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Abstract Poly(vinylidene fluoride) (PVDF)/titanium
dioxide (TiO,) hybrid membranes were prepared using
nano-TiO, as the modifier, and characterized by Transmis-
sion Electron Microscope (TEM), Fourier transform
infrared spectroscopy (FT-IR), scanning electron micro-
scope (SEM), atomic force microscope (AFM), X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). The characterization results demonstrated that
nano-sized TiO, particles dispersed homogeneously within
the PVDF matrix, contributing to more hydroxyls and
smoother surfaces. Moreover, permeate flux, retention
factor, porosity, contact angle and anti-fouling tests were
carried out to evaluate the effect of TiO, concentration on
the performance of PVDF membranes. Among all the
prepared membranes, PVDF/TiO, membrane containing
10 vol.% TiO, exhibited the best hydrophilicity with an
average pure water flux up to 237 L-m2-h™', higher than
that of unmodified PVDF membranes (155L-m?2-h™).
Besides, the bovine serum albumin rejection of the hybrid
membrane was improved evidently from 52.3% to 70.6%,
and the contact angle was significantly lowered from 83° to
60°, while the average pore size and its distribution became
smaller and narrower.
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1 Introduction

Poly(vinylidene fluoride) (PVDF) is a frequently used
material in the manufacturing of ultrafiltration (UF),
microfiltration (MF), and pervaporation (PV) membranes
due to its competent properties, such as excellent thermal
and chemical stability, radiation resistance, etc [1,2]. Many
investigations have been done on the PVDF membranes.
Some researchers focused on their application in water
treatment [3,4], and the others concentrated on the
membrane formation mechanism [5]. However, the strong
fouling propensity of PVDF membranes poses challenges,
especially the significant nonspecific adsorption of organ-
ics due to the intrinsic low surface energy and hydro-
phobicity of PVDF polymer [6-8].

It is widely accepted that the anti-fouling characteristics
of hydrophilic membranes are better than those of
hydrophobic ones. As a result, modification of PVDF
membranes to increase their hydrophilicity is very
important [9]. Typically, three methods can be used to
hydrophilize PVDF MF membrane: 1) mixing hydrophilic
polymer with PVDF to form functionalized membranes, 2)
grafting hydrophilic branches to hydrophobic PVDF
backbone, and 3) coating a hydrophilic layer on the
PVDF membrane surface. Among these processes, the
methods of modifying the membrane surface include UV
irradiation, plasma treatment, gamma irradiation, chemical
grafting, and so on [10-12]. The addition of inorganic
fillers, especially the nanoparticles, has led to increased
membrane permeability and improved control of mem-
brane properties [13]. Nanoparticles have unique electro-
nic, magnetic and optical properties to improve the
capabilities of polymers to a certain extent because of
their small sizes, large specific surface areas and strong
activities [14,15]. To date, many kinds of inorganic
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nanoparticles, such as SiO,, Al,03, Fe304, ZnO, ZrO,,
CdS and TiO,, have been used in membrane preparation
[16-19]. Among these inorganic nanoparticles, titanium
dioxide (TiO,) is quite popular for its innocuity, resisting
and decomposing bacteria, UV-proof and super hydro-
philicity [20]. Many polymer/TiO, nanocomposite mem-
branes were prepared by simply incorporating TiO,
nanoparticles into the polymer matrix [21-23], but there
is still much to be done. Although it is facile to blend or
coat PVDF with the commercial TiO,, new problems
occurred, such as particle agglomeration and poor
compatibility between the nanoparticles and the matrix
[24].

The main purpose of this study is to enhance the
compatibility between the nanoparticles and the membrane
matrix, and to improve the overall performance of PVDF
membranes. In the present study, nano-TiO, was prepared
through the hydrolysis of tetrabutyl titanate. Different
PVDF/TiO, hybrid membranes were prepared with nano-
TiO, as the modifier. Performances of the membranes were
investigated by the pure water filtration and anti-fouling
tests. Several analytical techniques, including Fourier
transform infrared spectroscopy (FT-IR), scanning electron
microscope (SEM), atomic force microscope (AFM), X-
ray diffraction (XRD) and X-ray photoelectron spectro-
scopy (XPS) were applied to analyze the structural
properties. The mechanical strength of PVDF membrane
was also studied.

2 Materials and methods
2.1 Materials

PVDF powder (commercial purity) was purchased from
Shanghai 3F New Materials Co., Ltd, China. N,N-
dimethylacetamide (DMAc) (analytical purity), polyvinyl-
pyrrolidone (PVP) (analytical purity) and tetrabutyl
titanate (chemical purity) were purchased from Tianjin
Chemical Reagent Factory, China. Nitric acid (chemical
purity) was purchased from Beijing Chemical Plant, China.
Bovine serum albumin (BSA) (chemical purity) was
purchased from Shanghai Lanji Science and Technology
Co., Ltd, China.

2.2 Modification of PVDF membranes

Before PVDF membrane was modified, nano-TiO, was
prepared first in the following procedure: 0.1 g PVP was
added to 100.0 mL DMACc (solution A). Under continuous
stirring, 10.0 mL tetrabutyltitanate was dropped slowly to
solution B, which consisted of 10.0mL liquid from
solution A, 2.0 mL deionized water and 1.0 mL nitric
acid. After the mixture got milky white, another 10.0 mL
of solution A was added dropwise to it. Then the new
mixed solution was placed in a water bath at 75°C with

vigorous stirring for 8 h. After mixing uniformly, stable
and yellow transparent nano-TiO, was obtained.

Nano-TiO, obtained above with different contents
(0vol.%, 5vol.%, 10vol.% and 12vol.%) was added
dropwise to the casting solution, which contains 18 wt.%
PVDF, 7wt.% additive PVP and 75 wt.% DMAc. The
above mixture solution was stirred for 24h at 65°C
constantly, and then was degassed for 48 h to remove air
bubbles. Subsequently, the mixed polymer solution was
cast on a glass plate at room temperature. The thickness of
the wet membranes was kept at about 0.2 mm. After
exposure in air for 10s, the glass plate with casting
solution was immediately immersed into a water bath for
1-2 days to remove the remaining solvent. Then the
nascent membrane was stored in demineralized water
containing 1% formaldehyde to inhibit bacteria growth.

These membranes prepared above are designated as
PVDF/TiO,-X, where X is the volume ratio of nano-TiO,
in the membrane casting solution. The membrane was just
designated as PVDF when X equaled 0.

2.3 Characterization of the membrane surfaces

5 mL prepared TiO, sol was dried in the air in order to get
the TiO, powder, which was then examined by a
transmission electron microscope (TEM) (TECNAI
G2F20, Philips, Netherlands).

The XRD patterns of the membrane samples were
obtained using a diffractometer (Bruker D8, Germany)
with monochromatized Cu Ko characteristic radiation
(wavelength = 0.154 nm, at 40 kV, 40 mA, in a 26 range of
5°-80°) at room temperature.

The membrane surface morphology was observed using
an AFM (AFM/STM5500, Agilent, USA) at room
temperature. After image acquisition, root mean square
(RMS) roughness of the membrane surface was deter-
mined by a program in the AFM image processing toolbox.
The membranes were air-dried before AFM observation.

The surface and cross-sectional morphologies of the
membranes were examined by an SEM (TECNAI G2F20,
Philips, Netherlands). The samples were sprayed with a
thin gold layer before SEM observation.

The surface chemical structure and composition of the
membranes were investigated using an FT-IR spectroscope
(TENSOR 37, Bruker, Germany).

Clean and fouled PVDF membranes were characterized
by an XPS (K-Alpha, Thermo Scientific, USA). The fouled
membranes were taken from the permeation cell after the
filtration of BSA for 2.5 h, and then rinsed with pure water
for 30 min before analysis.

2.4 Filtration and antifouling tests
The pure water flux of the membranes was measured using

a cross-flow filtration cell. A membrane of 21.23 cm? in
effective area was first compacted for 30 min at 0.1 MPa.
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Then the pure water flux was measured at 0.1 MPa till the
flux reached a steady-state. The pure water flux was
calculated by the following equation:

J=V/41), Q)

where J is the pure water flux (L-m=2-h'), V is the
permeate volume (L), 4 is the membrane area (m?) and ¢ is
the time (h). Each type of membranes was repeatedly tested
for five times and the average value was reported.

The BSA rejection experiments were carried out with
0.8g-L' BSA aqueous solution at the pressure of
0.1 MPa. The protein concentration was determined
using a UV-Vis spectrophotometer at the wavelength of
280nm (UV-Vis 2450, Shimadzu, Japan). The BSA
rejection (R) was calculated by Eq. (2).

Co—Cp

R =
Co

x 100%, 2
where C, (mg-L"') and Cy (mg-L"') are the solute
concentrations of permeate and feed solutions, respec-
tively.

The porosity was measured by a mercury porosimeter
(Demo AutoPore IV 9510, Micromeritics, USA). The
micropores of the membranes were filled with mercury
first, and then the volumes of the mercury filled under
different pressures were measured.

The anti-fouling performance of the membranes was
evaluated by the cross-flow filtration system (Fig. 1).
0.8 g- L™ BSA aqueous solution was used as the feed. The
variation of permeate flux with time was recorded. And the
normalized permeate flux (R,,) was calculated by Eq. (3).

R, = % x 100%, 3)

p
where J; and J are the permeate flux of BSA aqueous
solution and pure water flux for the corresponding
membranes, respectively.
Pore size distribution was measured with a PMI Bubble

recycle
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Point Tester pore size distribution analyzer (Porous
Materials Co., Ltd., USA).

The contact angle between water and membrane surface
was measured to evaluate the membrane hydrophilicity,
using a JYSP-180 contact angle goniometer (Jinshengxin
Inspection Instrument Co., Ltd, Beijing, China). The
contact angles were measured nine times for each sample
and then were averaged to minimize the experimental
error.

2.5 Mechanical stability

Tensile strength and elongation of the prepared membranes
were measured by a material testing machine (YG(B)
026H-500, Darong Machines Ltd., Zhejiang, China) at a
loading velocity of 50 mm/min. The average width and
thickness of the membranes were 50 and 0.2 mm,
respectively. The reported results were the average value
of at least five samples.

3 Results and discussion
3.1 Separation performance

Figure 2 shows the TEM images of the TiO, powder, from
which we can see that the basic TiO, particles are round
and the average particle size is about (6.11+2) nm.

The influences of TiO, contents on pure water flux are
shown in Table 1. It could be observed that the water flux
reached a peak value at the 10 vol.% loading, which was
52.7% higher than that of pure PVDF membranes. This
could partially be ascribed to an increment in porosity
(Table 2) (to minimize the experiment error, each sample
were determined more than 5 times, and the Standard
Deviations (SD) were as low as 0.4%.). However, the
increasing degree of the porosity was not very high, and
the pore size of the hybrid membranes actually decreased
as illustrated in Fig. 3. And it was also reported that the
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Table 1 The performance of the membranes

samples pure water flux /(L-m>-h™") contact angle/(°) retention to BSA/%
PVDF 155 82.8 523
PVDF/TiO,-5% 203 65.9 62.6
PVDF/TiO,-10% 237 59.7 70.6
PVDF/TiO,-12% 206 61.6 60.8

Fig. 2 TEM micrograph of TiO, particles

decrease of pore size usually deteriorates the permeability
[25]. Therefore, the rapid enhancement of permeate
flux might be mainly attributed to TiO, which preferen-
tially facilitated the transport of more water molecules
[26]. However, when the TiO, loading was greater than
10 vol.%, the permeate flux of PVDEF/TiO, hybrid
membranes decreased. It might be due to the fact that
high nano-TiO, concentration produced highly viscous
casting solution (Table 2), which slowed down the
formation process of hybrid membranes, causing to form
a thicker skinlayer and a compact network sublayer that
contains considerable TiO, particles which could block
membrane pores. Therefore, it could exert a negative effect
on permeability.

Rejection of the membranes can reflect their separation
characteristics, and usually a higher rejection indicates a
better separation performance. It should be noted that the
rejection of the modified membrane with 0.8 g-L ™' BSA
solution was remarkably higher than that of the unmodified
membrane (Table 1). In particular, the rejection of

Table 2 Properties of the membranes

PVDF/Ti0,-10% membrane reached 70.6%, which was
increased by almost 35% compared to the initial one. It
demonstrated that the separation performance of the
hybrid membrane was enhanced greatly. That is because
the size of nano-TiO, particles was so small that it was
easy for them to disperse uniformly in the matrix to
regulate the microstructure, and it is also owing to the
balance between porosity increase and compact structure
of organic—inorganic network, thus the rejection is greatly
improved.

Figure 3 illustrates the pore size distribution of the
prepared membranes. The most pores of the PVDF
membrane were found between 0.05 and 0.38 um, while
pores of the hybrid membranes were around 0.08 um. It
showed that the addition of different amounts of TiO,
changed the pore size distribution of membranes. The
number of small pores increased with increasing the nano-
TiO, loading. The PVDF membrane showed the widest
pore size distribution, whereas the PVDEF/TiO,-10%
membrane showed the narrowest pore size distribution.
This could be explained as follows: the nano-TiO, at a
proper content could greatly enhance the mass transfer
resistance between solvent and nonsolvent, and then
eliminate the stress within or between the molecules, so
that the compact pore structure was formed and finally the
pore size distribution was narrowed.

To investigate the anti-fouling performance of the
prepared membranes, protein (BSA) solution filtration
experiments were conducted, and typical results are shown
in Fig. 4. It is observed that the PVDF/Ti0,-10% exhibits a
relatively smooth change in normalized permeate flux,
while that of the pure PVDF membrane dropped
dramatically. The fouling was primarily originated from
the gel layer formation. The strong hydrophilicity of the
nano-TiO; could form a hydrophilic film on the membrane
surface, and thus the gel layer was prevented from forming
or easy to wash off after its deposition. Therefore, the
anti-fouling ability of hybrid membrane was greatly

samples viscosity/(Pa-s) maximum loading/N elongation at break/% porosity/% rou/gnhmness
PVDF 19.5 13.0 24.1 63.3 102.1
PVDF/TiO,-5% 214 12.5 324 67.8 66.0
PVDF/TiO,-10% 29.1 11.0 41.2 74.1 45.0
PVDF/TiO,-12% 343 11.5 36.3 73.9 67.1
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Fig. 4 Variation of permeate flux of PVDF membranes at
different titanium dioxide loadings as a function of operating time

enhanced. Besides, the flux decline ratio (the ratio of flux
decline to the initial flux value) of the PVDF/TiO,-10%
hybrid membrane was only 22.5%, while the ratio of the
PVDF membrane was 46.7%, confirming that the surface

modification can effectively improve the hydrophilicity.
The good anti-fouling ability of the hybrid membranes can
be ascribed to the surface smoothness and the addition of
nano-TiO, [27]. The flux of both membranes declined with
the operating time due to membrane fouling. However, for
the modified membranes, flux was remarkably higher than
that of the unmodified membrane. These results clearly
demonstrated that the surface modification substantially
reduced membrane fouling.

TiO, nanoparticles played an important role in the pure
water permeability and anti-fouling performance of PVDF
membranes. To verify this fact and to assess the
hydrophilicity of the membrane, contact angle was
measured and the results are presented in Table 1. The
contact angles for each membrane were tested for 9 times,
and the SD was all around 1.6. As smaller contact angle
indicates better hydrophilicity [28], it could be seen that
the membrane hydrophilicity was improved by the
addition of nano-TiO,. The pure PVDF membrane had
the initial contact angle of 83°, while the initial contact
angle of the hybrid membrane (10vol.%) was 60°. It
revealed that the hydrophilicty increased greatly owing
to the presence of TiO, nanoparticles which contain
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hydroxyl groups that can improve the hydrophilicity of
the membrane surface. However, the contact angle
stopped decreasing and even began increasing when
TiO, concentration was over 10vol.%. It could be
interpreted that the nanoparticles aggregated when there
were too many of them, reducing the amount of exposed
hydroxyl groups.

3.2 Surface observation

3.2.1 XRD

The XRD diffraction patterns of nano-sized TiO, crystal
powders, PVDF/TiO,-10% and pure PVDF membrane
were shown in Fig. 5. The diffraction scan of TiO, crystal
powders shows characteristic crystalline peaks at 20 of
25.3°,37.9°, and 48.1°. In addition to the dispersion peak
of amorphous PVDF membrane, the pattern of PVDF/
TiO,-10% also had the three crystalline characteristic
peaks of TiO,, though the corresponding peaks to TiO,/
PVDF membrane is shifted left or right a little, which
indicated that the nano-sized TiO, was distributed well in
the membrane.

A anatase(101) (a)

/\,\M\/\

A(101)20 25 30 35 40 45 50 55 60

20/(°)

Fig. 5 X-ray diffraction patterns of (a) TiO, nanoparticles, (b)
PVDF membrane and (c) PVDF/TiO, -10% membrane

322 XPS
The chemical composition for the top surfaces of both

Table 3 Surface element contents for different membranes
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membranes (PVDF and PVDF/Ti0,-10%) was evaluated
by XPS (Table 3). Since the PVDF molecule contains only
hydrogen, fluorine and carbon atoms, the XPS spectrum of
the hydrophilic PVDF membrane shows the representative
peaks of carbon and fluorine as expected. A small amount
of N (2.08 mol.%) and O (4.65 mol.%) was still detected
(Figs. 6(b) and 6(c)), which might be attributed to the
residue on the instrument or/and the air dust fallen on the
surface of the membrane tested. After the filtration of BSA,
the contents of oxygen and nitrogen increased remarkably
both in pure PVDF membrane and the hybrid one,
confirming the membranes had been fouled by the protein,
while the increment of N and O from the hybrid membrane
was much smaller than that from the pure PVDF
membrane, which indicated that the anti-fouling perfor-
mance of the hybrid membrane was greatly improved.
Besides, the existence of Ti in the hybrid membranes was
also confirmed, although the detected content of Ti was not
very high.

323 SEM

To study the effect of TiO, nanoparticles on the
microstructure of the membranes, typical surface and
cross-section SEM photographs of PVDF and PVDF/TiO,-
10% membranes were obtained as illustrated in Fig. 7.
From Figs. 7(a) and 7(b), it could be observed that the
surface morphology of modified PVDF membranes was
smoother (which could be further verified by the images of
AFM in Fig. 8). And there were TiO, nanoparticles
wrapped by polymers or aggregates of TiO, nanoparticles
attached or embedded on the surface of PVDF/TiO, hybrid
membrane, which showed that the modified nano-TiO,
particles did not aggregate like the commercial ones [24]
and could disperse evenly in the membrane.

From the cross-section images of these membranes
shown in Figs. 7(c) and 7(d), it could be clearly observed
that the topical asymmetric structure of the hybrid
membrane becomes faint, the thickness of skinlayer
increased and the structure of sublayer underwent a
transition from finger-like to sponge-like structure. This
phenomenon indicated that the drastic increase in casting
solution viscosity (Table 2) by the addition of TiO, sol and
the interaction between TiO, and polymers could restrict
the motion of nanoparticles. Therefore, the nanoparticles
were adsorbed or embedded in the skinlayer. The increase
in the viscosity of the casting solution slowed down the

samples C/% O/% N/% F/% Ti/%
PVDF 61.52 4.65 2.08 31.75 0
PVDF(after filtration) 64.93 22.82 9.65 2.60 0
PVDF/TiO,-10% 59.64 5.17 1.71 25.19 8.29
PVDF/TiO,-10%(after filtration) 60.73 9.17 3.68 20.34 6.08
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Fig. 6 XPS spectra for different membranes before and after the filtration of BSA. (a) PVDF, before filtration; (b) PVDF, after filtration;
(c) PVDF/Ti0,-10%, before filtration; (d) PVDF/TiO,-10%, after filtration

exchange rate of solvent (DMAc/NMP)/monsolvent (etha-
nol/water) and resulted in a delayed demixing process with
macrovoids suppression.

The differences between the PVDF membrane and the
hybrid membrane from the SEM morphologies reflected
the effect of TiO, nanoparticles on their microstructures.
The addition of TiO, nanoparticles could induce the
establishment of higher crosslinking density in the
inorganic-organic networks in the hybrid membranes.

324 AFM

Figure 8 shows the AFM images of the membrane surface
over a scan area of 5 um x 5 pm. Comparing these images,
the surface seems to become rougher with an increase of
TiO, sol loading. The membrane surface is rough on a
nanometer scale. The RMS roughness, Rq, obtained
from the AFM image analysis is shown in Table 2. The
average roughness of the PVDF membrane was much

higher than that of the modified ones, especially the PVDF/
Ti0,-10%.

This phenomenon indicates that the embedded TiO,
nanoparticles fill and level up the accidented membrane
surfaces in the phase inversion process, and make it
smoother. Usually, a rough membrane is liable to
absorbing impurities in water. Therefore, the PVDF/TiO,
composite membrane with smoother surfaces may have
greater antifouling capability.

325 FT-IR

Figure 9 shows the FT-IR spectra of the membranes.
Usually, the PVDF is in a semi crystalline phases (« and /)
and an amorphous phase. Peaks at 763 and 1179 cm ™ were
attributed to the phase vibration of a and £ crystalline,
respectively. The absorption peaks at 880 and 841 cm™
should be attributed to the amorphous phase, and the peak
at 1403 cm ! was due to the deformation vibration of —CF,.
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Fig. 7 SEM micrographs of pure PVDF and TiO,-incorporated hybrid membranes. (a) Surface view of PVDF membrane; (b) surface
view of PVDF/TiO,-10% membrane; (c) cross-sectional view of PVDF membrane; (d) cross-sectional view of PVDF/TiO,-10%
membrane

Compared with pure PVDF membranes, a new absorption
band around 609 cm™ could be found in the FT-IR spectra
of PVDF/TiO,-X (X = 5%, 10%, 12%) membranes, which
could be ascribed to the symmetric deformation vibration
of Ti—-O-Ti group. It indicated that the TiO, were
embedded and dispersed within the hybrid membranes.
Besides, the absorption peaks appearing at the interval of
3300-3400 cm ' were assigned to the stretching vibration
of —OH groups, which also indicated the presence of TiO,
in the hybrid membranes. The absorption peaks at around
1500 cm™ could be assigned to the vibration of the Ti-O
bond [29], the intensity of which became stronger with the
increase in TiO, content. It could also be observed that
with the addition of nano-TiO,, a peak appears due to the
vibration of the PVDF  phase, which further proved that
the stress was the main reason for the change in PVDF
crystal formation [30]. Therefore, the FT-IR spectra clearly
demonstrated that TiO, was successfully incorporated into
the PVDF membrane.

3.3 Mechanical strength

The breaking strength and elongation ratio results are listed
in Table 2. The maximum loading and the elongation at
break for each kind of membrane were tested for 5 times,
respectively, and the SD was all under 0.5%. It is evident
that the mechanical strength of membrane was enhanced
with the increase of the filler concentration. At 10 vol.%
filler concentration, the elongation ratio reached a peak,
which was as high as 41.2%. Considering the initial value
(24.1%), it was improved by 71.0%. That is, the toughness
of the hybrid membrane was greatly enhanced. Compared
with the elongation ratio, the variation of breaking strength
was negligible. The phenomena could be interpreted by the
uniform dispersion of the TiO, nanoparticles in the
membrane. The TiO, nanoparticles entwined around the
PVDF molecular chain and formed a network structure,
which dispersed the pores more evenly. Meanwhile, the
space resistance effect from the large PVDF molecular
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Fig. 9 FTIR spectra of pure PVDF and TiO,-incorporated hybrid
membranes. (a) PVDF; (b) PVDF/Ti0,-5%; (c) PVDF/TiO,-10%;
(d) PVDF/TiO,-12%

chain could also prevent the nanoparticles from aggregat-
ing, thus the mechanical strength of membranes was
increased evidently. However, an excessive TiO, sol
amount could cause the irreversible aggregation of
nanoparticles and the formation of defects, which could
correspondingly weaken mechanical stability of the hybrid
membranes and made them vulnerable (with the brittle
fracture).

4 Conclusions

Hybrid membranes were prepared by adding the nano-
TiO, into the PVDF casting solution. Results showed that
the nano-TiO, developed in this study could affect the
properties of the membranes dramatically. Based on this
study, the following conclusions could be drawn.

1) Membranes with the best properties (e.g., the highest
pure water flux, the best BSA rejection, the smallest
contact angle, etc.) were obtained by adding 10 vol.%
nano-TiO, to the PVDF casting solution. The pure water
flux attained as high as 257 L-m>-h ' (65.9% higher than
that of the pure PVDF membrane), the rejection was up to
74.1% (21.8% higher than that of the pure PVDF
membrane) and the porosity was 15.0% higher than the
pure PVDF membrane.

2) Contact angle of the hybrid membranes was
decreased, indicating the enhanced hydrophilicity for the
hybrid membranes.

3) Analysis from XPS confirmed that the antifouling
characteristics of the modified membranes were greatly
enhanced, as the amounts of elements from the modified
PVDF membranes were much less than those from the
pure PVDF membranes after the filtration of BSA solution.
It was also confirmed by the fact that the decreasing rate of
permeate flux of the hybrid membrane was obviously

lower than that of the pure PVDF membrane, and the flux
recovery after water cleaning was also much higher.

4) Surface analysis (including SEM, AFM, pore size
distribution, FT-IR and XRD) confirmed that surface of the
hybrid membranes was smooth and the TiO, nanoparticles
were dispersed uniformly, resulting in a better compat-
ibility between the polymer chains and TiO, nanoparticles.
Moreover, the amount of hydroxyl groups in the
membrane surface was increased while the pore size
distribution was narrowed.
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