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A comparison of the morphology and performance of virgin poly (vinylidene fluoride) (PVDF) ultrafiltration
(UF) membrane, and PVDF-composite membranes with low content of two different SiO2 (N-SiO2 andM-SiO2

particles) was carried out. Cross-sectional area and surface morphology of the membranes were observed by
scanning electron microscopy and atomic force microscopy. Surface hydrophilicity of the porous membranes
was determined through the measurement of a contact angle. Performance tests were conducted on the com-
posite membranes through water flux and bovine serum albumin (BSA) retention. Average pore size and sur-
face porosity were calculated based on the permeate flux. Thermal stability and mechanical stability were
determined by thermogravimetric analysis and tensile stress tests. The results indicate that N-SiO2/PVDF
(P-N) membranes possessed larger average pore size and porosity, which led to higher water flux and a slight
decline in BSA retention. On the other hand, M-SiO2/PVDF (P-M) membranes had better mechanical stability
and anti-fouling performance with enhanced membrane hydrophilicity and decreased membrane surface
roughness. Both of the P-N and P-M membranes exhibited typical asymmetric morphology and improved
thermal stability.
: +86 27 6875 2511.
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1. Introduction

Poly (vinylidene fluoride) (PVDF) is a commonly used ultrafiltra-
tion (UF) membrane material because of its excellent chemical resis-
tance and thermal stability [1,2]. However, these membranes are
susceptible to fouling by proteins and oils because of the high hydro-
phobicity of PVDF materials, which leads to a sharp drop in pure
water flux of membrane and limits their application in filtrating aque-
ous mixtures, such as wastewater treatment and biomedical technol-
ogy. Numerous attempts to modify membrane materials that are less
susceptible to fouling have been reported in literature. Recent studies
of PVDF modifications have focused on blending the polymer with in-
organic materials. The addition of inorganic fillers has led to increased
membrane permeability and improved control of membrane surface
properties [3–11].

Inorganic materials that have been blended with PVDF include
Al2O3 [3], Fe3O4 [4], ZrO2 [5], TiO2 [6], silica [7–10], and some small-
molecule inorganic salts, such as lithium salts [11]. Among these
materials, silica is the most convenient and widely used because of
its mild reactivity and well-known chemical properties. Bottino et
al. [7] prepared novel organic–inorganic membranes formed by uni-
form dispersion of fine silica particles in the porous matrix of PVDF,
and observed that as the concentration of SiO2 in PVDF increased,
the permeate flux increased with the lowered protein retention. Liu
et al. [8] presented a new method to prepare organic–inorganic hy-
brid PVDF/Si membranes by adding tetraethyl orthosilicate (TEOS)
into the PVDF casting solution. Tensile stress and elastic modulus of
the hybrid membrane were almost doubled when TEOS content was
approximately 12 wt.%. Arhtanareeswaran et al. [9] reported that in-
creasing appropriate concentration of SiO2 in CA polymer increased
the molecular weight cutoff (MWCO), pore radius, surface porosity,
pore density, and obtained outstanding flux recovery property of
the blend membranes. A common feature of these modifications
was the addition of a high proportion of inorganic materials. The mor-
phology and the properties of PVDF membranes were affected by
the quantity of inorganic materials added. A high concentration of
inorganic particles could improve membrane surface hydrophilicity,
water flux, thermal stability, anti-fouling performance clearly, but
give negative effect on membrane mechanical stability and molecular
weight cut-off with inorganic particle aggregation. These big aggrega-
tion particles might cause macroscopic voids and cracks by polymer
shrink for inorganic–organic interfacial tension. Accordingly, M-SiO2/
PVDF UF membranes were prepared and reported by our group,
and the result indicated that adding a small amount of M-SiO2 could
improve membrane performance effectively without changing the
morphology of hybrid membranes [10].

In the present study, membrane structure and performance of N-
SiO2/PVDF were compared with the M-SiO2/PVDF membranes we
have reported [10]. The surface and inner structures of the sample
membranes were studied using several methods. The contact angle,
ifferent SiO2 materials composite poly (vinylidene
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thermal stability, mechanical stability, water flux, and BSA retention
efficiency of the membranes were also measured. The main purpose
of the present study was to keep original membrane pore structure
by adding low contents of silica particles and improve the perfor-
mance of PVDF membrane effectively. Meanwhile, utilizing various
methods to investigate and compare the effects of N-SiO2 and M-
SiO2 materials on the performance and structure of the PVDF UF
membrane at the same condition.

2. Experimental

2.1. Materials

PVDF used was obtained from Shanghai New Materials Co., Ltd.
(FR-904, intrinsic viscosity=1.4–1.9 dL/g). N-SiO2 (nano-SiO2) was
obtained from Wuhan University Silicone New Material Co., Ltd. in
Hubei. M-SiO2 (mesoporous SiO2, SBA-15) was provided by our lab.
Polyvinylpyrrolidone (PVP, K30, MW=25,000–40,000) and dimethy-
lacetamide (DMAC) were procured from Sinopharm Chemical
Reagent Co., Ltd. Bovine serum albumin (BSA, MW=67,000) was
provided from Shuangxuan Microorganism Substrate Plant in Beijing.

2.2. Membrane preparation

N-SiO2/PVDF and M-SiO2/PVDF composite membranes were pre-
pared by the phase-inversion method. Casting dopes were prepared
by adding SiO2 particles into the solvent including PVDF, PVP, and
DMAC, and then stirring them at 60 °C to obtain optimal particle dis-
persion. The polymer solutions were then kept in a vacuum oven at
60 °C to remove air bubbles. The composition of the casting solution
was illustrated in Table 1. The membranes were labeled as P-N and
P-M, where N-SiO2/PVDF was represented by P-N and M-SiO2/PVDF
was represented by P-M.

The solutionswere cast uniformly onto a glass substrate bymeans of
a hand-casting knife and then immersed in a bath filled with deionized
water. The formed membranes were peeled off and subsequently
washed thoroughly with deionized water to remove residual solvent
until they were used as samples for testing. The wet thickness of the
sample membranes was maintained at 250 μm.

2.3. Membrane characterization

2.3.1. Morphology observation
N-SiO2 and M-SiO2 particles were observed in a 2010FEF (JOEL,

Japan) TEM, its surface area was obtained by the Brunauer–
Emmett–Teller (BET) method on a Micromeritics Tristar 3000 system
(USA) at 77 K before degassed in a vacuum at 180 ˚C. All specimens of
P-N and P-M were coated with a conductive layer of sputtered gold.
The cross-section morphologies of the composite membranes were
observed using scanning electron microscopy (SEM) (FEI Quanta
200, Holland). A contact mode atomic force microscopy (AFM)
Table 1
Composition of casting solutions.

Membranes PVDF DMAC N-SiO2 M-SiO2 PVP

(wt.%)

P-0 20 76 0 – 4
P-N-1 19.96 76 0.04 – 4
P-N-2 19.93 76 0.07 – 4
P-N-3 19.89 76 0.11 – 4
P-N-4 19.86 76 0.14 – 4
P-M-1 19.96 76 – 0.04 4
P-M-2 19.93 76 – 0.07 4
P-M-3 19.89 76 – 0.11 4
P-M-4 19.86 76 – 0.14 4
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(SPM-9500J3, SHIMADZU) in air was used to investigate the mem-
brane surface roughness parameters.

2.3.2. Contact angle and thermal gravimetric analysis (TGA)
Contact angle θwasmeasuredwith aDSA100 instrument (Germany,

Kruss Company). Each concentration of inorganic particles membrane
was measured 5 times at five different points. Each value was obtained
3 min after dropping water on the membrane surface. And the average
value was recorded.

Thermal stability of the hybrid PVDF samples was analyzed with
Setaram SETSYS Evolution 16 thermogravimetric analyzer by heating
from room temperature to 800 °C at a rate of 10 °C/min under nitro-
gen gas.

2.3.3. Mechanical stability
Tensile stress and strain at break of the wet porous membranes

were measured using an AGS-J (SHIMADZU) universal tensile testing
machine under ambient conditions. The samples were tested at least
three times, and the average value was recorded. Measurements were
carried out at room temperature with the rate of pull at 2 mm/min.

2.3.4. UF performance
The flux of hybrid PVDF membranes was carried out using a

300 ml stirred (500 rpm) dead-ended filtration cell with approxi-
mately 32.2 cm2 membrane area. The membrane was previously fil-
tered with pure water for 40 min (0.1 MPa) to obtain a steady flux,
and then the retention was characterized with a BSA aqueous solu-
tion (200 mg/L, pH 8.5). Protein concentration in the permeation
and the solution was determined by an UV-1700 spectrophotometer
(SHIMADZU, Japan) at λmax of 280 nm. The ratio of permeate flux de-
cline was ascertained with the reduction percentage of the initial per-
meate flux and the stable permeate flux (obtained after filtrated BSA
aqueous solution for 120 min at 0.1 MPa) of the BSA aqueous solu-
tion. Water flux (Jw) was determined using the following equation

JW ¼ Q
A×ΔT

ð1Þ

where Q was the quantity of pure water permeated (L), A was the
membrane area (m2), and ΔT was the sampling time (h).

The BSA retention was calculated by Eq. (2).

R% ¼ Cf−Cp

Cf
×100% ð2Þ

where Cp and Cf were the concentrations of BSA in permeate and in
feed, respectively.

The ratio of permeate flux decline was calculated as Eq. (3).

m% ¼ J0−J1
J0

×100% ð3Þ

where J0 and J1 were the initial permeate flux and the stable permeate
flux of the BSA aqueous solution, respectively.

2.3.5. Pore analysis
Membrane porosity was measured in the method of dry–wet

weight which was determined according to a procedure reported by
Chen et al. [12]. Porosity ε (%) of the membranes was determined
according to Eq. (4) [13].

ε ¼ W1−W2ð Þ=ρwater

W1−W2ð Þ=ρwater þW2=ρPVDF
×100% ð4Þ

where, W1 was the wet sample weight, W2 was the dry sample
weight, ρwater was the density of pure water at 25 °C (kg/m3) and
ρPVDF was the density of dry state membrane (kg/m3).
f low content of different SiO2 materials composite poly (vinylidene
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Table 2
Surface parameters of N-SiO2, M-SiO2, and the PVDF membrane.

Membranes BET Surface Area
of SiO2 (m2g−1)

Surface Roughness (4 μm×4 μm)

Ra (nm) Rms (nm) Rp (nm)

P-0 0 34.191 42.508 156.510
P-N-4 447.8809 (N-SiO2) 32.372 40.799 135.660
P-M-4 579.0868 (M-SiO2) 27.246 34.767 124.550
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Average pore size rm (m) was determined by the filtration velocity
method. According to the Guerout–Elford–Ferry equation, rm can be
calculated as follows [14,15]:

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:9−1:75εð Þ×8ηlQt

ε×A×ΔP

r
ð5Þ

where, η was the water viscosity at 25 °C, l was the membrane
thickness (m), Qt was the volume of the permeate water per unit
time (m3/h), A was the effective area of the membrane (m2), and
ΔP was the operational pressure (0.1 MPa).

3. Results and discussion

3.1. Membrane morphology

To investigate the effects of the presence of N-SiO2 and M-SiO2

particles, the composite membranes of P-N and P-M were observed
using SEM and AFM apparatus. The cross-section SEM images of P-
N-2, P-M-2, and virgin membrane are shown in Fig. 1. The same
inner finger-like porous-surface structures and the sponge wall po-
rous structures with a relatively thick skin layer were distributed on
their cross-sections. Moreover, all of the membranes exhibited typical
asymmetric morphology with finger-like pores linked by sponge
walls and contained large numbers of micropores for the finger-like
pores communicating with each other [10]. The cross-section struc-
tures clearly had no apparent differences between the original and
the modified PVDF membranes. These results demonstrated that the
addition of low contents of SiO2 particles with different morphologies
did not have an apparent effect on the structures of the cross-section.

The surface roughness parameters of the membranes from the im-
ages over areas of 4.0 μm×4.0 μm are given in Table 2. Fig. 2 shows
the three-dimensional AFM surface images of P-0, P-N-4, and P-M-4.
Ra is the arithmetic mean roughness, Rms is the square average rough-
ness, and Rp is the average depth within the given surface area. All
roughness parameters of neat PVDFmembrane were larger. All values
of the P-M-4 were lesser. The M-SiO2/PVDF membrane had denser
skins and smoother surface.

Table 3 shows the porosity and average pore size data of P-N and
P-M composite membranes. The porosity and average pore size of
composite membranes, which had inconspicuous change from P-M,
also clearly had a slight increase with the addition of N-SiO2. For the
high surface energy, nanometer materials which aggregated easily
were difficult to disperse uniformly. Adding a certain amount of N-
SiO2 particles enhanced the formation of larger pores in the vicinity
of N-SiO2 aggregates as well as the defects in the membrane, thereby
increasing porosity. Furthermore, there were interfacial stresses be-
tween the polymer and N-SiO2 particles, causing the formation of inter-
facial pores due to the shrinkage of the organic phase during the de-
mixing process, which in turn caused an increase in average pore size
with the addition of the lower amount of N-SiO2 [16]. Therefore, a low
content of smaller SiO2 particles had no effect on the macrostructure
but led to a slight change in the inner pore of the membrane.
Fig. 1. SEM images of the cross-section structures of original PVDF (P-
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3.2. Hydrophilicity of membrane

Hydrophilicity is one of the important properties of membranes
that could affect the water flux and anti-fouling ability of PVDF mem-
brane. In the present study, membrane hydrophilicity was evaluated
through contact angle with pure water, and membrane surface hy-
drophilicity was higher when its contact angle was smaller. The con-
tact angle data of P-N and P-M are shown in Fig. 3. Compared with
that of virgin PVDF membrane, the contact angle data of both
modified membranes with different SiO2 concentrations decreased
dramatically. This result indicates that the hydrophilicity of the com-
posite membranes was improved with the addition of SiO2 particles
because the hydrophilic SiO2 particles, which contained hydroxyl
groups adsorbed on the membrane surface, were responsible for the
increased hydrophilicity. The hydrophilicity of each concentration of
P-M membrane was better than that of the P-N membrane. This ob-
servation could be associated with the different morphologies be-
tween N-SiO2 and M-SiO2. From Fig. 4 and Table 2, the BET surface
area of N-SiO2 and M-SiO2 was 448 and 579 cm2g−1, respectively.
Moreover, a highly ordered two-dimensional hexagonal mesostruc-
ture and thick uniform silica walls were observed on M-SiO2. Com-
pared with N-SiO2 particles, M-SiO2 had a large surface area, high
porosity, controllable and narrowly distributed pore sizes, and high
density of silanol groups (SiOH) distributed over the silica surfaces.
However, the contact angle increased when the M-SiO2 concentration
was more than 0.07 wt.%. The same trend of P-N membrane was
obtained in Fig. 3. This result could be attributed to the partial particle
aggregation, resulting in a decrease in the effective hydrophilic area
and hydroxyl group number [10]. N-SiO2 aggregation was more pro-
nounced than that of M-SiO2 because of the distinctive nature of the
nanometer materials. The results demonstrate that adding low con-
tent of M-SiO2 into the PVDF membrane could improve its hydrophi-
licity, the effect of which was more obvious than adding N-SiO2.

3.3. Thermal stability

The thermal stabilities of the membranes were investigated by
TGA, and the results of neat PVDF, P-N-4, and P-M-4 are shown in
Fig. 5 and Table 4. The thermal decomposition temperature (Td, de-
fined as the temperature at 3% weight loss) [15] of the composite
membranes increased when compared with P-0. The silica particles
may hinder the volatility of the decomposed products obtained
from pyrolysis and limit the continuous decomposition of PVDF con-
tent because of the dispersion and good thermal transmission
0), N-SiO2/PVDF (P-N-2), and M-SiO2/PVDF (P-M-2) membranes.

f low content of different SiO2 materials composite poly (vinylidene
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Fig. 2. Three-dimensional AFM surface images of the membranes: (a) original PVDF
(P-0); (b) N-SiO2/PVDF (P-N-4); (c) M-SiO2/PVDF (P-M-4).

Fig. 3. Contact angle of N-SiO2/PVDF (P-N) and M-SiO2/PVDF (P-M) composite
membranes.
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properties; this effect could result in the enhancement of the thermal
decomposition temperature [16,17]. For all the membranes, two main
weight loss regions were observed. A slight weight loss before 320 °C
was observed for all samples. This weight loss was considered to cor-
respond to the absorbed water in the membranes. At the region of
320–440 °C, P-N-4 had lesser weight loss at 13.94% and higher Td at
Table 3
The ratio of porosity and average pore size of N-SiO2/PVDF (P-N) and M-SiO2/PVDF
(P-M) UF membranes.

Membrane Porosity (%) Average pores size
(10−8 m)

P-N P-M P-N P-M

0 67.7±0.2 67.7±0.2 7.5±0.3 7.5±0.3
1 70.9±0.1 67.7±0.3 7.4±0.2 7.7±0.2
2 74.7±0.1 65.1±0.4 8.0±0.2 8.1±0.3
3 75.3±0.2 67.3±0.3 7.8±0.1 7.5±0.2
4 75.4±0.3 70.8±0.2 8.5±0.3 7.5±0.2
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385 °C. These results were probably due to the larger number of inter-
actions between PVDF chains and N-SiO2 surface groups [15]. The sec-
ond weight loss region appeared at 440–530 °C, which was due to the
degradation of random scission of PVDF units [18]. In the range of
overall weight loss, the weight loss percentage of P-N-4 and P-M-4
were observed to be both lower than that of P-0. These results dem-
onstrated that the thermal stabilities of both hybrid membranes in-
creased with the addition of low inorganic silica content, and that
the different morphologies of silica had a certain influence on the py-
rolysis process of hybrid membranes but had inconspicuous effect on
weight residue. The results also demonstrated that two kinds of SiO2

particles were inserted in the PVDF membranes successfully. The
presence of SiO2 (with hydroxyl) in the membrane-forming materials
strengthened the inorganic silica network of the hybrid PVDF mem-
branes, which led to a corresponding enhancement in their thermal
stabilities [19].

3.4. Mechanical stability

In industrial applications of membranes, mechanical properties
are very important for consistent stable performance. Therefore,
data on tensile stress and strain at break of flat membranes were de-
termined. Fig. 6 shows the mechanical properties of PVDF, N-
SiO2/PVDF, and M-SiO2/PVDF composite membranes. The mechanical
stability of the membranes was clearly enhanced with the addition of
silica. This trend was interpreted by the interactions between silica
and PVDF. According to the reported paper, silica particles could act
as a cross-linking point in the composite membranes to link the poly-
meric chains and increase the rigidity of polymeric chains, indicating
that more energy was needed to break down the bond between silica
and PVDF [15]. However, both tensile stress and strain at break value
of the N-SiO2 composite membranes were less than that of the
M-SiO2 composite membranes. The high surface energy of nano
Fig. 4. TEM images of N-SiO2 and M-SiO2.
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Fig. 5. TGA curves of original PVDF (P-0), N-SiO2/PVDF (P-N), and M-SiO2/PVDF (P-M)
hybrid membranes.

Fig. 6. Tensile stress and strain at break of N-SiO2/PVDF and M-SiO2/PVDF composite
membranes with various SiO2 contents.
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materials caused N-SiO2 particles to aggregate and disperse non-
uniformly in the polymer matrix, thereby forming a number of stress
convergence points in the membrane system under the action of ex-
ternal force, which eventually led to the weakening of the mechanical
stability of the membrane. These results were consistent with the
data of membrane pore and contact angle. Therefore, blending PVDF
with M-SiO2 improved the membrane mechanical stability more ef-
fectively than blending with N-SiO2.

3.5. Effect of the addition of different silica on membrane water flux and
BSA retention

The water flux and BSA retention of P-N membranes were com-
pared with those of P-Mmembranes. After completion of compaction,
the water flux and BSA retention of the blended membranes were
studied at 0.1 MPa pressure, the results of which are shown in
Fig. 7. The water flux increased with the addition of silica, whereas
the addition of N-SiO2 improved water flux more effectively than
the addition of M-SiO2. These results could be associated with the co-
operation of membrane hydrophilicity and inner pore morphology.
However, the BSA retention of P-N membranes was decreased by
the blending of silica materials distinctly. This result was caused by
the increase in membrane porosity and average pore size (Table 3).
Moreover, the P-N composite membranes had lower BSA retention
compared with the P-M membrane. As mentioned in Sections 3.2
and 3.4, further aggregation and non-uniform dispersion of N-SiO2

in the polymer matrix not only led to the weakening of the mechan-
ical stability but also caused larger inner pore. The results observed in
Table 3 confirmed the trends of water flux and BSA retention shown
in Fig. 6.

3.6. Anti-fouling performance

The anti-fouling performance of the UF membranes could be eval-
uated through the ratio of permeate flux decline (m). A lower m is
equal to better anti-fouling performance of the composite membrane.
Fig. 8 shows the permeate fluxes (initial and stable permeate fluxes)
Table 4
Weight loss percentages of the membranes.

Temperature (°C) Weight loss percentage (%)

P-0 P-N-4 P-M-4

30–800 84.44 73.39 72.10
320–440 24.06 13.94 21.73
440–530 50.12 50.61 42.36
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and the ratio of permeate flux decline of P-N and P-M membranes in
the filtration test of BSA aqueous solution. As the silica concentration
increased, the permeate flux of both P-N and P-M also increased ef-
fectively. After comparing the initial permeate flux with the stable
one, m was calculated and is given in Fig. 8. Each concentration of
P-Mmembrane clearly had a lowerm than that of the P-Nmembrane.
As observed in Figs. 3 and 8, the lower contact angle value corre-
sponded to the smaller ratio of the permeate flux decline value,
suggesting that the anti-fouling performance of the composite mem-
branes was better than that of P-0, and each P-M membrane had
superior anti-fouling performance over the P-N membranes. This ob-
servation could be explained by the hydrophilicity and membrane
surface roughness of the membranes if the operating conditions are
not taken into account. Membrane hydrophilicity and surface rough-
ness are known to be the two main effective factors that affect the
surface-adsorption properties of the membrane [3,6]. From the re-
sults of the contact angle test and AFM analysis, the M-SiO2/PVDF
membrane had lower contact angle and denser skins as well as
smoother surface than that of the N-SiO2/PVDF membrane. The mem-
brane with hydrophilic and smoother surface is known to have great-
er anti-fouling capability because the coarser membrane is liable to
absorb protein in water to reduce surface energy [6]. Accordingly,
the P-M membrane with less surface roughness had low m. Conse-
quently, with the interaction of surface roughness and hydrophilicity,
M-SiO2 improved membrane anti-fouling performance more effec-
tively than P-N.
Fig. 7. Water flux (0.1 MPa) and BSA retention of PVDF membranes made with different
concentrations of N-SiO2 and M-SiO2.

f low content of different SiO2 materials composite poly (vinylidene
desal.2011.09.042

image of Fig.�5
image of Fig.�6
image of Fig.�7
http://dx.doi.org/10.1016/j.desal.2011.09.042


Fig. 8. The ratio of permeate flux decline and permeate flux (BSA aqueous solution) of
N-SiO2/PVDF (P-N) and M-SiO2/PVDF (P-M) membranes.
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4. Conclusion

PVDF composite membranes blended with different morphology
silica were fabricated using a phase inversion method. A comparison
of the morphology, hydrophilicity, thermal stability, mechanical sta-
bility and permeation performance of composite membranes be-
tween N-SiO2/PVDF and N-SiO2/PVDF membranes was carried out.
The results of various measurements demonstrated that silica mor-
phology had an obvious effect on the performance of the PVDF
membranes. Low M-SiO2 content had an inconspicuous effect on
Please cite this article as: C. Liao, et al., Synthesis and characterization o
fluoride) ultrafiltration membranes, Desalination (2011), doi:10.1016/j.
membrane morphology, but P-N had a slight increase in membrane
porosity and average pore size. The P-Mmembrane had better hydro-
philicity and less surface roughness than the P-N membrane. The
thermal stability and water flux of both composite membranes were
enhanced. Higher tensile stress and stain at break were obtained on
P-M. The UF experiments also suggest that M-SiO2 had more effective
influence on membrane anti-fouling performance.
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