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Polyvinylidene fluoride (PVDF)/multi-nanoparticles composite hollow fibre 
ultrafiltration (UF) membranes were prepared with different compositions of
SiO2/TiO2/Al2O3 nanoparticles in PVDF/DMAc/NMP solution by wet-spinning

method. Behaviour of nanoparticles on membrane dopes were evaluated by the 
viscosity and surface tension. By adding nanoparticles, obviously the membrane dope
viscosity increased; however, the surface tension of each membrane dope changed
inconsistently. The hollow fibre membranes were characterized by SEM, mechanical
testing, TGA, permeability and rejection test, porosity measurement and pore size 
distribution. The test results indicate that different nanoparticles and their related 
compositions induce different characteristics on membrane morphology, mechanical
property, thermal stability, permeation property, as well as porosity and pore size 
distribution, due to the different particle characteristic, the combination effect and the
size effect. For membranes with PVDFM2 (18 wt% PVDF, 1 wt% TiO2 (P25), 1 wt%
SiO2 and 1 wt% Al2O3) dope and PVDFM5 (18 wt% PVDF, 2 wt% TiO2 (P25) and 1 wt%
Al2O3), the pure water permeation flux and bovine serum albumin rejection reach 
179 L.m-2.h-1.bar-1 and 98.9%, 352 L.m-2.h-1.bar-1 and 89.1%, respectively; while their
mean efficient pore sizes are 10.1 nm and 11.0 nm, and both membranes present 
narrow pore size distribution and other good performances. 

INTRODUCTION

Generally, inorganic nanoparticles
are used in membrane preparations
to improve their limited chemical,
mechanical and thermal resistance
[1-5]. As reported in literature,
polysulphone (PSF) [6-8], poly-
ethersulphone (PES) [9,10] and
polyvinylidene fluoride (PVDF)
[11,12] are amongst the highest
employed polymers in membrane
fabrications due to their excellent
membrane forming abilities. They
can also be used as composites

with inorganic nanoparticles such
as ZrO2 [13], SiO2 [14,15], TiO2
[16,17], Al2O3 [12,18], and some
small molecules of inorganic salts
[6,19] to improve the membrane
separation performance, thermal
stability, chemical stability and
membrane forming ability by the
combination of the basic properties
of organic and inorganic materials.
Therefore, organic-inorganic com-
posite membranes have attracted
ever more attentions [16,20-26]. 
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PVDF is one of the most used membrane 
materials because of its good anti-oxidation, thermal
and hydrolytic stabilities, as well as good mechanical
and membrane forming properties [11,13]. However,
the limited mechanical and anti-fouling properties of
pure PVDF material have restricted their application.
Improvement of PVDF membrane properties could
be achieved via sol-gel method and blending with
inorganic materials for its convenient operation
[12,13,27]. Yu et al. [15,17] prepared PVDF/SiO2 and
PVDF/TiO2 composite hollow fibre membranes. The
addition of small quantities of SiO2 and TiO2
nanoparticles could result in membranes with much
better performance, especially membrane structure,
mechanical strength and permeation property. Some
researchers have developed new systems containing
two kinds of nanoparticles [28-30]. For instance, 
Liu et al. [28] and Gestel et al. [29] have reported the
preparation of TiO2/Al2O3 composite hollow fibre
membranes, indicating that a good combination of
TiO2/Al2O3 nanoparticles could bring much better
performance than the membranes with single TiO2 or
Al2O3 nanoparticles. Nair et al. [30] also studied the
permeation property of Pd and Pd/Ag composite 
hollow fibre membranes and found Pd/Ag membrane
with better selectivity permeation property than pure
Pd layer. However, they only focused on the double
layered inorganic membranes. Up to now, there are
still few papers reporting the preparation and 
characterization of PVDF/multi-nanoparticles (viz.
mixture of particles more than one kind) composite
hollow fibre membranes, which might combine the 
advantages of polymer and various nanoparticles. 

To study the effects of multi-nanoparticles on the
performance of PVDF membranes, PVDF/multi-
nanoparticles composite hollow fibre membranes
were prepared and characterized by introducing
SiO2/TiO2/Al2O3 nanoparticles with different 
combinations to certain PVDF dope solution for the
first time. The influence of multi-nanoparticles, viz.
SiO2, TiO2 and Al2O3, are discussed based on 
different nanoparticle contents, nanoparticle type as
well as nanoparticle size, by their comparison with
pure PVDF membrane and composite membranes
with binary nanoparticles as well as those with 
ternary nanoparticles. The membrane dope solution
would be regarded as a polymer-nanoparticle 

dispersion system. In this system, the polymer chain
is integrated with different nanoparticles, inducing a
foreseeable change in the dynamic and thermal 
properties of dope solution, which would reflect in
membrane dope viscosity and surface tension results.
Besides, membrane morphology, mechanical and
thermal property, porosity, pore size distribution as
well as permeability and rejection are also be 
discussed. 

EXPERIMENTAL

Materials
PVDF (Solef®1015) was supplied from Solvay
Advanced Polymers. L.L.C. (US). N,N-Dimethyl-
acetamide (DMAc), N-methyl-2-pyrrolidone (NMP),
poly-vinylpyrrolidone (PVP) (K30) and polyether
glycol (PEG) (with average molecular weights of 1k,
4k, 6k, 10k and 20k dalton) were all purchased from
Shanghai Chemical Reagent Company (China).
Al2O3 (MC2A) with average size of 150-300 nm and
TiO2 (HR3) with size of 5-10 nm were purchased
from Hongsheng Mater Sci and Tech Co. Ltd.
(China). SiO2 (Aerosil R972, about 16 nm) and TiO2
(P25, about 21 nm) were produced by Evonik
Degussa Chemicals (Germany). Bovine serum 
albumin (BSA) (Mw = 67,000) was purchased 
from Shanghai Bio Life Sci and Tech Co., Ltd.
(China). 

Preparation of Hollow Fibre Membranes and
Modules
An amount of 5 wt% of PVP was dissolved in a
mixed solvent of DMAc and NMP with the ratio of
VDMAc:VNMP = 4:1. Then, 18 wt% PVDF was
added and 3 wt% inorganic particles were slowly
introduced into the prepared dope, dispersed at 25°C
by mechanical stirring for 24 h followed by ultra-
sonic stirring for 1 h to obtain a homogeneous
PVDF/multi-nanoparticles dope for spinning process.
The membranes were labelled by different inorganic
particles as shown in Table 1.

PVDF/Multi-nanoparticles hollow fibre UF 
membranes were spun by wet-spinning method at
60°C, as described elsewhere [31,32]. An amount of
40 wt% ethanol aqueous solution and pure water were
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used as bore fluid solution and coagulant, respective-
ly. The fabricated hollow fibres were kept in water for
24 h to remove the residual solvents, and then stored
in 40 wt% glycerol aqueous solution to prevent the
collapse of porous structures [15]. 

Membrane modules were prepared to test the 
permeation flux and rejection. The self-prepared 
hollow fibre UF membrane modules were outside
feeding, and the external diameter and inner diameter
of the pipeline were 0.8 cm and 0.6 cm, respectively.
The hollow fibres with an effective length of 22.5 cm
were placed into a module. To eliminate the effect of
the residual glycerol on module performance, 
each module was immersed in water for 24 h. The
schematic diagrams of UF experimental equipment and 
hollow fibre membrane module are shown in Figure 1.

Membrane Characterization
Membrane Dope Characterization
The viscosity of dopes PVDFM1-PVDFM6 was
investigated by a DV-II+PRO Digital Viscometer 

Figure 1. Schematic diagram of ultrafiltration experimental
equipment and hollow fibre membrane module.

(Brookfield, USA) at 25°C controlled by water bath,
to assess the rheology effect of membrane dopes
brought by different kinds of nanoparticles. The shear
rate was increased to 200 s-1 from the initial 20 s-1,
stepping up by every 20 s-1, and samples were 
measured after shearing for 1 min to be stabilized at
each point and then the viscosity was recorded.

The surface tension (θ) of each membrane dope
was measured to evaluate the hydrophilicity change
brought by the addition of nanoparticles, using a
DCA300 Contact Angle-Surface Tension Meter 
produced by Thermo Cahn (America). To minimize
experimental error, the surface tension data were
measured 3 times for each sample and then averaged. 

Morphology Observation
The morphology of membranes was examined by a
scanning electron microscopy (SEM) (Jeol Model
JSM-6360 LV, Japan). The membranes were first
immersed into liquid nitrogen for few minutes, then
broken and deposited on a copper holder. All samples
were coated with gold under vacuum before tested.

Mechanical Properties and Thermal Stability
Analyses
Mechanical properties of membranes were measured
by a material test machine (Shimadzu, Japan) at a
loading velocity of 50 mm/min. The report values
were measured 3 times for each sample and then 
averaged. Bubble point measurement was carried out
with one hollow fibre immersed in ethanol pressed by
increasing pressure, which was recorded when the
first bubble came through the membrane wall. The
experiments results were also repeated 3 times and
then averaged.

The thermal stability of membranes was evaluated
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Table 1. Composition of PVDF/multi-nanoparticles composite hollow fibre ultrafiltration membranes.

Membrane
dope

PVDF
(wt%)

PVP
(wt%)

DMAc+NMP
(wt%)

TiO2

(wt%)
SiO2

(wt%)
Al2O3

(wt%)
Total nanoparticles

(wt%)

PVDFM1
PVDFM2
PVDFM3
PVDFM4
PVDFM5
PVDFM6

18
18
18
18
18
18

5
5
5
5
5
5

77
74
74
74
74
74

0
1a

1a

0
2a

2b

0
1
2
1
0
0

0
1
0
2
1
1

0
3
3
3
3
3

a: TiO2 (P25); b: TiO2 (HR3).

 



by thermal gravitational analysis (TGA, TA SDT-
Q600, USA). The TGA measurements were carried
out under nitrogen atmosphere at a heating rate of
10°C/min from 0 to 600°C.

Permeation Properties Measurements
The permeation flux and rejection of the membranes
were measured by UF experimental equipment, as
shown in Figure 1 and described by Lang et al. [33].
The rejection test was carried out with BSA aqueous
solution (500 mg.L-1). All experiments were conduct-
ed at 25°C. The hollow fibre membranes were 
pre-pressed at 0.1 MPa using pure water for 1 h
before measurement, then the pure water permeation
(Jw) was measured; finally rejections (R) for the BSA
solution were tested. The concentrations of BSA in
the permeation and feed were determined by an UV-
spectrophotometer (Shimadzu UV-3000, Japan). The
permeation flux (J) and rejection (R) were defined as
formulae (1) and (2), respectively [33].

(1)

(2)

where J is the permeation flux of membrane for pure
water; Q is the volume of the permeated pure water or
500 ppm BSA solution (L); A is the effective area of
the membrane (m2); T is the permeation time (h); R
is the rejection to BSA (%); CP and CF are the perme-
ate and feed concentrations (wt%), respectively.

Porosity and Pore Size Distribution Measurements
The membrane porosity, ε (%), was defined as the 
volume of the pores divided by total volume of the
porous membrane. It was usually determined by
gravimetric method, by the weight of liquid (here 
isopropanol) contained in the membrane pores [17]. 

(3)

where w1 is the weight of the wet membrane (g); w2
is the weight of the dry membrane (g); ρ is the 
isopropanol density (0.785 g.cm-3) and V is the 

efficient volume of hollow fibre samples (cm-3).
The pore size distribution was calculated from the

results of rejection test against 500 ppm PEG aqueous
solution with different molecular weights of 1k, 4k,
6k, 10k and 20k dalton. Based on the calculation
principles described by Yang et al. [34] and Yuan et
al. [35], the Stokes radii of PEG were calculated by
different average molecular weights, M:

(4)

Moreover, the solute rejection could be expressed by
the following function of solute size:

(5)

where R is solute rejection; ds is solute diameter; ds
50

is geometric solute diameter at R = 50%; σg is 
geometric standard deviation for ds

50.
R could be plotted versus ds and a straight line

would be obtained based on formula (6). Moreover,
the molecular weight cut-off (MWCO) of the PVDF/
multi-nanoparticles composite membranes could be
determined, viz. the molecular weight of solutes at 
R = 90%.

(6)

Therefore, the pore size distribution could be
expressed as the following probability density 
function:

(7)

Matlab process was written based on the formulae
above to calculate the mean pore size (dp), pore size
distribution and cut-off molecular weight of PVDF/
multi-nanoparticles composite membranes.

RESULTS AND DISCUSSION

Viscosity and Surface Tension of Membrane
Dopes
In the preparation process, all these membrane dopes 
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Figure 2. Viscosity of PVDF/multi-nanoparticles composite
hollow fibre ultrafiltration membrane dopes.

presented as uniform dispersions and no megascopic
aggregations were found. Moreover, the membrane
dope of PVDFM1 was yellow transparent viscous
dope while the others were white viscous dopes due to
the presence of white nanoparticles employed in this
work. Besides, membrane dopes of PVDFM2-6 were
obviously more viscous than PVDFM1 after the 
introduction of nanoparticles. Furthermore, the 
membrane dopes were characterized by viscosity and
surface tension measurements as follows.

The viscosity of membrane dope influenced the
rheological property in the exchange of solvent and
non-solvent during the membrane formation process,
thus it would change the morphology of membranes.
As shown in Figure 2, the viscosity of PVDF dopes
increased with the addition of nanoparticles. The 
viscosity increase would slow down the mass transfer
rate during the membrane formation process and 
prevent the birth of macroporous structure, 
consequently improving the membrane property.
However, too high viscosity would be a barrier of
membrane fabrication. In the experimental process,
all the six kinds of membranes were fabricated
favourably, and the change brought by different 
viscosities was visible in membrane morphology,
which would be exhibited later in this paper.
Moreover, pseudo-plastic or shear thinning behaviour
occurred for all the dopes. Shear thinning occurred
more severely with adding nanoparticles. Probably
shear thinning was due to a distortion of the 

Figure 3. Surface tension of PVDF/multi-nanoparticles
composite hollow fibre ultrafiltration membrane dopes.

liquid-like structure which presumably led to
decreased energy of dissipation and the ordering of
the particles into layers or strings reducing the energy
under shear.
The surface property of membranes dope could also
affect the exchange of solvent and non-solvent of the
membranes structure. The surface tension data of
PVDF/multi-nanoparticles composite membrane
dope are shown in Figure 3. With the addition of
nanoparticles, the surface tension of membrane dopes
changed inconsistently, that dopes of PVDFM2-
PVDFM4 had lower surface tension, while higher 
surface tension of PVDFM5 and PVDFM6 compared
to PVDFM1. This might be the result of different 
surface properties as well as the various arrays of
nanoparticles in membrane dopes which brought
changes in surface energy. For example, PVDFM5 
(2 wt% TiO2 (P25), 1 wt% Al2O3) dope showed the
highest surface tension due to the combination of
TiO2 (P25) and Al2O3, with different particle sizes as
well surface areas, inducing higher binding energy
between both polymer chains and nanoparticles as
well as among nanoparticles themselves.

Morphologies of the Membranes
The cross-section morphologies of PVDF and
PVDF/multi-nanoparticles composite membranes are
shown in Figure 4. With the addition of nanoparticles,
an obvious change of morphology was obtained.
Comparing PVDFM4-6 with PVDFM1, there was a
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transition from macroporous structure to asymmetric
structure in membrane cross-section, more sponge-
like structure and thicker top layer of membranes
formed across the membrane wall. Moreover, the
thicker top layer of membrane had great effect on 
permeability and rejection properties. The change
might be due to the presence of nanoparticles, which
decreased the exchange rate between the solvent and
non-solvent, restricting the growth of macropores.
Differences were also found among membranes with
different nanoparticles, for example, the outer surface
layer of PVDFM4 was visibly thicker and the 
sponge-like structure was more remarkable resulting
in better mechanical properties to be discussed below.
Furthermore, the asymmetric structure of PVDFM4-6
was more apparent than PVDFM1 because the effects
of different coagulate solutions for membrane inner
and outer surfaces were more important when the
exchange rate was slower. Comparing PVDFM5 with
PVDFM6, the finger-like structure under the top layer
of PVDFM5 was much less than PVDFM6, because
of different TiO2 types (actually, different particle
sizes as well as surface treatments) used in the 
two membranes, and this would induce better perme-
ability of PVDFM5. Therefore, the cross-section of

membranes was dependent on different nanoparticle
sizes and surface properties as well as their 
combination interaction which presented dissimilar
effect in membrane properties. However, the surface 
morphology was relatively important for membrane
performance. 

The morphologies for inner and outer surfaces of
the PVDF/multi-nanoparticles composite membranes
are presented in Figures 5 and 6. The added nano-
particles which resulted in different pore structures on
the membranes surface are compared with the 
compact surface of pure PVDF membranes. The
results constitute nanoparticles with stronger 
interactions with water as well as aqueous ethanol
than pure polymer chain. Comparing the inner and
outer surface structures, it is evident that there are
obvious pore structures on inner surfaces which 
cannot be observed on the outer surfaces. This might
be interpreted by two possible reasons. First, the
effects of different internal and external coagulation
baths; by which 40 wt% ethanol aqueous solution
shows better surface pore formation capability as
coagulants. Secondly, the polymer solution in 
membrane dope might move to the outer surface due
to the extrusion effect by spinneret as well as the 
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Figure 4. Cross-section of PVDF/multi-nanoparticles composite hollow fibre ultrafiltration membranes.



higher exchange rate between the solvent and pure
water as non-solvent, resulting in polymer solution
concentration difference of the inner and outer 
surfaces, whereby polymers are transferred to outer

surface by the force of concentration difference and
more polymer chains coagulate on the outer surface
forming the comparatively dense layer relative to the
inner surface. Therefore, the effects of nanoparticles
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Figure 5. Inner surface of PVDF/multi-nanoparticles composite hollow fibre ultrafiltration membranes.

 

Figure 6. Outer surface of PVDF/multi-nanoparticles composite hollow fibre ultrafiltration membranes.



on membrane surface morphology are more obvious
on the inner surface. Moreover, different nano-
particles also induce changes in membrane surfaces.
For example, the inner surface with network structure
is more visible for PVDFM4 than PVDFM5 and
PVDFM6, due to the hydrophobicity of SiO2 (Aerosil
R972) which induce higher precipitation rate than
those of Al2O3 and TiO2. The outer surface of
PVDFM4 appears much denser, which is in accor-
dance with the cross-section structure in Figure 4. In
distinction with PVDFM6, there are visible nano-
particles on the outer surface of PVDFM5, caused by
the different types of TiO2. PVDFM4-6 with coarser
surface compared to PVDFM1 would result in greater
incremental permeability to be described below. 

Mechanical Properties and Thermal Stability of
Membranes 
As it is shown in Table 2, membranes PVDFM1-
PVDFM6 are ranked on the basis of the break 
resistance as follows: PVDFM5 (2 wt% TiO2 (P25), 
1 wt% Al2O3) > PVDFM6 (2 wt% TiO2 (HR3), 
1 wt% Al2O3) > PVDFM2 (1 wt% TiO2 (P25), 1 wt%
Al2O3, 1 wt% SiO2) > PVDFM3 (1 wt% TiO2 (P25),
2 wt% SiO2) > PVDFM4 (1 wt% SiO2, 2 wt% Al2O3)
> PVDFM1 (pure PVDF). The similar results are
obtained by bubble point pressure measurement. With
the addition of nanoparticles, the mechanical proper-
ties of hollow fibre membranes are remarkably
improved; however, the elongation-to-break is
reduced due to the brittleness of inorganic particles in
comparison with the flexibility of polymer chain. In
the process of hollow fibre membrane preparation via
NIPS (non-solvent induced phase separation) method,
the formation of micropores is induced by the stress

produced in the exchange between the solvent in dope
solution and the non-solvent in coagulation bath,
while the added nanoparticles help the elimination of
stress, thereby preventing macroporous formation and 
disfigurement. At the same time, the huge surface area
and activity of nanoparticles filled in the polymer
chains cause comparative conglutination force in the
membrane structure. Thereafter, the break resistance
of hollow fibre membranes is improved, and the
mechanical properties are enhanced. Moreover, 
comparing PVDFM2 to PVDFM6, the break strength
of membranes with SiO2 is not as good as those 
without SiO2; this might be explained by the fact that
SiO2 creates more pores in membrane's structural 
network, as stated above. However, it should be 
indicated that because of the flexible property of 
silica, PVDFM2 and PVDFM3 with SiO2 represent
much higher elongation-at-break than the other
PVDF/multi-nanoparticles composite membranes,
while regrettably PVDFM4 is unable to give more
resistance because of its relative multitude of Al2O3
particles with great brittleness. 

Figure 7 shows the thermal stability of PVDF/
multi-nanoparticles composite hollow fibre 
membranes. PVDFM1 with pure PVDF possesses 
the highest thermal decomposition temperature, 
indicating the thermal stability changes by the 
introduction of nanoparticles, probably because the
interaction between PVDF chains is eliminated 
somehow by the added nanoparticles. Interestingly,
these membranes with nanoparticles decompos at
three different temperatures. For instance, PVDFM2-
4 present comparatively uniform thermal stability
with similar thermal decomposition temperature; and
comparing PVDFM5 (TiO2 (P25)) with PVDFM6 
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Membrane
dope

Break strength
(MPa)

Elongation-at-break
(%)

Bubble point pressure
(MPa)

PVDFM1
PVDFM2
PVDFM3
PVDFM4
PVDFM5
PVDFM6

1.71±0.05
3.10±0.04
2.90±0.02
2.04±0.03
3.74±0.01
3.15±0.05

162.0±1.0
91.0±0.5
99.5±0.3
64.7±0.4
89.2±0.2
63.4±0.4

0.08±0.01
0.17±0.01
0.18±0.01
0.12±0.02
0.20±0.01
0.30±0.03

Table 2. Mechanical properties of PVDF/multi-nanoparticles composite hollow fibre ultrafiltration membranes.



Figure 7. TGA Curves of PVDF/multi-nanoparticles 
composite hollow fibre ultrafiltration membranes.

(TiO2 (HR3)), the former presents much higher
decomposition temperature. These might be due to the
different concentrations as well as the types of TiO2 in
the membranes. Comparatively less TiO2 particles,
such as 1 wt% in PVDFM2 and PVDFM3, might not
bring obvious changes in membrane thermal stability
therefore, their thermal decomposition temperatures
become approximately in accordance with that of
PVDFM4 (without TiO2). However, with more TiO2,
e.g. 2 wt% in PVDFM5 and PVDFM6, the effect of
TiO2 becomes much more crucial. TiO2 nanoparticles
with considerable large surface area, extreme change
of their surface atoms, surface energy and surface 
tension would be brought by different particle sizes,
resulting in their unique physical and chemical 
properties leading to heat, light and other sensitive
properties as well as surface stability greatly unique to
the conventional particles. From the experimental
results, P25 shows better thermal stability compared
with HR3. 

Permeation Flux and Rejection of Membranes
The permeability and rejection of PVDF/multi-
nanoparticles composite hollow fibre membranes
were tested by UF experiments. The results are listed
in Table 3. Obviously, the permeation flux increased
with the introduction of nanoparticles. However, the
rejection of BSA changed discordantly by different
nanoparticles. For PVDFM2 (1 wt% TiO2 (P25), 
1 wt% SiO2, 1 wt% Al2O3), pure water permeation

Table 3. Pure water permeation flux and rejection of
PVDF/multi-nanoparticles composite hollow fibre ultrafiltra-
tion membranes.

flux and rejection reached 179 L.m-2.h-1.bar-1 and
98.9%, respectively. This is an indication that 
combined assorted nanoparticles with different 
particle sizes and surface properties might improve
the membrane structural pores and at the same time
provide excellent separate property.

Comparing PVDFM3 (1 wt% TiO2 (P25), 2 wt%
SiO2) with PVDFM2, both permeability and rejection
of PVDFM3 have decreased, which might be caused
by the bigger particle size, lower surface area and 
better hydrophilicity of Al2O3 compared to SiO2, as
well as some dissimilar interactions among TiO2
(P25)-Al2O3-SiO2 and TiO2 (P25)-SiO2-SiO2. The
reduction of Al2O3 from inside the network 
consumed the surface -OH of the membranes and
decreased the hydrophilicity which resulted in
decreased permeability, and the aggregation caused
by the increase in smaller SiO2 particles induced
defects on membranes leading to loss of membrane
rejection capability.

Similarly, comparing PVDFM4 (1 wt% SiO2, 
2 wt% Al2O3) with PVDFM2, the pure water flux
extremely increased but BSA rejection was much
lower, due to the distinct hydrophilicity of Al2O3
particles and bigger particle size. The hydrophilicity
of Al2O3 particles could reinforce water molecules
inside the membrane and encourage them to pass
through and then improve the permeability. The 
comparatively big pore size of Al2O3 particles caused
macroporous structure of the surrounding polymer
network, resulting in relatively low BSA rejection.
PVDFM2 and PVDFM5-6 produced the same results.
Furthermore, to compare PVDFM5 with PVDFM6
together, both properties of permeability and rejection
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Membrane
dope

Pure water permeation flux
(L.m-2.h-1.bar-1)

Rejection of BSA
(%)

PVDFM1
PVDFM2
PVDFM3
PVDFM4
PVDFM5
PVDFM6

81.6±1
179±3
160±4
305±4
352±3
295±6

70.9±0.2
98.9±0.6
63.6±0.5
67.1±0.6
89.1±0.8
77.1±0.7

 



for PVDFM5 (TiO2 (P25), ~21 nm) were higher than
PVDFM6 (TiO2 (HR3), 5-10 nm). This might be
explained by greater possibility for accumulation of
TiO2 (HR3) with smaller particle size. Moreover, the
accumulations brought more defects inside the 
membrane network. This resulted in lower rejection
and reduced the efficient porous structure for water
molecules to pass through, leading lower permeation
flux for pure water.

Porosity and Pore Size Distribution of Membranes
The porosity (ε), rejection of PEG (1k, 4k, 6k, 10k,
and 20k dalton), mean efficient pore size (dp) and
their standard deviation (σg) as well as molecular-
weight cut-off (MWCO) of the hollow fibre 
membranes are listed in Table 4. It is shown that with
addition of nanoparticles, the porosity of the 
membranes is lower than PVDFM1 due to the reduced
macroporous structure as mentioned above. However,
the mean efficient pore size and MWCO have 

Figure 8. Pore size distribution of PVDF/multi-nanoparticles
composite hollow fibre ultrafiltration membranes.

changed differently. As it is shown in Figure 8, 
PVDFM2 and PVDFM5 exhibit relatively smaller
mean efficient pore size as well as narrow pore size
distribution, which reveal their better uniformity and
allowance for smaller molecules passing through
compared to other membranes in this work, and this
explains the best rejections they perform in the 
permeability testing. However, PVDFM4 presented
the largest mean efficient pore size, viz. 36.7 nm,
which was even worse than PVDFM1. This might be
due to its relatively high content of Al2O3 and much
larger particle size, inducing larger pores in 
membrane structure. Therefore, the pure water flux of
PVDFM4 reaches 305 L.m-2.h-1.bar-1 but with poor
BSA rejection of 67.1%. The similar results of
PVDFM4 are observed on PVDFM3. Moreover, 
comparing PVDFM5 with PVDFM6, with equal 
contents of TiO2, the mean efficient pore size and
MWCO of PVDFM5 are 11.0 nm and 51,900 Da
while those of PVDFM6 are 18.5 nm and 200,000 Da.
This is due to the different types of TiO2. As discussed
above, the higher possibility for accumulation of TiO2
(HR3) with smaller particle size might bring more
defects in membrane network, resulting in bigger
mean efficient pore size as well as wider pore size 
distribution.

CONCLUSION

PVDF/Multi-nanoparticles composite hollow fibre
UF membranes are prepared using the wet-spinning
process. Compared with the previous works by Yu 
et al. [15,17], these membranes generally present
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Membrane
dope

ε
(%)

Rejection of PEG (%) dp

(nm)
σg MWCO/(Da)

1k 4k 6k 10k 20k

PVDFM1
PVDFM2
PVDFM3
PVDFM4
PVDFM5
PVDFM6

80.6
63.5
68.7
79.3
76.7
75.2

1.63
0.21
1.14
0.14
0.28
1.47

4.63
4.18
2.08
0.26
3.63
6.48

6.06
7.16
3.29
0.67
3.81
6.62

8.35
10.1
5.93
1.46
13.0
9.56

11.5
11.0
11.4
2.56
13.1
13.4

25.9
10.1
24.5
36.7
11.0
18.5

1.54
1.20
1.42
1.30
1.22
1.46

416,000
43,500
315,000
523,000
51,900
200,000

Table 4. Porosity and pore size distribution data of PVDF/multi-nanoparticles composite hollow fibre ultrafiltration 
membranes.

 



much higher break strength (2.0-3.7 MPa) as 
well as permeation flux (150-350 L.m-2.h-1.bar-1)
compared to PVDF/SiO2 (1.7-2.3 MPa and 80-
300 L.m-2.h-1.bar-1) [15] and PVDF/TiO2
(1.7-2.2 MPa and 75-150 L.m-2.h-1.bar-1) [17] with
the same total amount of nanoparticles, viz. 3 wt%.
The thermal stability of membranes have not
changed largely. Their rejections of BSA are slightly
lower than the two series of single nanoparticle 
membranes. Moreover, obvious improvements of
membrane performances were obtained by 
introduction of multi-nanoparticles. The membrane
dope viscosity and surface tension, as well as the 
performances of composite hollow fibre membranes
change with different compositions of multi-
nanoparticles. The main conclusions are listed as 
follows:

- The viscosity of PVDF dopes increases with 
addition of nanoparticles; among the five composite
dopes, PVDFM5 presents lower increment. 
Pseudo-plastic or shear thinning behaviour occurs for
all the dopes. The surface tension of membrane dopes
changes inconsistently by different nanoparticles. 

- SEM Photos indicate that there is a transition
from macroporous structure to asymmetric structure
in membrane cross-section and denser top layer
results with the introduction of nanoparticles.
Differences are also found among membranes with
different nanoparticles. The effects of nanoparticles
on membrane surface morphology are more obvious
on the inner surface.

- Mechanical properties of membranes improve in
presence of nanoparticles, thereinto PVDFM2 and
PVDFM5 possess comparatively excellent 
mechanical properties. Thermal stability analysis
shows that the membrane thermal decomposition
temperature decreases with the addition of nano-
particles; however, PVDFM5 possesses the best 
thermal stability among these composite membranes.

- Obviously the permeability increases with the
introduction of nanoparticles. However, the 
rejection of BSA changes discordantly with 
different nanoparticles. For PVDFM2 and PVDFM5,
the pure water permeation flux and rejection reach 
179 L.m-2.h-1.bar-1 and 98.9%, 352 L.m-2.h-1.bar-1

and 89.1%, respectively.
- The porosity and pore size distribution show that

the mean efficient pore sizes of PVDFM2 and
PVDFM5 are 10.1 nm and 11.0 nm, respectively, 
and both membranes present narrow pore size 
distribution.

Altogether, PVDFM2 (1 wt% TiO2 (P25), 1 wt%
SiO2, 1 wt% Al2O3) and PVDFM5 (2 wt% TiO2
(P25), 1 wt% Al2O3) present the most excellent 
performance of PVDF/multi-nanoparticles compos-
ite hollow fibre UF membranes preparation.
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