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a b s t r a c t

Polyvinylidene fluoride (PVDF)/graphite oxide (GO) and PVDF/multi-walled carbon nanotubes (MWCNTs)
ultrafiltration membranes were prepared by solution-blending the ternary mixture of PVDF/carbon mate-
rials/dimethylacetamide in combination of the phase inversion method. It was indicated that the blend
membranes exhibit better pore structure and higher surface roughness than the pristine ones, and
PVDF/GO blend membranes contributed bigger pores but lower surface roughness than PVDF/MWCNTs
blend membranes. For PVDF/MWCNTs and PVDF/GO blend membranes, 114% and 74% improvement of
pure water permeation flux was achieved, respectively. The hydrophilicity was increased significantly
and the bovine serum albumin rejection of PVDF/MWCNTs and PVDF/GO blend membranes was
enhanced about 31.8% and 28.7%, respectively, compared with those of the pure PVDF membranes.
Hence, it can be expected that graphitic carbon materials open up a new pathway for improving the per-
formance of blend membranes and the ultrafiltration membranes modified by graphitic carbon materials
have a promising application prospect.
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1. Introduction

The preparation of organic–inorganic composite membranes
[1–4] has been a point of considerable interest over the last dec-
ades. And the presence of finely dispersed inorganic particles in a
polymer matrix has proven very useful in the improvement of
membrane performance for separation processes, especially in
the waste water treatment field, including oil–water [5–7] and
protein effluent separation [8,9]. The hydrophilicity of membranes
and their porous structure play important roles in membrane-sep-
aration processes. An appropriate porous membrane must have
high permeability, good hydrophilicity, and excellent chemical
resistance to the feed streams. In order to obtain high permeability,
membranes should have high surface porosity and good pore
structure. Polyvinylidene fluoride (PVDF) is a common ultrafiltra-
tion, microfiltration and pervaporation membrane material be-
cause of its excellent chemical resistance and thermal stability.
However, its super hydrophobicity limits its applications in mem-
brane separation process. Many studies have attempted to change
the membrane porous structure and enhance the hydrophilicity of
PVDF membranes by adding inorganic particles such as Al2O3

[10,11], SiO2 [12,13], TiO2 [14–16], ZrO2 [17], Fe3O4 [18] and LiClO4
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[19]. It has been demonstrated that the addition of inorganic filler
has led to an increase in the membrane permeability and an effec-
tive domination of membrane surface architecture [10–19]. But
there were no oxygen-containing functional groups on the surface
of inorganic materials that are mainly used in previous studies. As
a result, the common feature of these modifications was the addi-
tion of a high proportion of inorganic materials, such as SiO2–PVDF
[13], ZrO2–PVDF [17], and LiClO4–PVDF [19] membranes with ra-
tios of inorganic particles to PVDF of 0.1, 1.0, and 0.128, respec-
tively. And the morphology and elasticity of PVDF blend
membranes were both significantly affected by the mass of inor-
ganic materials added. In this regard, it is of tremendous impor-
tance to search and identify the (inorganic) materials that not
only improve the hydrophilic character of membrane but also en-
hance the permeability of membrane by adding a small fraction.

Recently, the application of graphitic carbon materials for pre-
paring ultrafiltration membranes has attracted considerable atten-
tion. Multi-walled carbon nanotubes (MWCNTs) possess much
higher specific surface compared with the mainly used three-
dimensional materials in previous studies. MWCNTs are also one
of candidates to create a surface with a roughness at mirco/nano-
meter level owing to their rigid cylindrical nanostructures with a
diameter ranging from about 1 nm to dozens of nanometers and
length ranging from hundreds of nanometers to micrometers,
which could lead to the increase of efficient filtration area and
permeability of blend membranes. There are some studies on

http://dx.doi.org/10.1016/j.seppur.2012.10.012
mailto:xuzhiwei@tjpu.edu.cn
http://dx.doi.org/10.1016/j.seppur.2012.10.012
http://www.sciencedirect.com/science/journal/13835866
http://www.elsevier.com/locate/seppur


Y. Zhao et al. / Separation and Purification Technology 103 (2013) 78–83 79

m

MWCNTs/organic hybrid membranes [20–29], which have been
shown to have higher water fluxes and protein rejection rates com-
pared with pure membranes. Choi et al. [23] prepared MWCNT-
blended membranes via the phase inversion method. The addition
of MWCNTs alleviated the membrane fouling caused by natural
water. Gao et al. [29] found that the treated MWCNTs displayed
excellent compatibilities with the polymeric components of blend
membranes. Another potential candidate to effectively modify
polymeric materials is graphite [30]. It has an exceptionally high
strength and stiffness in combination with easy functionalization.
Nonetheless, graphite is chemically inert and can not be dissolved
in typical organic solvents. As an affinity of graphite, graphite oxide
(GO) with the carboxylic and hydroxy groups is suitable for prepar-
ing organic–inorganic blend ultrafiltration membranes. GO is a lay-
ered material containing oxygen functional groups on its basal
planes and edges. Because of the reactive surface sites and layered
structure of GO, it may provide potential nanoscale building blocks
for new materials for the synthesis of GO-containing nanocompos-
ites. It has been demonstrated that GO nanocomposites exhibit
high mechanical strength combined with exciting physical proper-
ties [31–34]. Therefore, it is expected that MWCNTs and GO would
improve the hydrophilicity and permeability of PVDF membranes.
However, the influence of these graphitic carbon materials on the
microstructure and performance of PVDF membranes has not been
reported.

In the present study, PVDF blend ultrafiltration membranes
were prepared by adding a small fraction of graphitic carbon mate-
rials with the phase inversion method. The objective of this work
was to systematically reveal the morphology, hydrophilicity and
permeability of the PVDF/graphitic carbon material blend mem-
branes. Then a series of experiments, such as water contact angle
(CA), water flux, bovine serum albumin (BSA) rejection and poros-
ity measurements, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) analysis, were carried out for membrane
characterization.
 p
2. Experimental

2.1. Materials

PVDF (FR901) was purchased from Shanghai 3F New Materials
Co. Ltd., China. N,N-dimethylacetamide (DMAc, >99.5%, reagent)
was purchased from Tianjin Weichen Chemical Reagent Co. Ltd.,
China. MWCNTs (with diameters of 10–50 nm and length of 1–
30 lm) were obtained from Nanjing XF Nanomaterial Science
and Technology Co. Ltd., and were purified with sulphuric acid.
Graphite was purchased from the Qingdao Ruisheng Graphite Co.
Ltd., China. The other additive was polyvinyl pyrrolidone (PVP).
The distilled water was used as the nonsolvent for the polymer
precipitation.
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2.2. Preparation of GO

GO was prepared by the improved Hummers’ method [35]. A
9:1 mixture of concentrated H2SO4/H3PO4 (360:40 mL) was added
to a mixture of 3.0 g graphite flakes and 18.0 g KMnO4, producing a
slight exotherm to 35–40 �C. The reaction was then heated to 50 �C
and stirred for 12 h. The reactants were cooled to room tempera-
ture and poured onto ice (�400 mL). The mixture was centrifuged
and the supernatant was decanted away. The remaining solid
material (GO) was rinsed repeatedly in deionized water until the
pH of the solution reached approximately 7.0, and then it was
dried in a vacuum oven at 50 �C.
2.3. Membrane preparation

Cast solutions were prepared using following steps by the phase
inversion method, MWCNTs (1%, percentage of PVDF weight) were
dissolved into DMAc (78%, by weight of the solution) in an ultra-
sonic bath for at least 2 h, which facilitated the dispersion of the
MWCNTs. PVDF (19%, by weight of the solution) and PVP (3%, by
weight of the solution) were then added into the solution followed
by an 24 h stirring at 40 �C [10]. At the end of the mixing process all
the polymers were convincingly dissolved.

In this research, PVP was used to enhance the porosity of PVDF
membrane [36], and it might increase membrane hydrophilicity
due to the residue trapped in the membrane matrix [37]. Therefore,
to highlight the special contribution of graphitic carbon materials
in hydrophilicity and permeability, a pure membrane was fabri-
cated as a control by proper over-dosage of PVP (3% PVP, by weight
of the solution, determined after several tests).

For the membranes of PVDF/GO, the concentration of GO was
the same as that of MWCNTs in the casting solutions. The casting
solution of pure PVDF membrane was prepared by dissolving
19 g PVDF and 3 g PVP in 78 g DMAc. After releasing the bubbles
in vacuum oven, the homogeneous casting solution was spread
into liquid film on a glass plate with a steel knife, and then the
solution films were immediately immersed in a coagulation bath
of distilled water (25 �C). The formed membranes were peeled off
and subsequently washed with distilled water to remove residual
solvent. After being thoroughly dried, the membranes were used
as samples for characterization. The residual membranes were
kept in distilled water for filtration tests.

2.4. Characterization of membranes

The permeation flux and rejection of the membranes were mea-
sured by ultrafiltration 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 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.

J ¼ Q
A� T

ð1Þ

R ¼ 1� CP

CF

� �
� 100% ð2Þ

where J 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 concentra-
tions of BSA in the permeate and feed solution, respectively (wt%).

The membrane porosity e (%) was defined as the volume of
pores divided by the total volume of porous membrane. It could
usually be determined by gravimetric method, determining the
weight of liquid (here pure water) contained in the membrane
pores [38].

e ¼ ðw1 �w2Þ=dw

ðw1 �w2Þ=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
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content in the membrane matrix was small and dp was approximate
to dPVDF, namely 1.765 g cm�3).

The CA between water and the membrane surface was mea-
sured with a contact-angle measurement apparatus (JYSP-180
Contact Angle Analizer) according to the sessile-drop method.
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 measurement period. Each CA
was measured five times at five different points of each membrane
sample and an average value was calculated.

The surface and cross-sectional structures of the membranes
were examined by SEM (Quanta 200, Holland). Cross-sections were
prepared by fracturing the membranes at the temperature of liquid
nitrogen. All specimens were coated with a thin layer of gold be-
fore being observed using SEM. AFM (CSPM5500) was employed
to analyze the surface morphology and roughness of the mem-
branes. In the range of the scan areas 10 lm � 10 lm, roughness
parameters could also be obtained with the AFM analysis software,
and small squares of the prepared membranes (approximately
1 cm2) were cut and glued on the glass substrate before being
scanned (10 lm � 10 lm). Fourier-transform infrared spectros-
copy (FTIR) was used to identify functional groups on the surface
of MWCNTs and GO. The pore density and average pore size of
membranes were measured by professional image analysis
method.
3. Results and discussion

3.1. Characterization of MWCNTs and GO

A difference between FTIR spectra of MWCNTs and GO was
shown in Fig. 1. The peaks emerging at 1400, 1620, 1730, and
3100–3600 cm�1 were corresponded to C@C, C@O, COOH and
OAH bonds, and the results were in good agreement with the re-
sults of previous reports [39,40]. Fig. 1a shows the FTIR spectrum
of MWCNTs, and it was seen that the MWCNTs have less functional
groups than GO. The appearance of peaks at 1400, 1620 and
3440 cm�1 is attributed to C@O, C@C and OAH bond of MWCNTs
and GO, respectively. A new peak at 1730 cm�1 of GO indicates
the presence of carboxyl groups (Fig. 1b). The higher intensity of
band at 3100–3600 cm�1 for GO compared with MWCNTs was
due to the hydroxyl stretching vibration of the carboxylic group
(COOH). Generally, these oxygen-containing functional groups on
the MWCNTs and GO would be beneficial to the improvement of
membrane hydrophilicity. Meanwhile, the hydrophily of functional
groups improves the dispersibility of MWCNTs and GO in aqueous
solution.
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Fig. 1. FTIR spectra of MWCNT and GO.
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3.2. Microstructures of membranes

SEM and AFM analysis was performed to compare the morpho-
logical changes between pristine and blend membranes. Fig. 2
shows SEM micrographs of the surface, cross-section, and inner
structures of PVDF, PVDF/GO and PVDF/MWCNTs membranes.
Comparing the pristine and blend membranes, the minor variation
of membrane pores in number and size was observed, which was
also reflected by the pore density and average pore size shown in
Fig. 3. Obviously, the blend membranes displayed better surface
morphology than pristine membranes, and PVDF/GO blend mem-
branes have bigger pores but lower pore density than PVDF/
MWCNTs blend membranes (shown in Fig. 2b and c). The differ-
ence could be interpreted as follows. GO was a kind of hydrophilic
material because of the rich oxygen-containing functional groups.
During the membrane preparation process, the diffusion rate be-
tween gels (water) and solvent (DMAc) could be accelerated by
GO. The occurrence of phase separation process, which was good
for the generation of polymer-poor phase, was also facilitated by
the presence of GO in membrane preparation process. Therefore,
larger pore channels would form due to the rapid mass transforma-
tion. In contrast, the MWCNTs had weaker effects for this exchange
rate between solvent and non-solvent during the membrane for-
mation due to less oxygen-containing functional groups on the sur-
face compared with GO. However, the appearance of MWCNTs to
the surface of PVDF/MWCNTs membranes was obvious when the
surface photographs of prepared membranes were compared as
presented in Fig. 2c, which may be related to increase hydrophilic-
ity of membrane.

It can be seen that all of the membranes showed a typical asym-
metric porous structure with a skin layer and a finger-like porous
sublayer. The finger-like pores for all of the blended membranes
were much wider than those of the PVDF membrane (Fig. 2d–f).
These results indicated that the addition of graphitic carbon mate-
rials plays an important role in the membrane formation process
due to the surface properties of MWCNTs and GO such as surface
charge, surface functional groups and active site concentrations,
to such an extent as to modify the membrane microstructure.
The Fig. 2g–i shows the inner structures of membranes, and indi-
cates that carbon materials remained well dispersed in the PVDF
membranes. The pure PVDF and PVDF/MWCNTs blend membranes
had a sponge-like cross-section but also presented some differ-
ences in compact morphologies. Nevertheless, the formation of
sponge-like cross-section was suppressed by the addition of GO
into the membrane structure. GO with many types of hydrophilic
groups, increased the rapid mass transformation between the sol-
vent and non-solvent during the phase inversion, resulting in
forming the floppy inner cross-section. After the addition of
MWCNTs, the cross-section became a little denser. The SEM images
indicate that the addition of carbon materials greatly influenced
the membrane structures, thereby altering the pore density and
pore diameter of surface micropores.

Fig. 4 displays three-dimensional AFM images of the membrane
surfaces. The surface roughness of blend membranes was appar-
ently higher than that of prisitine membranes. There exists 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 of PVDF/carbon materials blend
membranes was higher than that of pure PVDF membrane, and
the roughness parameter (Ra) of PVDF/MWCNTs blend membranes
was largest (shown in Table 1). High roughness commonly led to
two changes in membranes: an increase of efficient filtration area
and a decrease of the anti-fouling performance, and then the en-
larged efficient filtration area increased the membrane flux directly
[10]. Besides, the accumulation of two carbon materials on the
membrane surface can increase the effective filtration area of
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Fig. 2. SEM micrographs of PVDF membranes: (a), (b) and (c) represented surface of PVDF, PVDF/GO and PVDF/MWCNTs membranes. (d), (e) and (f) represented cross-section
of PVDF, PVDF/GO and PVDF/MWCNTs membranes. (g), (h) and (i) represented inner porous structures of PVDF, PVDF/GO and PVDF/MWCNTs membranes.
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Fig. 3. Pores density and the average pore size of the membranes.
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membrane ultimately. Consequently, it could be anticipated that
the MWCNTs and GO have profound influences on the hydrophilic-
ity and permeation of PVDF membranes.
3.3. Contact angle, porosity and rejection values of membranes

The contact angle is an important parameter for measuring sur-
face hydrophilicity [41]. In general, a smaller contact angle corre-
sponds to a more hydrophilic material. The contact angle data of
three blend membranes were shown in Table 2. These results dem-
onstrated that adding carbon materials to PVDF could improve its
hydrophilicity. Table 2 shows the decrease in contact angle with
the addition of MWCNTs and GO, which might play a favorable role
in elevating the pure water flux of blend membranes. As it was
shown in Fig. 2c, the nanotubes can be seen on the membrane sur-
face, which may be related to the hydrophilicity increase of mem-
branes. And this led to the more decrease in contact angle of PVDF/
MWCNTs membrane than PVDF/GO membrane. In addition, as
could be seen from Table 2, the porosity of PVDF/carbon material
blend membranes was marginally higher than that of pure PVDF
membrane. Considering about BSA rejection ratio, the results were
also depicted in Table 2. The BSA rejection increased from 67.6% to
87.0% and 89.1% when the GO and MWCNTs were added,
respectively. Generally, CNTs have exhibited the capability for
the removal of albumin as a type of adsorbent [42]. Moreover,



Fig. 4. AFM three-dimensional surface images of membranes: (a) PVDF (b) PVDF/GO and (c) PVDF/MWCNTs.

Table 1
Surface parameters of blend membranes.

Membrane Surface area (lm2) Roughness

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

PVDF 104.45 31.8 40.2 357
PVDF/GO 107.75 40.3 52.2 383
PVDF/MWCNTs 110.68 71.7 91 698

Table 2
Membrane contact angle, porosity and rejection values.

Membrane Contact angle (�) Porosity (%) Rejection (%)

PVDF 80.6 ± 1.7 88.2 ± 1.0 67.6 ± 3.7
PVDF/GO 68.1 ± 2.3 88.8 ± 1.2 87.0 ± 2.3
PVDF/MWCNTs 53.4 ± 2.0 88.7 ± 0.5 89.1 ± 2.1
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the surface mean pore size of PVDF/GO membranes was strongly
increased, which might play a negative role in BSA rejection. There-
by, the MWCNTs endowed higher rejection for blend membranes
than GO.

3.4. Flux of membranes

The effect of carbon materials on the water flux of PVDF blend
membranes is shown in Fig. 5. The results indicated that carbon
materials led to the increase of the water permeation flux under
the feed pressure of 0.1 MPa. Under this pressure differential, the
water flux of PVDF/MWCNTs membranes reached a peak value of
620 L m�2 h�1 and increased approximately 114% compared with
the pure membrane. For PVDF/GO blend membranes, 74%
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improvement of pure water permeation flux was achieved. These
findings could be interpreted as that the blend membranes were
all endowed with advantageous porous surface and favorable inner
structure, which undoubtedly played a positive role in promoting
membrane permeability [43]. Furthermore, the addition of
MWCNTs and GO resulted in the increase of membrane surface
roughness and hydrophilicity (Tables 1 and 2), which might also
act favorably in promoting the water permeability. Thus,
PVDF/MWCNTs membranes with higher surface roughness and
hydrophilicity showed better water permeability compared with
PVDF/GO membranes.

3.5. Discussion

Owing to the exclusive structures and oxygen groups (such as
OAH and COOH, shown in Fig. 1) on the surface of GO and
MWCNTs, the blend membranes displayed better surface morphol-
ogy and performance than pristine ones. It is well known that
water permeation flux was strongly determined by the porosity,
surface roughness and pore size of membranes [43]. Judging from
Table 2, the porosity of PVDF/carbon materials blend membranes
was marginally higher than that of pure PVDF membrane. Further-
more, PVDF/GO membranes had bigger pores than the PVDF and
PVDF/MWCNTs membranes (Figs. 2 and 3). However, according
to Fig. 3 and Table 1, the pore density and surface roughness of
PVDF/MWCNTs blend membranes were higher than those of
PVDF/GO and PVDF membranes. Thus, these structural differences
bring about the difference in membrane water permeation flux.

In addition, the MWCNTs and GO with totally different geomet-
rical structures also provided an important prerequisite for evalu-
ating the effect of material dimensionality on PVDF membrane. As
a rigid cylindrical nano-material, one-dimensional MWCNTs with
high specific area were regularly collocated in PVDF membrane
and forms nodular structure, so the surface of membrane becomes
rougher after the addition of MWCNTs. During the phase inversion
process, one-dimensional MWCNTs were easy to migrate sponta-
neously to the membrane/water interface to reduce the interface
energy and increase surface hydrophilicity of membranes conse-
quently [23,44]. The migration of MWCNTs to the surface of blend
membranes was obvious when surface photographs of prepared
membranes were compared as presented in Fig. 2c, which led to
further increase in hydrophilicity and surface roughness of
PVDF/MWCNTs membranes. But the low specific area and big par-
ticle size of three-dimensional GO limit the migration of GO to the
membrane surface, resulting in the restricted hydrophilicity and
surface roughness of PVDF/GO membranes. For PVDF/GO blend
membranes (shown in Fig. 2h), the unconspicuous sponge-like
cross-section with floppy inner porous structures may be also
attributed to the big three-dimensional particle size and superflu-
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Table 3
Comparative results of blend membranes filled with �1 wt% different inorganic
materials.

Membranes Water flux
(L m�2 h�1)

Rejection
(%)

Contact
angle (�)

Reference

PVDF/Al2O3 60 96.31 67.87 [10]
PVDF/SiO2 190 90 78.5 [12]
PVDF/TiO2 180 90 70.5 [45]
PSF/MWCNTs 60 70 47.5 [29]
PVDF/MWCNTs 620 89.1 53.4 –
PVDF/GO 505 87.0 68.1 –

Y. Zhao et al. / Separation and Purification Technology 103 (2013) 78–83 83
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ous oxygen-containing functional groups of GO which increase the
rapid mass transformation between the solvent and non-solvent
during the phase inversion. It is demonstrated that MWCNTs with
higher specific surface area and moderate oxygen-containing func-
tional groups were more effective in the enhancement of mem-
brane hydrophilicity and permeation than GO. Furthermore,
compared with the proportion of inorganic fillers in previous liter-
ature, the content of MWCNTs and GO with oxygen-containing
functional groups in blend membranes was much lower. As could
be seen from Table 3, the PVDF/graphitic carbon material (1 wt%)
membranes put up a better performance than the PVDF blend
membranes with other inorganic fillers of equal content (1 wt%).

4. Conclusions

PVDF ultrafiltration membranes were synthesized using the
phase inversion process, and the effect of graphitic carbon materi-
als on performance of PVDF blend membranes has been investi-
gated. The investigation results were enumerated as below:

(1) The PVDF/graphitic carbon materials blend membranes
exhibit better pore structure and higher surface roughness
than pure PVDF membrane.

(2) Hydrophilicity of membranes was improved significantly,
and the CA of membranes decreased from 80.6� (pure PVDF)
to 53.4� (PVDF/MWCNTs) and 68.1� (PVDF/GO). BSA rejec-
tion of PVDF/MWCNTs and PVDF/GO blend membranes
was enhanced about 31.8% and 28.7% compared with that
of pure PVDF membranes, respectively.

(3) Pure water permeation flux of PVDF/MWCNTs and PVDF/GO
blend membranes has increased by 114% and 74%, respec-
tively, compared with that of pure PVDF membranes, which
was attributed to the high surface roughness as well as the
increase of the membrane’s porosity and hydrophilicity.

(4) Comparative studies indicated that PVDF/GO blend mem-
branes showed bigger pores but lower pore density and sur-
face roughness and hence performed worse in the
hydrophilicity, rejection and pure water permeation flux,
compared with PVDF/MWCNTs blend membranes.

It can be expected that graphitic carbon materials open up a
new opportunity to improve the performance of blend membranes.
And the ultrafiltration membranes modified by graphitic carbon
materials have a promising application prospect and also need fur-
ther investigation to obtain the outstanding performance of blend
membranes by surface functionalization, size design and content
optimization of graphitic carbon materials.
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