3), and hexane were
obtained from Shanghai Chemical Reagents Medicine Group Co., Ltd.
Tetrabutylammonium fluoride (TBAF, 98%), titanium dioxide powder
(anatase, <50 nm, 99.7%), and bovine serum albumin (BSA, Mn =
67 000) were purchased from Sigma-Aldrich. All chemicals and
materials were used without further purification.

Preparation of PVDF Membrane. The casting solution of the
pristine PVDF membrane was prepared as follows: 18 g of PVDF and
2 g of PVP were dissolved in 70 g of a N,N-dimethylacetamide/γ-
butyrolactone (1:2, volume ratio) mixed solution at 100 °C under
mechanical stirring for 6 h. Afterward, the solution was degassed for 12
h and cast on a glass plate with a steel knife and immediately immersed
into a deionized water bath with a temperature of 25 ± 1 °C. The
membrane precursor was obtained within a few seconds through phase
inversion. The nascent membranes were washed until the residual
solvent was entirely removed and then placed in a deionized water
bath for the test and characterization.

Surface Modification of PVDF Membranes. Prior to surface
modification of the PVDF membrane, the wet membranes were
successively immersed in ethanol and hexane for 30 min and then
dried in air at room temperature for modification. The schematic
illustration of the surface modification of the membranes is presented
in Figure 1, and the detailed procedure is depicted as follows: (1)
pristine PVDF membranes were dipped into 200 mL of KOH aqueous
solution (1 mol/L) for 30 min at 25 °C with 0.5 g of TBAF as phase
transfer catalyst and then directly immersed in NaHSO3 aqueous
solution (1 mol/L) for 30 min with 0.1 g of H2SO4 as catalyst at 25
°C; (2) the NaHSO3 pretreated membranes were directly immersed
into 0.5 wt % trimesoyl chloride hexane solution for 2 min at 25 °C;
(3) the membranes were taken out from the trimesoyl chloride and
directly immersed in the previously prepared TiO2 suspension (0.01,
0.04, and 0.08 wt %, ultrasonic dispersion for 30 min) for 10 min, and
then the membranes were taken out and washed with deionized water;
afterward, the TiO2 modified membranes were obtained and labeled as
PVDF/TiO2-0.01, PVDF/TiO2-0.04, and PVDF/TiO2-0.08, respec-
tively; (4) the TiO2-modified membranes were dipped into 1 wt %
PVA solution for 4 min with glutaraldehyde and H2SO4 used as cross-
linker and catalyst, respectively; then the membranes were taken out
and heated in a vacuum oven for 10 min at 60 °C to promote the
cross-linking reaction of PVA. Afterward, the resulting membranes
were then thoroughly rinsed with distilled water and soaked in distilled
water on a shaker for 12 h to remove traces of unreacted
glutaraldehyde and PVA, and then stored in distilled water before use.

Characterization of the Physical and Chemical Properties of
Membranes. The wet membranes were successively immersed in
ethanol and hexane for 30 min and subsequently dried in air for the
following testing. The surface morphology of the membranes was
examined by a field emission scanning electron microscope (FESEM,

Figure 1. Schematic illustration of the PVDF membrane surface modification.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00978
ACS Appl. Mater. Interfaces 2015, 7, 8427−8436

8428

http://dx.doi.org/10.1021/acsami.5b00978


Hitachi, S-4800, Japan). Membrane surface chemical composition was
tested using X-ray photoelectron spectroscopy (XPS, Shimadzu AXIS
Ultra DLD, Japan) with a resolution of 0.68 eV/(C 1s); the takeoff
angle of photoelectron radiation was set at 90°. The membrane surface
roughness was investigated by atomic force microscopy (AFM,
Bioscope Catalyst, USA) with tapping mode at room temperature in
air. In addition, Fourier transform infrared (FTIR) absorption spectra
of the membranes were measured with a Nicolet 8700 (Thermo
Electron Corp, USA) in the range of 4000−400 cm−1 with an
attenuated total reflection (ATR) accessory. The hydrophilicity of the
membranes was evaluated by a contact angle measuring instrument
(OCA40micro, Germany). The measurement was conducted by
dropping 2 μL of water on the surface of the membrane. The initial
contact angle of the sample was adopted, and at least five positions for
each sample were tested and then averaged.
Filtration Experiments. The water permeability and BSA

rejection of membrane were conducted on a dead-end filtration
system at a constant transmembrane pressure of 0.1 MPa and 25 ± 2
°C. The effective membrane area was 4.56 cm2, and 0.5 g/L BSA
aqueous solution was applied to the rejection experiment. Each
membrane was initially prepressured at 0.1 MPa with deionized water
for 40 min before testing. The BSA concentration of the permeation
and feed solution was determined by an UV−vis spectrophotometer
(UV-1800, Shimadzu) at a wavelength of 280 nm. The permeation
fluxes (Jw) and BSA rejection (R) were calculated by the following
equations, respectively

=
·Δ

J
V

A tw (1)

where V (L) is the volume of permeated water, A (m2) is the
membrane effective area, and Δt (h) is the permeation time.
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where CP and CF are the BSA concentration of permeation and feed
solution, respectively. CF was maintained at 0.5 g/L, while CP was
sampled in permeation solution after 30 min BSA ultrafiltration.
Antifouling Property Evaluation. To evaluate the fouling

resistance of various membranes, the membrane was subjected to a
protein solution permeation test using BSA as the model protein. Each
membrane was prepressured at 0.1 MPa with deionized water−water
for 40 min until the flux reached a stable value and recorded the water
flux J1 (L·m

−2·h−1). Subsequently, BSA solution replaced the deionized
water at a transmembrane pressure of 0.1 MPa for 30 min, and then
BSA solution flux was recorded Jp (L·m−2·h−1). Afterward, the
membranes were washed with deionized water for 30 min in the
direction of filtration, and then the water flux of cleaned membranes J2
(L·m−2·h−1) was recorded, indicating the end of one filtration cycle.
In order to examine the antifouling property of these membranes in

details, the flux recovery ratio (Frr) and total fouling ratio (Rt) were
defined and calculated by following equations
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Here, Rt is the degree of total flux loss caused by total fouling, and it is
the sum of the reversible fouling ratio (Rr) and irreversible fouling
ratio (Rir). Rr denotes the fouling caused by concentration polarization,
and Rir describes the fouling caused by adsorption or deposition of
protein molecules on the membrane surface, which can be calculated
by the following equations
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Characterization of TiO2 Binding Performance. The binding
performance of TiO2 nanoparticles on the membrane surface was
investigated by a flexible rinsing experiment, which was carried out in a
2 L beaker. The modified membranes were initially fixed on the glass
wall of the beaker by scotch tape with the membrane bottom surface
attached to the glass; then about 1.5 L of distilled water was filled in
the beaker and magnetically stirred at 1000 r/min for 2 h. Finally, the
surface morphology and water contact angle of modified membranes
before and after rinsing were characterized and measured.

■ RESULTS AND DISCUSSION

Characterization of Pristine and Modified Mem-
branes. The pristine PVDF membrane was premodified in
alkaline aqueous solution and TMC hexane media, respectively,
for forming reactive groups (−COCl) to chemical bonding
TiO2 nanoparticles onto membrane surface. Afterward, the
TiO2 nanoparticles of the membrane surface were further fixed
by followed adsorption-cross-linking of PVA. Figure 1
illustrates the whole modification process in detail. In order
to demonstrate the modification effect, the physical and
chemical properties of the pristine and modified membranes
were investigated below.
The PVDF membrane chemical treatment procedure mainly

involved two steps: dehydrofluorination and nucleophilic
addition. The pristine membrane was treated by KOH aqueous
solution to facilitate the formation of unsaturated double
bonds, which were used for nucleophilic addition reaction to
introduce a hydroxyl group on the polymer chains.40,41 It can
be observed that the pristine PVDF membrane is white, while a
light brown color is shown after chemical treatment. This result
indicates the successful hydroxy modification of the membrane
surface, which is further confirmed by the ATR-FTIR spectra
for qualitative analysis as shown in Figure 2. The peak of 1400
cm−1 is associated with the deformation vibration of −CH2, and
the vibration bonds at 1275, 1178, and 875 cm−1 are considered
as the characteristic peaks of PVDF.42,43 A new broad peak
between 3600 and 3100 cm−1 appears for the chemical
treatment membrane (Figure 2b) compared with the pristine

Figure 2. ATR-FTIR spectra of various membranes: (a) pristine
PVDF membrane; (b) chemical treatment membrane (pristine PVDF
membrane was treated by KOH and NaHSO3 successively); (c)
PVDF/TiO2-0.08 membrane (chemical treatment membrane was
pretreated by TMC hexane media and then bonding TiO2 nano-
particles); (d) PVDF/TiO2-0.08/PVA membrane (adsorption-cross-
linking of PVA layer on PVDF/TiO2 membrane surface). (Inset)
Color for pristine and chemical treatment membrane.
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membrane (Figure 2a), which is ascribed to O−H stretching
vibration.44 PVA typically enhances absorbency intensity at
3400 and 1100 cm−1 for its −OH group and at 2950 and 1409
cm−1 for its −CH2 groups.34 Compared with the pristine
membrane (Figure 2a), the PVDF/TiO2-0.08/PVA-modified
membrane (Figure 2d) has intense and wider peaks at 3400
cm−1 due to the hydroxyl group from PVA and TiO2 and at
1638 cm−1 from adsorbed water.36 Additionally, the peak at
1670 cm−1 is mainly attributed to a CO stretching vibration
resulting from the residual PVP in the final membrane,45 which
will be further proved through XPS analysis.
Figure 3 shows XPS wide spectra for various membranes:

there are two peaks of O (1s) and N (1s) in pristine membrane,

which is consistent with the above result of the ATR-FTIR test
and further proves the remnant of PVP in the final membranes.
Furthermore, the atom ratio (O:F) is increased from 0.13 for
pristine membrane to 0.23 for dehydrofluorination membrane
and then gradually increases to 0.31 for nucleophilic addition
membrane, which implies completion of the oxidation−
reduction reaction and introduction of a hydroxyl group on
the membrane surface. A new peak of Ti (2p) appears except
for the peaks of F (1s), O (1s), N (1s), and C (1s) as for the
PVDF/TiO2-0.08 membrane, and it can be clearly seen from
the partial enlarged view that the peak of Ti (2p) is constituted
by two peaks located at 464.1 and 458.2 eV, which correspond
to Ti (2p1/2) and Ti (2p3/2), respectively, indicating a normal
state of Ti4+ in TiO2, which confirms the instant binding of
TiO2 particles onto the TMC-pretreatment membrane. Addi-
tionally, the continuous increase of the atom ratio (O:F) can
also confirm the bonding of TiO2 on the membrane surface.
However, the XPS wide spectra of PVDF/TiO2-0.08/PVA
displays a dramatic change compared with that of other
membranes. The intensity of peaks of F (1s) and N (1s) is
greatly weakened, and the peak of Ti (2p) almost disappears,
whereas the intensity of O (1s) and C (1s) is markedly
increased, which verifies the fact that the PVA layer can be
firmly attached onto the surface of TiO2 nanoparticles and
membranes by adsorption-cross-linking.
Figure 4 illustrates the possible mechanism of the PVA layer

and TiO2 nanoparticles binding process. The chemical
treatment membranes were first immersed into TMC hexane
medium to introduce chloride groups, which could react with
the hydroxyl group of TiO2, and strong coordination bonds
could be formed between membranes and nanoparticles. This
in situ attraction of TiO2 assists the homogeneous distribution
and tight binding of TiO2 nanoparticles on the PVDF

Figure 3. XPS wide spectra for pristine PVDF membrane,
dehydrofluorination membrane, nucleophilic addition membrane,
PVDF/TiO2-0.08 membrane, and PVDF/TiO2-0.08/PVA membrane,
and atom ratio (O: F) of various membranes.

Figure 4. Possible mechanism of PVA layer and TiO2 nanoparticles binding process: (a) binding process of PVA layer and TiO2 nanoparticles; (b)
reaction between chemical treatment membrane and TMC; (c) cross-linking reaction of PVA chains; (d) cross-linking reaction between PVA and
TiO2 nanoparticles.
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membrane surface. Subsequently, the modified PVDF mem-
brane with TiO2 nanoparticles was immersed into PVA
aqueous solution and a cross-linking reaction conducted
between the PVA molecular chains. The formed hydrophilic
PVA layer will further contribute to binding the nanoparticles
of the membrane surface for potential performance enhance-
ment. In addition, the cross-linking reaction could be carried
out between PVA and nanoparticles as well, which will inhibit
the peeling or delamination of the hydrophilic PVA layer from
the membrane surface. This result is further confirmed by the C
(1s) and O (1s) core level spectra resolved results for various
membranes as shown in Figure 5. The C (1s) peak of pristine
PVDF membrane can be resolved into four peaks correspond-
ing to CF2 (291.1 eV) and CH2 (286.6 eV) assigned to PVDF

46

and C−N (285.2 eV) and CO (288.1 eV) assigned to PVP
according to previous reports.47−49 A new peak CC (284.9
eV) for the dehydrofluorination membrane appears compared
with the pristine membrane and is then replaced by a C−O
(286.3 eV) peak with further nucleophilic addition reaction.46

This result is consistent with the above results of ATR-FTIR,
indicating successful introduction of a hydroxyl group on
polymer chains. As shown in Figure 5d, three peaks located at
529.8, 531.8, and 532.9 eV can be obtained, which correspond
to Ti−O−Ti, CO/C−O−O−Ti, and Ti−OH species,
respectively.50,51 Additionally, two other new peaks located at
532.1 (−C−O−C) and 533.6 eV (C−OH) are observed for the
PVDF/TiO2-0.08/PVA membrane,46,47 which is mainly
induced by the adsorption-cross-linking of PVA on the
membrane surface. These results indicate that the surface
composition of membranes is successfully modified by TiO2
nanoparticles and PVA, which will contribute to the enhance-
ment of hydrophilicity of membrane surface.
The surface morphology of pristine and modified membranes

in Figure 6 shows that the nanoparticles are uniformly
dispersed on the membrane surface; the quantity and density
of immobilized TiO2 nanoparticles is gradually increased with
increasing concentration of nanoparticles in suspension. When
the TiO2 suspension contacts with TMC premodified

membrane surface, the higher concentration of TiO2 provides
more chance for nanoparticles to attach to acid chloride groups
and more nanoparticles are covered on the membrane surface.
Moreover, it can be obviously found from the partial enlarged
view in Figure 6f1 that the formed hydrophilic PVA layer is
effectively adhered to the surface of nanoparticles and

Figure 5. C (1s) core level spectra resolved results of pristine PVDF membrane (a), dehydrofluorination membrane (b), and nucleophilic addition
membrane (c); O (1s) core level spectra resolved results of PVDF/TiO2-0.08 membrane (d) and PVDF/TiO2-0.08/PVA membrane (e).

Figure 6. Surface morphology of various membranes: (a) pristine
PVDF membrane; (b) PVDF/TiO2-0.01 membrane; (c) PVDF/TiO2-
0.04 membrane; (d) PVDF/TiO2-0.04/PVA membrane; (e) PVDF/
TiO2-0.08 membrane; (f) PVDF/TiO2-0.08/PVA membrane; (e1 and
f1) partial enlarged views of e and f.
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membrane, which will significantly contribute to the stabiliza-
tion of nanoparticles on the membrane surface.
The three-dimensional AFM pictures of various membranes

presented in Figure 7 show that the smooth surface of the
pristine membrane becomes rough after immobilization of
TiO2, which is mainly attributed to the chemical bonding
between nanoparticles and the membrane surface. After the
following adsorption-cross-linking of PVA, some obvious peaks
and valleys are observed and the mean surface roughness is
continuously increased from 22 to 31 nm due to the packing of
PVA on the nanoparticles surface. In addition, some PVA
fragments resulting from cross-linking reaction among the PVA
molecular chains may also contribute to the roughness of the
membrane surface.
The water contact angle is employed to evaluate the relative

surface hydrophilicity of different membranes. In general, the
smaller contact angle indicates the better hydrophilicity of
membranes. As shown in Figure 8, the pristine PVDF
membrane possesses the highest contact angle of 84°,
corresponding to the lowest surface hydrophilicity. The
hydrophilicity of the chemical treatment membrane is
significantly improved compared with the pristine membrane
since amounts of hydroxyl groups are formed on the membrane

surface. The water contact angle of the TiO2-modified
membrane is decreased from 52° to 40° with increasing of
TiO2 content. This result should be ascribed to the quantity
and density of embedded TiO2 nanoparticles on the membrane
surface, which leads to improvement of the surface hydro-
philicity. After the adsorption-cross-linking of PVA on the
membrane surface, the water contact angle of the final
membrane is abruptly decreased to 24° resulting from the
combined action of the hydrophilic TiO2 nanoparticles and the
PVA layer, implying the impressive enhancement in hydro-
philicity.

Water Permeability and BSA Rejection. Solute separa-
tion and solvent permeation, as two fundamental and essential
properties of a membrane, are evaluated by BSA rejection and
water permeability measurement, respectively. As shown in
Figure 9, pure water flux of the chemical treatment membrane

exhibits a significant increase compared with that of pristine
membrane, while the BSA rejection displays a contrary
tendency. This is mainly due to the etching effect by alkali
solution in the chemical treatment process.52 In addition, pure
water flux presents a decline tendency with increasing TiO2
concentration on the membrane surface; this result is mainly
due to formation of the TiO2 layer increasing the water
permeation resistance. After the following adsorption-cross-

Figure 7. AFM images of pristine PVDF membrane, PVDF/TiO2-0.08 membrane, and PVDF/TiO2-0.08/PVA membrane; Ra, mean surface
roughness.

Figure 8. Water contact angle of the pristine and modified
membranes.

Figure 9. Water permeability and BSA rejection of various
membranes.
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linking of PVA, a pure water flux of PVDF/TiO2-0.08/PVA is
maintained at an appropriate value (430 L m−2 h−1) compared
with pristine membrane, while BSA rejection is significantly
increased from 44.7% to 86.5%. This phenomenon can be
interpreted from the fact that the cross-linked PVA layer would
probably block part of the membrane pores, resulting in a great
increase of BSA rejection. It is concluded that a higher BSA
rejection can be obtained through TiO2 nanoparticles and PVA
modification, and an appropriate permeability for membrane
filtration can still be maintained under an appropriate
condition.
Antifouling Property of Membranes. In order to

investigate the antifouling property of pristine and modified
membranes, two cyclic filtration tests have been designed using
BSA as a model protein. Each membrane used for character-
izing the antifouling property has compacted at 0.1 MPa with
deionized water for 40 min; then the transmembrane pressure
was kept at 0.1 MPa through the whole filtration process. As
shown in Figure 10a, the BSA flux for all membranes
experiences a dramatic decrease due to the deposition and
adsorption of BSA on the surface of membranes, and PVDF/
TiO2-0.08/PVA presents a maximum BSA flux (204 L m−2 h−1)
among the membranes. After a simple physical cleaning by
deionized water, the water flux of all membranes could not
recover completely because the BSA molecules may be
entrapped in the pores. It is obvious that the recovery water
flux of all modified membranes is higher than that of pristine
membrane under same operating conditions due to the
improvement of antifouling property. Additionally, it can be
found that the water permeability of pristine membrane is
gradually decreased during the operation process, while it is
maintained at an appropriate value after one cycle of filtration
measurement for modified membranes.
To quantitatively investigate the antifouling property during

foulant filtration in detail, a summary of Rt, Rr, Rir, and Frr of the
investigated membranes is shown in Figure 10b. It is obvious
that Rt and Rir for pristine membrane achieve 92.8% and 80%,
respectively. However, a decreased Rt and Rir could be observed
for the PVDF/TiO2/PVA modification membrane. It clearly
demonstrates that the antifouling property has been effectively
improved through TiO2 and PVA surface modification.
Additionally, it can be found that the tendency in Rir is
consistent with that of water contact angle, because membrane
fouling should be directly correlated to the hydrophilicity of the

membrane surface.53,54 More TiO2 nanoparticles bonded on
the membrane surface with increasing TiO2 concentration will
induce the formation of a dense and stable hydration layer on
the membrane surface, which will increase the BSA fouling
resistance and reduce membrane fouling to some extent.55 As a
result, Rir of PVDF/TiO2 membrane decreases with increasing
TiO2 concentration. The Frr of pristine membrane and PVDF/
TiO2-0.08 membrane after two cycles of filtration measure-
ments is 20% and 80.5%, respectively, suggesting that TiO2
modification indeed effectively decreases the deposition and
adsorption of protein on the membrane surface. This can be
further proved by the surface morphology of pristine and
modified membranes as shown in Figure 11. It can be clearly

found that amounts of BSA are accumulated on the pristine
membrane surface, while no BSA could be found on a modified
membrane surface. In addition, Frr is continuously increased
from 80.5% for PVDF/TiO2-0.08 to 86.4% for PVDF/TiO2-
0.08/PVA due to adsorption-cross-linking of PVA on the
membrane and TiO2 nanoparticles surface. The above result
demonstrates that the antifouling property of modified
membranes is significantly improved by the perfect binding of
TiO2 nanoparticles on the PVDF membrane surface.

Figure 10. Evaluation the antifouling property of the pristine PVDF membrane and modified membranes: (a) time-dependent flux of pristine and
modified membranes under two cycles of BSA solution filtration measurements; (b) comparison of Rt, Rr, Rir, and Frr of the pristine and modified
membranes under two cycles of BSA solution filtration measurements.

Figure 11. Surface morphology of pristine PVDF membrane (a),
PVDF/TiO2-0.08 membrane (b), and PVDF/TiO2-0.08/PVA mem-
brane (c) after two cycles of BSA solution filtration measurements;
(a1, b1, and c1) partial enlarged views of pristine PVDF membrane
(a), PVDF/TiO2-0.08 membrane (b), and PVDF/TiO2-0.08/PVA
membrane (c), respectively.
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Binding Performance of PVA Layer and TiO2 Nano-
particles. Water contact angle measurements were carried out
to verify the binding performance of TiO2 and PVA layer. As
shown in Figure 12a, the contact angle for PVDF/TiO2-0.01
and PVDF/TiO2-0.04 keeps constant before and after distilled
water rinsing test, which indicates the good binding between
TiO2 nanoparticles and the membrane surface under a low
TiO2 concentration. Nevertheless, the contact angle of PVDF/
TiO2-0.08 is increased by 4° after rinsing. This phenomenon
should be ascribed to the generation of some small TiO2

clusters under a relatively high TiO2 concentration, which can
be probably washed away from the membrane surface in the
rinsing process due to the weak interaction. However, the water
contact angle of PVDF/TiO2-0.08/PVA is far below that of
PVDF/TiO2-0.08 and keeps constant after the rinsing process.
This reflects that the adsorption-cross-linking of PVA can
further enhance the hydrophilicity of the membrane surface and
effectively fix the separate TiO2 nanoparticles on the membrane
surface. Thereby, it can be concluded that TiO2 nanoparticles
can be firmly bonded on the membrane surface via the
combination of chemical bonding and adsorption-cross-linking
of PVA. On the other hand, the membrane surface morphology
before and after rinsing in Figure 12b shows that there is almost
no morphology change for the modified membrane surface
after rinsing. This also demonstrates the fixed action of TiO2

nanoparticles for the PVA layer, which effectively inhibits the
peeling or delamination between the PVA layer and the
membrane surface during the long-term operation process.

■ CONCLUSIONS
A novel hydrophilic PVDF ultrafiltration membrane was
fabricated via a facile and versatile strategy to perfectly bind
TiO2 nanoparticles and a PVA layer onto a PVDF membrane
surface simultaneously. TiO2 nanoparticles were tightly bound
onto the membrane surface through the combination of
chemical bonding and adsorption-cross-linking of PVA,
implying the remarkable binding ability of the surface-tailored
TiO2 nanoparticles. Meanwhile, the bonded TiO2 nanoparticles
provided some anchor sites for the PVA layer, which effectively
inhibited the peeling or delamination of the PVA layer from the
membrane surface. This modification process significantly
improved the wettability of membranes and converted the
membrane surface from hydrophobic to hydrophilic. A
significant enhancement of antifouling property was further
observed due to formation of a hydration layer on the
membrane surface. This binding method not only provided a
strong binding force but also kept membrane performance,
suggesting great potential for binding nanoparticles to substrate
surface.
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