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• PVDF ultrafiltration membranes were prepared with pristine and oxidized MWCNTs.
• Contact angle of membranes decreased from 75.8° to 54.7° (1wt.% oxidized MWCNTs).
• The water flux of membrane increased 11 times by adding 1wt.% oxidized MWCNTs.
• Oxidized MWCNTs outperformed remarkably pristine MWCNTs in membrane performance. om
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To investigate the effect of the oxygen-containing groups of inorganic modifiers on polyvinylidene fluoride
(PVDF) membrane performance, the PVDF/multi-walled carbon nanotube (MWCNT) hybrid ultrafiltration
membranes were prepared via phase inversion by dispersing pristine and different dosage oxidized MWCNTs
ranging from 0.2 wt.% to 2 wt.% in PVDF casting solutions. An increment in the porosity, pore size and surface
roughness of the membranes was observed by the addition of pristine and oxidized MWCNTs. The rejection
increased 22.2% in the content of 0.5 wt.% oxidized MWCNTs. The contact angle of membranes decreased
from 75.8° (pure PVDF) to 54.7° (PVDF/1 wt.% oxidized MWCNTs), and 11 times increase in water flux was
also indicated with the incorporation of 1 wt.% oxidized MWCNTs, which was considered as the optimum
dosage. More importantly, the architecture and performance of PVDF/oxidized MWCNTs hybrid membranes
outperformed PVDF/pristine MWCNTs hybrid membranes remarkably in the same content (1 wt.%), which
can be ascribed to the presence of hydrophilic oxygen-containing groups. This work demonstrated that the
oxygen-containing groups of inorganic fillers played a critical role in determining the structures, morphologies
and performances of ultrafiltration membranes.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

w.sp
m

w

1. Introduction

Polymer–inorganic nanocomposite membranes [1–4] which were
formed by uniformly dispersing inorganic particles in polymer matrix
have receivedmuch attention in thefield of gas separation, pervaporation
and ultrafiltration (UF) for many years. They presented an interesting
approach to improve the separation properties of polymer membranes
because they possess properties of both organic and inorganic mem-
branes [5–12]. An appropriate porous membrane must have high per-
meability, good hydrophilicity, and excellent chemical resistance to

w
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the feed streams. In order to obtain high permeability, membranes
should have high surface porosity and good pore structure.

Poly(vinylidene fluoride) (PVDF) is a common UF, microfiltration
and pervaporation membrane material because of its excellent chemi-
cal resistance and thermal stability. However, the hydrophobic nature
of PVDF often results in severe membrane fouling and permeability
decline, which has become a conspicuous drawback for their application
in water treatment. Many research have carried out to improve the
membrane performances by adding three-dimensional (3D) inorganic
nanoparticles such as Al2O3 [8,13], SiO2 [7,14], TiO2 [15], ZrO2 [9],
Fe3O4 [11,12], and LiClO4 [10,16]. However, the modification of PVDF
blending with nanoparticles has been widely explored for improving
the hydrophilicity, permeability, rejection, mechanical strength and
effective control of membrane surface performance, the nanoparticle-
served.
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organic hybridmembranehas some inherent and significant drawbacks.
When the nanoparticles with low specific surface area were dispersed
to casting solutions, the high concentration could induce nanoparticles
to aggregate, resulting in defective pore structure of the membranes
and the decline of modification effects [17,18]. Hence, it is very impor-
tant to redesign nanoparticle structure with high specific surface as
an inorganic additionmaterial to lower the additive proportion. Recent-
ly, one-dimensional (1D) nanostructures of various morphologies,
including nanowires, nanofibers, nanorods and nanotubes, have been
introduced to improve the membrane performances [19–21]. But it
is difficult for these nanostructures to possess oxygen-containing
functional groups on the surface owing to their inherent characteristic,
which are expected to improve the hydrophilicity markedly of
membranes. As a result, the nanostructures with high specific surface
and abundant oxygen-containing functional groups are attractive for
the PVDF hybrid membrane.

Carbon nanotubes (CNTs) have attracted a great deal of attention be-
cause of their high specific surface area, easy functionalization, chemical
stability and thermal conductance [22–25], and have gainedmore atten-
tion as one of these additives recently. CNTs are also one of the candi-
dates to create a surface with a roughness at mirco/nanometer level
owing to their rigid cylindrical nanostructures with a diameter ranging
from about 1 nm to dozens of nanometers and length ranging from hun-
dreds of nanometers to micrometers, which could lead to the increase of
efficient filtration area and permeability of the composite membranes
[26]. In some literatures, the increments in special parameters like hydro-
philicity, permeability and rejection have been studied because of adding
CNTs to polymeric membranes [27–31]. However, the role of unique
physical and chemical structure of CNTs including high specific surface,
one-dimensional architecture and rich oxygen-containing groups in tai-
loring the performance of hybrid membrane has not been investigated
deeply. In this research, the effects of oxygen-containing groups on the
membrane morphology and performance were investigated.

Moreover, a series of novel high-performance PVDF ultrafiltration
membranes, with pristine and acid oxidation treated multi-walled
carbon nanotubes (MWCNTs) as an additive, were successfully fabri-
cated using the phase separation method, respectively. The objective
of this work was to systematically reveal the effects of oxidized
MWCNTs with high aspect ratio and rich oxygen-containing functional
groups on performance of hybridmembranes. The influence of oxidized
MWCNT concentrations on the membrane morphology and perfor-
mance and the comparison between pristine and oxidized MWCNTs
were investigated. Then a series of experiments, such as water contact
angle (CA), water flux, bovine serum albumin (BSA) rejection, porosity,
scanning electron microscopy (SEM) and atomic force microscopy
(AFM)measurements, were carried out formembrane characterization.

2. Experimental

2.1. Materials

PVDF (FR904) was purchased from Shanghai 3F NewMaterials Co.
Ltd., China. N, N-dimethylacetamide (DMAc, >99.5%, reagent) and
polyvinylpyrrolidone (PVP) were purchased from Tianjin Weichen
Chemical Reagent Co. Ltd., China. Multi-walled carbon nanotubes
(MWCNTs, with diameters of 10–50 nm and length of 1–30 μm)
were obtained from Nanjing XF Nanomaterial Science and Technology
Co. Ltd., China. The purity of the received MWCNT is 95%. The distilled
water was used as the nonsolvent for the polymer precipitation.

2.2. Preparation of oxidized MWCNTs

In order to remove the impurities of raw MWCNTs (such as the
metallic catalyst particles and amorphous carbon) and introducehydro-
philic functional groups on the surface of MWCNTs, 2 g raw MWCNTs
were soaked in 160 mL solution of H2SO4/HNO3 (3/1, v/v) and were
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heated to 70 °C for 8 h without stirring [32]. The solution was diluted
with 2 L deionized water and filtered through a 0.45 μm membrane.
The oxidized MWCNTs were washed with deionized water to reach to
neutral pH, and dried at 55 °C in a vacuum for 8 h.

2.3. Characterization of MWCNTs

Fourier-transform infrared spectroscopy (FTIR) was used to identify
introduced functional groups onto the surface of acid oxidation treated
MWCNTs. The surface morphology of MWCNTs was examined using
transmission electron microscopy (TEM, Hitachi 7650). The samples
were dispersed by sonication in a mixture of ethanol, and then deposit-
ed on a holey carbon TEM grid and dried.

2.4. Membrane preparation

PVDF/MWCNT hybrid membranes were prepared by the phase
inversion method [33]. Casting dopes were prepared by dispersing the
MWCNTs in the solvent via an ultrasonicator for at least 2 h and adding
PVDF and PVP to the casting dopes under stirring. Theweight content of
oxidized MWCNTs in the total weight of the membrane-forming mate-
rials was 0, 0.2, 0.5, 1 and 2 wt.%, respectively, and these membranes
were named as POM-0, POM-0.2, POM-0.5, POM-1, and POM-2, corre-
spondingly. For comparison, the PVDF hybrid membrane with 1 wt.%
pristineMWCNTs (named as PPM-1)was prepared by themost suitable
proportion for membrane with oxidized MWCNTs. In order to obtain
optimal dispersions of the nanomaterials in the polymer solutions,
agitation was required for 48 h. After cooling the solution to room
temperature, it was ultrasonicated for 30 min to release air bubbles,
and then was degassed to ensure complete removal of air bubbles
before membrane casting.

In this research, PVP was used to enhance the porosity of PVDF UF
membranes [34], and it might increase the hydrophilicity of membrane
due to the residue trapped in the membrane matrix [35]. Therefore, to
highlight the special contribution of MWCNTs in hydrophilicity and
permeability, a hydrophilic pure membrane was fabricated as a control
by proper over-dosage of PVP (added 20 wt.% PVP, by weight of PVDF,
determined after several tests).

The cast solution was spread into liquid film on a glass plate with a
steel knife, and after a 30 s exposure in the air, the plate was immersed
in a coagulation bath of distilled water (25 °C). The formedmembranes
were peeled off and subsequently washed with distilled water to
remove residual solvent. Several pieces of membranes of each kind
were dried in the air at room temperature for structure and perfor-
mance measurements. The residual membranes were kept in distilled
water for filtration tests.

2.5. Characterization of membranes

2.5.1. Morphology observation
The surface and cross-sectional structures of the membranes were

examined by SEM (Quanta 200, Holland). Cross-sectionswere prepared
by fracturing the membranes at the temperature of liquid nitrogen. All
specimens were coated with a thin layer of gold before being observed
using SEM. AFM (CSPM5500) was employed to analyze the surface
morphology and roughness of the membranes. In the range of
the scan areas 10 μm × 10 μm, roughness parameters could also be
obtained with the AFM analysis software, small squares of the prepared
membranes (approximately 1 cm2) were cut and glued on the glass
substrate before being scanned (10 μm × 10 μm).

2.5.2. UF performances
The permeation flux and rejection of the membranes were mea-

sured by UF experimental equipment. The rejection tests were carried
out with an aqueous solution of BSA (molecular weight = 67,000)
(1 g·L−1). All experiments were conducted at 25 °C and under the
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feed pressure of 0.1 MPa. The newly prepared flat-sheet membranes
were pre-pressured at 0.1 MPa using the pure water for 1 h before
measurement, and then the pure water permeation and rejection
for the BSA solution were measured. The concentrations of BSA
in the permeation and feed solution were determined by an UV-
spectrophotometer (Shimadzu UV-2450, Japan). The permeation flux
and rejection were defined as formulae (1) and (2), respectively.

F ¼ Q
A� T

ð1Þ

R ¼ 1−CP

CF

� �
� 100% ð2Þ

where F was the permeation flux of membrane for pure water
(L·m−2·h−1), Q was the volume of permeate pure water (L), A was
the effective area of membrane (m2)and T was the permeation time
(h). R was the rejection to BSA (%), CP and CF were the concentrations
of BSA in the permeation and feed solution, respectively.

2.5.3. Porosity and mean pore size calculation
The membrane porosity Pr (%) was defined as the volume of the

pores divided by the total volume of the porous membrane. It could
usually be determined by gravimetric method, determining the weight
of liquid (here pure water) contained in the membrane pores [36].

Pr ¼
w1−w2ð Þ=dw

w1−w2ð Þ=dw þw2=dp
� 100% ð3Þ

where w1 was the weight of the wet membrane (g), w2 was the
weight of the dry membrane (g), dw was the pure water density
(0.998 g·cm−3) and dp was the polymer density (as the inorganic
content in the membrane matrix was small and dp was approximate
to dPVDF, namely 1.765 g·cm−3).

The mean pore size [r (m)] was defined as follows [37]:

r ¼ 8� 2:9−1:75Prð Þ⋅ηLF=3600PrΔP½ �1=2 ð4Þ

where η is the viscosity of water (8.9 × 10−4 Pa s), L is the membrane
thickness (m), F is the purewaterflux (m3/m2·h), andΔP is theworking
pressure (Pa). .sp
Fig. 1. TEM images of (a) pristine MW
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2.5.4. Water CA measurements
The CA between water and the membrane surface was measured

with a contact-angle measurement apparatus (JYSP-180 Contact Angle
Analyzer) according to the sessile-dropmethod. Briefly, a water droplet
was deposited on a flat homogeneous membrane surface and the
contact angle of the droplet with the surface was measured. The value
was observed until there was no change in CA during the short mea-
surement period. Each CA was measured five times at five different
points of each membrane sample and an average value was calculated.

2.5.5. Tensile break strength measurements
The tensile strength and elongation-at-break of the membranes

were determined at room temperature using a material tester (YG028,
Wenzhou Fangyuan Instrument Co. Ltd. China), and the tensile rate
was 10 mm/min. For each specimen, five runs were performed and
then averaged.

3. Results and discussion

3.1. Characterization of MWCNTs

TEM was able to provide the morphology and tubular structure of
MWCNTs, including the dispersion of MWCNTs. Fig. 1(a, b) presented
TEM images of pristine and oxidized MWCNTs, respectively. MWCNTs
were held together as bundles and had very low solubility in most
solvents because of their intrinsic van der Waals forces [38]. It was
known that acid oxidation treatment shortened nanotubes with car-
boxyl acid groupsmainly on the end tips [39,40]. The length of oxidized
MWCNTs was shortened in the range of 0.2 μm–1.0 μm through treat-
ment with a strong acid mixture. Fig. 1a showed some aggregation of
original MWCNTs, and Fig. 1b demonstrated that MWCNTs dispersed
better due to the increasing of hydrophilic oxygen-containing groups.
And acid oxidation treated MWCNTs (Fig. 1b) showed a decrease in
the number of longer nanotubes and an increase in the number of
shorter nanotubes than that of pristine MWCNTs (Fig. 1a).

Fig. 2 depicted the FTIR absorption spectra of pristine and acid
oxidation treated MWCNTs. The peaks emerging at 1400, 1620 and
1700, and 3100–3600 cm−1 were corresponded to C_O, COOH and
O\H bonds onto the surface of oxidized MWCNTs, and the results
were in good agreement with the results of previous reports [41,42].
Therefore, it was expected that the oxygen-containing surface function-
al groups introduced in the oxidative cutting process on the MWCNTs
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can greatly enhance the hydrophilicity and permeability of PVDF hybrid
membranes. Meanwhile, the hydrophilicity of these functional groups
would improve the dispersivity of oxidized MWCNTs in aqueous
solution.

3.2. Microstructures of membranes

The surface and cross-section morphologies of the PVDF blend
membranes were shown in Figs. 3 and 4, respectively. Obviously,
there was an evident improvement in surface porosity which could
be viewed intuitively from the SEM images (Fig. 3). The larger pores
emerged on the surface of the hybrid membranes compared with
pure PVDFmembrane, which may have a relation to increase of mem-
brane flux. The MWCNTs on the surface of blend membranes were
observed when the surface photographs of prepared membranes
were compared as presented in Fig. 3 (labelled as red circle). The
POM-2POM-1

POM-0.2POM-0

Fig. 3. The surface views of membranes with different blend compositions. (For interpretation
article.)
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membranes prepared by PVDF/0.5 wt.% oxidized MWCNTs and
PVDF/1 wt.% oxidized MWCNTs demonstrated the strong change in
pore size and morphology. However, when the content of oxidized
MWCNTs was increased further, especially over 1 wt.%, the pore
size started to decrease, and it was easy to form a relatively dense
structure. This was probably due to the increased viscosity which
delayed phase separation by the added high-proportion hydrophilic
MWCNTs. In addition, the similar amelioration could also be noted
for PPM-1 hybrid membrane compared with POM-0 membrane, but
not as palpable as that of oxidized PVDF/MWCNT hybrid membranes.
The surface pore size and density of PPM-1membrane were similar to
those of the hybrid PVDF membranes with low content of oxidized
MWCNTs, which have small change compared with pure PVDF mem-
brane (shown in Fig. 3).

The cross-sections of all the membranes presented the same asym-
metric andhighly inhomogeneous structurewith a selective thinmicro-
porous surface skin on large voids and finger-like cavities. This structure
was mainly due to the high mutual diffusivity of water and DMAc [43].
As could be seen in Fig. 4, comparing the upper side of the finger-like
cavities, there were many larger fingerlike pores in the hybrid mem-
brane. The size of the macro-voids was observed to increase with the
content of MWCNTs, and the water molecule could pass through
the membrane easier, which may be another reason for the increase
of membrane water flux. This result may be explained by the fast
exchange of solvent and non-solvent in the phase inversion process
due to the hydrophilic MWCNTs [44], and occurring interactions be-
tween components in the casting solution and phase inversion kinetics.

Roughness would also influence the performance of hybrid mem-
brane, and the parameters could be obtained with the AFM analysis
software. There exists mean roughness (Ra), which is the mean value
of surface area relative to the center plane, for which the volume
enclosed by the image above and below this plane is equal.

Fig. 5 displayed three-dimensional AFM images of the membrane
external surfaces. According to the AFM images, obviously the surface
of hybrid membranes was rather rougher than pure PVDF membrane.
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Fig. 4. The cross-section views of membranes with different blend compositions.
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The roughness parameters of the surfaces of the membranes existed
mean roughness (Ra), root mean square (Rq), and mean difference
in the height between the five highest peaks and the five lowest val-
leys (Rz). The surface roughness parameters (Ra) of the membranes
(a)POM-0 (b)POM-0.2

(d)POM-1 (e)POM-2

Fig. 5. Surface AFM images of the PVDF hybrid membranes with different concentrations of
pristine MWCNTs.
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were calculated by AFM software in 10 μm × 10 μm scan size and
presented in Table 1. This table confirmed that the roughness of the
membrane surface initially increased with addition of oxidized
MWCNTs up to 1 wt.% and then decreased with further increase of

.c
(c)POM-0.5

(f)PPM-1

carbon nanotube. (a) 0%, (b) 0.2%, (c) 0.5%, (d) 1%, (e) 2% oxidized MWCNTs and (f) 1%



Table 1
Surface parameters of PVDF hybrid membranes.

Membrane Surface area
(μm2)

Roughness

Ra (nm) Rq (nm) Rz (nm)

POM-0 110.3 50.1 64 576
POM-0.2 128.8 120 154 1550
POM-0.5 129.5 134 171 1110
POM-1 140.0 153 194 1290
POM-2 111.5 97 123 835
PPM-1 110.4 90.3 116 836
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oxidized MWCNT content. The PVDF membrane with 1 wt.% oxidized
MWCNTs had the highest surface roughness value of 153 nm and
increased 200% compared with POM-0 membrane. As mentioned,
the effect of hydrophilicity of oxidized MWCNTs accelerated the
exchange rate between solvent and non-solvent during the phase
inversion, when the membrane contained 1 wt.% or less than 1 wt.%
oxidized MWCNTs [45,46]. The corresponding membrane had larger
pore size (Fig. 3) and rougher surface which will facilitate permeation
efficiency and hydrophilicity. However, the roughness of PPM-1 mem-
brane merely increased from 50.1 nm to 90.3 nm but was inferior
to that of POM-1. The pristine MWCNTs with less oxygen-containing
functional groups on the surface versus oxidized MWCNTs had
weaker effects for this exchange rate between solvent and on-solvent
during the membrane formation. At 2 wt.% concentration of oxidized
MWCNTs, the viscosity of the casting solution increased strongly. The
high viscosity for casting solution hindered the exchange between
solvent and non-solvent, leading to formation of a membrane with
smooth surface with smaller pore size and denser structure.

3.3. Porosity and mean pore size of membranes

The effects of the oxidized and pristine MWCNTs on the porosity
and mean pore size were shown in Fig. 6. Both porosity and mean
pore size of membranes were increased with the addition of oxidized
MWCNTs. The porosity of prepared membranes ranged from 82% to
86%. When the content of oxidized MWCNTs was 1 wt.%, the porosity
reached its peak value of 86% and increased by 5% compared with the
pure PVDF membranes. However, when the concentrations of oxi-
dized MWCNTs were increased further (2 wt.%), a denser structure
in sub-layer with the fewer finger-like pore was formed. This was
probably due to the strong increase in the viscosity of casting solution
with the excess addition of oxidized MWCNTs. The similar variation
trend was also exhibited in the data of the mean pore size with differ-
ent content of oxidized MWCNTs. When the content of oxidized
MWCNTs was 1 wt.%, the mean pore size reached its peak value of
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Fig. 6. Effects of the MWCNTs on the porosity and mean pore size of the hybrid
membranes.
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76.3 nm and increased by 360% compared with POM-0 membrane.
However, the porosity and mean pore size improvement of PPM-1
membrane were not obvious. The difference could be interpreted as
follows. Oxidized MWCNTs were a kind of hydrophilic material.
During the membrane preparation process, the diffusion rate between
gels (water) and solvent (DMAc) could be accelerated by oxidized
MWCNTs. The occurrence of phase separation process, which was
good for the generation of polymer-poor phase, was also facilitated by
the presence of oxidized MWCNTs in membrane preparation process.
In contrast, pristine MWCNTs contained less hydrophilic groups,
which might not accelerate the diffusion rate between water and
DMAc in membrane. Thus, the existence of oxidized MWCNTs could
be more beneficial to the formation of membranes with high porosity
and mean pore size than those of pristine MWCNTs.

3.4. Hydrophilicity of the membranes

The CA results were shown in Fig. 7, from which an obvious trend
could be drawn that the CA values gradually decreased when the
amount of oxidized MWCNTs was increased, suggesting the increase
of hydrophilicity of PVDF membrane surface. The CA value of POM-1
even achieved 54.7° and decreased 21.1° than that of POM-0. As
could be seen in Fig. 7, increasing the oxidized MWCNT amount to
more than 1 wt.% did not result in notable enhancement of the hydro-
philicity and the CA value of POM-2 was 53.2°. This might be explained
by the irregular positioning of MWCNTs in the membrane structure at
2 wt.% oxidized MWCNT content [47], which lead to aggregation and
reducing effective surface of nanotubes. In contrast with the control
membrane (POM-0), which was deliberately (Section 2.4.) fabricated
to be hydrophilic (CA 75.8°), the hybrid membranes obtained a further
decrease of CA, suggesting the positive effect of oxidized MWCNTs on
membrane surface hydrophilicity. As a result, this might play a favor-
able role in elevating the pure water flux of the hybrid membranes.
Meanwhile, the hydrophilicity improvement of PPM-1 was less than
that of POM-1. This was due to the hydrophilic groups on the mem-
brane structure which forms by addition of oxidized MWCNTs in the
PVDF casting solution.

3.5. Pure water flux and rejection ratio of membranes

The data of the pure water flux of different membranes were
depicted in Fig. 8(a). When the content of oxidized MWCNTs ranged
from 0 to 2 wt.%, the pure water flux went up with increasing of
oxidized MWCNT contents in the casting solution. In the current
experiment, a transmembrane pressure of 0.1 MPa was employed.
Under this pressure differential, thewater flux of the POM-1membrane
reached a peak value of 1225 L/(m2 h) and increased approximately 11
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Fig. 7. Results of the CA measurements for the hybrid membranes.
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Table 2
Mechanical properties of PVDF hybrid membranes.

Membrane Tensile strength
(MPa)

Elongation-at-break
(%)

POM-0 0.84 ± 0.18 14.71 ± 2.37
POM-0.2 0.87 ± 0.09 8.93 ± 1.52
POM-0.5 0.84 ± 0.11 8.49 ± 1.16
POM-1 0.78 ± 0.05 7.48 ± 1.04
POM-2 0.66 ± 0.10 6.75 ± 1.33
PPM-1 0.71 ± 0.08 4.18 ± 0.41
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times compared with the pure membrane. Further addition of oxidized
MWCNTs in the casting solution resulted in the invisible change for the
pure water flux of membrane. Considering the results in Fig. 8a, the
improvement of POM-(0.2–2) permeability might be due to various
factors. Firstly, the hybrid membranes were all endowed with advanta-
geous porous surface and favorable inner structure, which undoubtedly
played a positive role in promoting membrane permeability [48].
Secondly, the addition of oxidized MWCNTs resulted in the increase of
membrane hydrophilicity (Fig. 7), which might also act favorably in
promoting the water permeability. However, because there were
less oxygen-containing functional groups of pristine MWCNTs, which
consequently lead to the limited improvement in porosity, mean pore
size and hydrophilicity of membranes. Consequentially, PVDF/oxidized
MWCNT membranes with high porosity and hydrophilicity showed
good water permeability compared with PVDF/pristine MWCNT
membranes.

The BSA rejection ratio results of different membranes were also
depicted in Fig. 8b. Generally, CNTs have exhibited the capability for
the removal of albumin as a type of adsorbent [49]. As could be
seen in Fig. 8b, the BSA rejection increased significantly when the
MWCNT content was increased to 0.5 wt.%. And the data showed
that POM-0.5 membrane had the highest BSA rejection (86.0%), which
increased 22.2% compared with that of the pure PVDF membranes.
However, when the content of oxidized MWCNTs was increased fur-
ther, especially at 1 wt.% of oxidized MWCNTs, the membrane surface
porosity and pore sizewere strongly increased, resulting in the decrease
of BSA rejection. However, when the concentrations of oxidized
MWCNTs increased to 2 wt.%, the high density of MWCNTs in the
casting solution led to an increase in the viscosity of solution. This will
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prevent the exchange between the solvent and non-solvent during
the phase separation process and slow down the precipitation of the
membrane, consequently, a relative smaller porous membrane was
formed. Thus, the rejection increased again. Moreover, the decline in
hydrophobic interaction between BSA protein and hydrophilic surface
of membrane might be a reason for slight increase in BSA rejection.
Thereby, the oxidized MWCNTs endowed higher rejection for hybrid
membranes than pristine MWCNTs.

3.6. Mechanical strength of membranes

Mechanical properties of membranes were determined by the
data on tensile strength and elongation-at-break of membranes.
Table 2 showed the tensile properties of the PVDF hybrid membranes.
Compared to the pure PVDF membrane, the tensile strength of PVDF/
oxidized MWCNT membranes was firstly increased with the addition
of oxidized MWCNTs when the oxidized MWCNT concentration was
0.2 wt.%, and afterwards declined from 0.87 MPa to 0.66 MPa as the
oxidized MWCNT concentration was further increased [50]. However,
the elongation-at-break of hybrid membranes decreased markedly
with increased of the oxidizedMWCNT content. The decrease in perfor-
mance especially for the PVDF membranes with microporous surface
was not surprising taking into account the results of the finger-like
cavities appeared larger and sparser characterizations (shown in
Fig. 4) and the weak interface compatibility between hydrophilic
oxidized MWCNTs and hydrophobic PVDF matrix. This also may be
due to the fact that the large MWCNT aggregates appeared with the
increase of MWCNT content, which would accelerate the fracture
process of membranes. The tensile strength of PPM-1membrane mere-
ly decreased from 0.84 MPa to 0.71 MPa, and the elongation-at-break
of PPM-1 membrane decreased from 14.71% to 4.81%, thus they were
inferior to those of POM-1. This indicated that MWCNTs had a negative
effect on PVDF mechanical properties. The trend was explained by the
fact that there was no strong affinity between PVDF and untreated
MWCNTs due to the low-surface energy of PVDF. As a result, the com-
patibility between MWCNTs and PVDF matrix needs further investiga-
tion to obtain excellent performance of blend membranes by surface
functionalization (such as fluorination) of CNTs.

3.7. Discussion

An increment in the porosity, pore size and surface roughness of the
membranes was observed by increasing oxidized MWCNT content up
to 1 wt.%. Further addition of oxidized MWCNTs caused a reduction in
porosity and roughness of formed membrane, but at 2 wt.% loading
they were still higher compared with those of pure PVDF membranes.
Certain amount of oxygen-containing functional groups on the oxidized
MWCNTs was beneficial to the membrane hydrophilicity. The hydro-
philic MWCNTs on the surface of hybrid membranes were observed
as presented in Fig. 3, which have a relation to increase of membrane
hydrophilicity. It was well known that water permeation flux was
strongly determined by the surface roughness, hydrophilicity, porosity
and pore size of membranes [48]. Consequently the increased mem-
brane hydrophilicity played a favorable role in elevating the pure

.co
m.cn



Table 3
Comparative results of modified PVDF membranes with different inorganic fillers.

Inorganic
fillers

Inorganic fillers
dimensionality

Optimum dosage of
inorganic material
(PVDF, g/g)

Decreased
contact angle
(°)

Rate of change
in water flux
(%)

Rate of change
in rejection (%)

Rate of change
in tensile strength
(%)

Rate of change in
elongation-at-break
(%)

Reference

ZnO 3D 6.7% ~13 ↑ ~75 – ↑ ~7.8 ↓ ~18.8 [6]
SiO2 3D 5% – ↑ ~140 – ↑ ~109 ↑ ~83 [7]

3D 3% 29.5 ↑ ~275 ↓ ~8 – – [14]
Al2O3 3D 2% 26.2 ↑ ~400 ↑1 ↑ ~50 ↑ ~55 [8]
ZrO2 3D 150% – ↑ ~500 – – – [9]
Fe3O4 3D 70% – ↑ ~270 ↑ ~18 ↑ ~8.6 – [12]
TiO2 3D 2% 4 ↑ ~19 ↓ ~3 – – [16]

1D 5% 48.3 ↑ ~66 ↑ ~7 ↑ ~33 ↑ ~59 [20]
Pristine MWCNTs 1D 1% 16 ↑ ~78 ↑ ~12 ↓ ~15 ↓ ~71 In this research
Oxidized MWCNTs 1D 1% 21.1 ↑ ~1100 ↑ ~15 ↓ ~7.1 ↓ ~49 In this research

↑ increased, ↓ decreased, – no research.
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water flux. The enlarged roughness could lead to an increase of efficient
filtration area in the hybrid membranes, successively resulting in an in-
crease of themembranewater flux. These results showed that increased
membrane surface roughness did not have a negative effect on mem-
brane performance; rather, it effectively improved the permeating
flux. In addition, the BSA rejection of hybrid membranes was increased
significantly because of the well albumin adsorption of MWCNTs
(Fig. 8b). Within the dosage range in this study, the optimum oxidized
MWCNT dosage was found ideal lying around 1% of membrane weight.

The morphology and performance of PVDF/pristine MWCNT
membrane surpassed those of the pure PVDF membrane but far less
than those of oxidized MWCNT/PVDF membranes, which attributed
to the less oxygen-containing functional groups on the surface of
pristine MWCNTs (shown in Fig. 2).

Comparing with the proportion of inorganic fillers in previous
literature (Table 3), the content of pristine and oxidized MWCNTs
with high specific surface area in hybrid membranes was much lower.
However, our hybrid membranes put up a good performance. As
could be seen in Fig. 8 and Table 3, the PVDF/oxidized MWCNT hybrid
membranes exhibited higher permeability and rejection than those
including pristine MWCNTs and other inorganic nanomaterials, al-
though they contained the much low proportion of additive. Moreover,
there was a notable improvement in hydrophilicity of PVDF/oxidized
MWCNT membrane with low concentration of oxidized MWCNTs.
These results were owing to the limited performance improvement for
membrane, which was significantly affected by the absence of
oxygen-containing functional groups on pristine MWCNTs and other
nanomaterials. However, due to the hydrophilicity of oxidizedMWCNTs
resulting in a larger and sparser porous structure, the mechanical
strength of PVDF/oxidizedMWCNTmembranes had a little decline com-
paredwith themembranes containing other inorganic fillers. As a result,
it can be concluded that oxidized MWCNTs open up a new opportunity
to improve the performance of ultrafiltration membranes.

4. Conclusions

PVDF ultrafiltration membranes were synthesized using the phase
inversion process, and the effect of oxidized and pristine MWCNTs on
performance of PVDF hybrid membranes has been investigated. The
investigation results have been enumerated.

(1) The PVDF/oxidized MWCNT hybrid membranes had higher
porosity, mean pore size and roughness on their surface than
pure PVDF membrane. The hydrophilicity of the hybrid mem-
brane was enhanced as oxidized MWCNT content increased
and the water contact angle decreased from 75.8° (POM-0) to
54.7° (POM-1). Accordingly, the enhancement was indicated
by 11 times increase in water flux and 22.2% increase in BSA
rejectionwhen themembraneswere blended by 1 wt.% oxidized
MWCNTs. As such, within the dosage range in this study, the
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addition of 1 wt.% oxidized MWCNTs was recommended for
PVDFmembrane modification. However, the mechanical perfor-
mance for hybrid membranes was slightly reduced.

(2) Comparative studies indicated that the architecture and perfor-
mance of PVDF/oxidizedMWCNThybridmembranes outperform
remarkably those of PVDF/pristine MWCNT hybrid membranes
in the same content (1 wt.%), which can be ascribed to the
presence of hydrophilic oxygen-containing groups such as \OH,
\COOH etc.

The oxygen-containing functional groups on surface of inorganic
nanomaterials played a crucial role in the separation and permeability
improvement of polymer–inorganic hybrid membranes. In view of the
excellent performance of PVDF/MWCNT hybrid membranes, in combi-
nation with unique nature of MWCNTs such as the high specific surface
and easy functionalization, the functionalizedMWCNTsmight becomea
promisingmodifier for ultrafiltrationmembranes in future applications.

Nomenclature
UF ultrafiltration
PVDF polyvinylidene fluoride
3D three-dimensional
1D one-dimensional
CNTs carbon nanotubes
MWCNTs multi-walled carbon nanotubes
CA contact angle
BSA bovine serum albumin
SEM scanning electron microscopy
AFM atomic force microscopy
DMAC dimethylacetamide
PVP polyvinylpyrrolidone
FTIR Fourier transform infrared spectroscopy
TEM transmission electron microscopy
Ra mean surface roughness (nm)
F pure waterflux (L·m−2·h−1)
Q the volume of permeate pure water (L)
T the permeation time (h)
A the effective area of membrane (m2)
R the rejection rate to BSA (%)
CF concentration of feed (mg/L)
CP concentration of permeate (mg/L)
Pr membrane porosity (%)
w1 the weight of wet membrane (g)
w2 the weight of dry membrane (g)
dw the pure water density (g·cm−3)
dp the polymer density (g·cm−3)
r mean pore size
η viscosity of water (Pa s)
L membrane thickness (m)
ΔP working pressure (Pa)
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