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This study investigated the remarkable synergetic effect between two-dimensional graphene oxide (GO)
and one-dimensional oxidized carbon nanotubes (OMWCNTs) on permeation and anti-fouling perfor-
mance of polyvinylidene fluoride (PVDF) composite membranes. Stacking of individual GO is effectively
inhibited by introducing OMWCNTs. Long and tortuous OMWCNTs can bridge adjacent GO and inhibit
their aggregation, which makes the materials achieve their highest potential for improving the anti-
fouling performance of composite membranes. Ultraviolet–visible spectra and zeta potential study well
demonstrated that the dispersion of hybrid materials is better than that of either GO or OMWCNTs. The
morphology of different membranes demonstrated that modified membranes have bigger pore density,
which undoubtedly played a positive role in permeation flux. Compared with the pristine PVDF (781), the
hydrophilicity of membranes with the ratio of 1:9 (GO/OMWCNTs) showed a marked improvement
(52.51) in contact angle. With a GO/OMWCNTs ratio of 5:5, the pure water flux is enhanced by 251.73%
compared with pristine PVDF membranes, while improved by 103.54% and 85.68% for the PVDF/
OMWCNTs and PVDF/GO membranes, respectively. The membrane fouling mechanism was studied by
resistance-in-series model, and results indicated that membranes tended to be fouled by the cake layer.
Additionally, an atomic force microscope (AFM) analysis with a BSA-immobilized tip indicated low
adhesion force with the modified membranes, while the pristine PVDF membranes exhibited strong
adhesion to the probe, consistent with the fouling properties of the membranes. The newly-developed
modified membranes, especially the PVDF/GO/OMWCNTs membranes, demonstrated an impressive
prospect for the anti-irreversible fouling performance in dead end filtration experiments. And the pure
water flux recovery achieved 98.28% for membranes with the ratio of 5:5 (GO/OMWCNTs), which
contributing to the synergistic effect of the hybrid samples. As a result, the optimum ratio of GO/
OMWCNTs immobilizing membranes for ultrafiltration membrane application in terms of highest
permeability and lowest fouling was 5:5. Conspicuously, the ease of synthesis and the exceptional
permeability and anti-fouling performance render that the low-dimensional carbon nanomaterial
modification is an attractive way of designing future ultrafiltration membranes in both conventional
fields and new emerging areas.

& 2013 Elsevier B.V. All rights reserved.
w1. Introduction

Despite its high hydrophobicity, poly (vinylidene fluoride)
(PVDF) is still a popular membrane material due to its good
chemical resistance, thermal stability and mechanical properties
[1–3]. Nevertheless, PVDF membrane fouling results in substantial
ll rights reserved.

.

flux decline that necessitates frequent membrane cleaning and
replacement. Consequently, efficient application of membrane
technology in wastewater reclamation is significantly hampered
by the phenomenon of organic fouling as wastewater effluent
contains a considerable amount of organic substances. In recent
years, in order to further reduce the susceptibility of PVDF
membranes to biofouling or to enhance their anti-fouling
performance, various methods to increase their surface hydrophi-
licity have been described, such as coating [4], adsorption [5],
surface graft polymerization [6] and chemical modification of
pristine PVDF [7]. Besides, blending modification is another
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practical method without any pre-treatment or post-treatment
procedures [8].

In recent years, several authors have shown the successful
preparation of carbon nanotubes blended polymeric composite
membranes and they have mainly studied the effects of carbon
nanotubes on the performance of membranes [9,10]. In addition,
former reports (including our previous work), have simply inves-
tigated the effects of graphene derivatives on the performance of
composite membranes [11–13]. And results indicated that intro-
ducing low-dimensional carbon nanomaterials in the membrane
matrix can improve the hydrophilicity, water permeability and the
anti-fouling performance of polymer based nanocomposite mem-
branes. However, like carbon nanotubes the problem of dispersion
is strongly present for graphene derivatives as well due to strong
Vander Waals forces and inter-planer stacking [14–16]. Conse-
quently, the poor dispersion of carbon nanotubes and graphene in
polymeric matrices may limit the extent of realizing potential
improvements of composite membranes and the performance of
low-dimensional nanomaterials-based composite membranes is
hampered by the aggregation and stacking of either carbon
nanotubes or graphene. It is known that by bringing together
two nanofillers like carbon nanotubes and graphene derivatives
they form a co-supporting network of both fillers like a hybrid net
structure in which the platelet geometry shields the tube fillers
from fracture and damage during processing whilst still allowing
full dispersion of both during high-power sonication, thus causing
improved properties [17]. Hence, we can expect that integrating
one-dimensional oxidized carbon nanotubes (OMWCNTs) and
two-dimensional graphene oxide (GO) resulted in a strong syner-
gistic effect between the two materials, consequently leading to a
superior ultrafiltration membrane with higher anti-fouling perfor-
mance compared with the membranes modified by either GO or
OMWCNTs. Furthermore, as is known in the art, the synergetic
effect of OMWCNTs and GO on the membrane�foulant adhesion
forces and membrane-fouling behavior as well as on the anti-
fouling mechanism of PVDF ultrafiltration membranes has not yet
to be systematically studied. And it is an open question to
completely understand the synergistic effect brought about by
the nanomaterial mixture of different ratios.

Based on these considerations and the body of previous
research, the objective of this work is to synthesize composite
membranes of different nanofiller ratios using a non-solvent
induced phase separation method and determine the synergistic
effects on the fouling control and anti-fouling mechanism of two
highly-potent nanomaterials in the matrix. These results offer a
novel yet simple and effective way of designing composite ultra-
filtration membranes with extraordinary performance by incor-
porating two different low-dimensional carbon nanomaterials
neither one of which alone might be essentially perfect for the
required applications.
ww

2. Experimental

2.1. Materials

The PVDF (FR904) was purchased from Shanghai 3F New
Materials Co. Ltd. China. N, N-dimethylacetamide (DMAc, 499.5%,
reagent) and polyvinyl pyrrolidone (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. The purity of received MWCNTs is
95%. Oxidized carbon nanotubes (OMWCNTs) were synthesized by
the previous reports [18]. Graphite oxide powders were prepared by
improved Hummers' method [19]. Then the powders were
suspended in pure water (1 mg/ml) and sonicated for 2.5 h to
generate a graphene oxide (GO) suspension. Subsequently, the
aqueous GO suspension was frozen into an ice cube in a refrigerator
(258.15 K) for 8 h and then was freeze-dried using a FD-1A-50
lyophilizer (Boyikang Co. Ltd., China) with a condenser temperature
of 223.15 K at an inside pressure of less than 20 Pa. After 48 h
lyophilization and 48 h vacuum drying (318.15 K) process, low-
density, loosely packed GO powder was finally obtained.
m
.cn

2.2. Preparation of membranes

All the membranes were prepared by the classical phase
inversion method using PVDF and PVP as the solute materials,
DMAc as the solvent, low-dimensional carbon materials as the
additive, and distilled water at room temperature as the nonsol-
vent coagulation bath. The different ratios of GO and OMWCNTs
mixtures with a total of 1 wt% (mass of low-dimensional carbon
materials/mass of polymer) were first imported into DMAc sol-
vent, and then the solution was sonicated for 30 min (40 kHz)
before the addition of PVP (1 g) and PVDF (15 g) powders. Casting
solution was then mechanically stirred at 323.15 K for at least 24 h.
After fully degassing, the casting solution was spread onto clean
glass plates with 200 μm gap and then immersed into coagulation
bath (distilled water) for 30 min. After peeling off from the glass
plates, the resultant membranes were rinsed in distilled water
before ultrafiltration tests.
m
.c2.3. Characterization of low-dimensional carbon nanomaterials

Ultraviolet–visible (UV–vis) absorption spectra of GO,
OMWCNTs and GO/OMWCNTs were recorded with a UV-1800
spectrophotometer. Zeta potential analyses were performed using
a Delsa Nano instrument and all data were measured over five
times. All the samples were dispersed by ultrasonic agitation in
DMAc solution at 298.15 K for 1 h before tests.
2.4. Characterization of membranes

2.4.1. Structure and functionality
The existence of OMWCNTs and GO in ultrafiltration mem-

branes was characterized by Fourier-Transform Infrared spectro-
scopy (FTIR). To determine the stability of the hydrophilicity of
membranes, the membranes were stirred in frequently changed
pure water for 3 weeks and then dried in air. The contact angle
(CA) change with the drop age of membranes was recorded by a
water contact angle system (JC2000D2). Five different points of
every sample were measured and the CA was the average of these
measurements.

Permeation flux of the membranes was measured by ultrafil-
tration experimental equipments. The sample membranes were
immersed in pure water before measurement. The measuring
protocol was depicted as follows: for the first 30 min, the mem-
branes were compacted at 0.1 MPa to get a steady flux; then the
flux was recorded at 0.1 MPa every 5 min, and at least 5 readings
were collected to obtain an average value. The permeation flux
was defined using the following Eq. (1):

J ¼ Q
AT

ð1Þ

where J was permeation flux of membranes for pure water
(L m�2 h�1), Q was volume of permeate pure water (L), A was
effective area of membranes (m2) and T was the permeation
time (h).
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2.4.2. Interaction force between membrane surface and AFM tip
Interaction forces between the membrane surface and a bovine

serum albumin (BSA)-immobilized tip were measured by an atomic
force microscope (CSPM5500). The AFM tip was modified according
to the procedure described elsewhere [20]. A Si3N4 cantilever was
treated with oxygen plasma (150W, 60 s) and then chemically
modified with 10 mM 3-aminopropyltriethox-ysilane toluene solu-
tion for 2 h at room temperature. This amine-terminated AFM tip
was further reacted with glutaraldehyde (50% in H2O) for 30 min,
which was followed by reaction with the BSA in phosphate buffer
solution (PBS, PH¼7.4) for 40 min. Then, the tip was washed with
PBS and subsequently stored in PBS.

As the membrane surface approached the BSA-immobilized
AFM tip, an interaction was generated between the tip and the
membrane surface, inducing a cantilever deflection. By multi-
plying the spring constant of the cantilever by the deflected
distance (change in photodiode signals), the intermolecular force
between BSA-immobilized AFM tip and membrane surface could
be calculated. The force could be detected in the same manner
when the surface was retracted. A force–extension curve then
could be constructed from these measurements. We used a spring
constant of 0.2 N m�1, supplied by the manufacturer. A speed of
0.1 μm s�1 was applied to obtain the force–extension curves
during approach and retraction of the membrane surface from
the BSA-immobilized tip. All experiments were carried out in PBS
at room temperature. Approximately 50 approach/retract cycles
were performed for each membrane surface collected from at least
five positions on the sample.

2.4.3. Fouling mechanism of membranes
In the dead-end filtration, flux decline can be caused by several

factors, such as adsorption between membrane and solutions, cake
or gel formation, concentration polarization, and membrane
hydraulic resistance. Resistance-in-series model is particularly
applicable to the analysis of flux decline of BSA [21,22]. It was
described as follows:

J ¼ TMP
μRtot

ð2Þ

where J is the flux (L m�2 h�1); TMP is the transmembrane
pressure (0.1 MPa); μ is the viscosity of water at room temperature
(1.005�10�3 Pa s), and Rtot is the total filtration resistance.

The resistance-in-series model combines various resistances
that cause flux decline as follows:

Rtot ¼ Rm þ Rg þ Rc þ Ra ¼
TMP
μJ

ð3Þ

where Rm is the membrane hydraulic resistance, Rg is the cake
layer resistance, Rc is the concentration polarization resistance and
Ra is the adsorption resistance. And all the procedure as follows:

Rm ¼ TMP
μJmem

ð4Þ

Rg ¼ TMP
μJpore

�Rm�Ra ð5Þ

Ra ¼
TMP
μJirr

�Rm ð6Þ

First, the membrane hydraulic resistance Rm was calculated by
measuring the flux of pure water through a clean membrane
(Jmem). After this, the fermentation broth was filtrated and the
permeate flux (Jtot) was recorded during the whole process.
According to Eq. (3), Rtot could be calculated during this process.
Then the feed broth was replaced by pure water and the water flux
in this situation Jpore was recorded. Subsequently, the membrane
was flushed with pure water and cleaned by removing the gel
layer, and then the water flux Jirr was determined. Thus, all
membrane resistances can be quantified by Eqs. (2)–(6).
.co
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2.4.4. Anti-fouling performance of membranes
For the fouling resistance tests, pure water was first passed

through the membrane until the flux remained stable over at least
half an hour. The pure water flux, Jw (L m�2 h�1), was obtained
from the volume of the permeated water and then the cell was
emptied and refilled with the model protein solutions comprised
of 1 g l�1 BSA in PBS with a pH of 7.4, and the flux at each time
was recorded as Jp. After BSA ultrafiltration, the fouled unit and
membrane were cross-flow cleaned for 20 min with pure water at
60 min and 120 min and then refilled with pure water as a feed to
determine fouling, after which water fluxes with the cleaned
membranes, Jw,60 (at 60 min) and Jw,120 (at 120 min), were mea-
sured again. In order to evaluate the fouling-resistant ability of the
modified membranes, the flux recovery ratio (FRR) was calculated
using the following expression:

FRR¼ Jw;60 or Jw;120

JW
100% ð7Þ

To analyze the fouling process in detail, several equations were
used to describe the fouling resistance of membranes. The total
flux decline ratio (DRt), reversible flux decline ratio (DRr), and
irreversible flux decline ratio (DRir) were defined and calculated as
follows:

DRt ¼ 1� Jp
Jw

� �
100% ð8Þ

DRr ¼
Jw;60 or Jw;120�Jp

Jw

� �
100% ð9Þ

DRir ¼
Jw�Jw;60 or Jw;120

Jw

� �
100% ð10Þ

Obviously, DRt is the sum of DRr and DRir.
3. Results and discussion

3.1. UV–vis spectra and zeta potential of OMWCNTs, GO and
OWMCNTs/GO

UV–vis spectra have been used for the characterization of the
stabilization and dispersion of carbon nanomaterial suspension
[23,24]. Fig. 1 presents the UV–vis spectra of GO suspensions,
OMWCNTs suspensions and the mixture suspensions of GO and
OMWCNTs. The peak in the UV–vis spectrum of GO in the region of
227–231 nm determines the degree of remaining conjugation
(π–πn transition) [16,19]. The shoulder around 300 nm can be
ascribed to the n–πn transition of carbonyl groups [19]. While
almost no structural peaks can be observed in the case of
OMWCNTs as shown in Fig. 1(b), which is in good agreement with
the results of previous reports [25]. However, another absorption
peak at 205 nm in Fig. 1(c), beside the pristine GO dispersion peak,
can be seen in the mixture indicating π–π attractions between the
surface of the OMWCNTs and the basal planes of GO, which further
strengthened the hypothesis that the π-conjugated aromatic
domains of the GO have interacted with the surface of the
OMWCNTs [26]. The UV–vis results demonstrate that the suspen-
sion of OMWCNTs can be effectively stabilized using GO sheets.
The ionization of oxygen groups typically leads to a high stability
of GO aqueous dispersion. Considering the case of GO platelets,
which are flexible in nature unlike hard disks, the interparticle
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wwinteraction is completely based on the charge stabilization and
double layer extension [27].

To better illustrate this point, zeta potential study was carried
out on GO, OMWCNTs and the hybrid materials (GO/OMWCNTs).
Zeta potential confers the degree of repulsion between charged
particles in dispersion. Therefore, a high zeta potential is an
indicator that the dispersion resists aggregation and consequently
remains stable. Analysis of the zeta potential for the materials is
shown in Fig. 2. The GO and OMWCNTs possessed zeta potential of
�12.8271.10 mV and �2.8370.83 mV, respectively, which is
consistent with previous results [26,28]. However, in the case of
the hybrid materials, the zeta potential becomes significantly more
negative (�37.5572.3 mV), suggesting the higher stability of
mixed solution. Based on all the facts, it is concluded that the
dispersion of hybrid materials is better than that of GO or
OMWCNTs, causing the carbon nanomaterials fully express their
potential either on the membrane surface or in the polymer
matrix. It undoubtedly played a positive role in promoting mem-
brane permeability and anti-fouling performance.

3.2. FTIR of membranes

The introduction of –COOH bonds in oxidized low-dimensional
carbon nanomaterial blended PVDF membranes was confirmed by
FTIR (Fig. 3), which is the main factor to improve the membrane
hydrophilicity [29]. In comparison with the spectrum of pristine
PVDF, the spectra of modified membranes show one new band at
1680 (–COOH). The same behavior has been observed by addition
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of the OMWCNTs to the polymeric membranes [30,31]. The above
results clearly demonstrated that blending the hydrophilic materi-
als to the PVDF matrix could incorporate –COOH groups in the
www.sp
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Fig. 4. (a) Surface and (b) cross-section views of (A) pristine membranes, (B)
modified membranes and thus improve the hydrophilicity of the
PVDF membranes, which has the beneficial effects for the anti-
fouling performances [32].
.co
m

.cn

0:10 (GO/OMWCNTs), (C) 10:0, (D) 1:9, (E) 9:1 and (F) 5:5 membranes.
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3.3. Morphologies, hydrophilicity and permeability of membranes

3.3.1. Morphologies of membranes
Fig. 4 shows the SEM images of surface and cross-section (from

left to right) views of the membranes. It can be seen that the
introduction of carbon nanomaterials in the membranes obviously
influences the pore structure. Compared with the pristine PVDF
membranes, all the modified membrane surfaces exhibited denser
porous structure caused by the demixing of nanomaterials during
the phase inversion process [33]. Furthermore, the PVDF/GO/
OMWCNTs membranes had a considerable increase of small pores
and an evident improvement in surface pore density compared
with PVDF/OMWCNTs or PVDF/GO membranes which could be
viewed intuitively from the SEM images. In addition, the 5:5 (GO/
OMWCNTs) membranes have the biggest pore density which is
good for the permeation of membranes [34]. It can be explained as
follows: during phase inversion process, the better hydrophilicity
of 5:5 membranes would help the diffusion of DMAc from polymer
matrix into water, and thus facilitate the formation of bigger pore
density [35]. With respect to cross-section structure, the pristine
membranes presented a typical asymmetric structure consisting of
a thin dense top-layer and a porous finger-like sub-layer. However,
the modified membranes exhibited a strong change in the sub-
layer morphology. For the PVDF/OMWCNTs or PVDF/GO mem-
branes, it seemed that the finger-like microvoids turned to be
elongated across the thickness, and became wider close to the
back side of membranes. And for the PVDF/GO/OMWCNTs mem-
branes, it was found that the bottom surface of the finger-like
macrovoids increased, and became wider with strong separation
of the dense top-layer. The homogeneous dispersion of GO and
OMWCNTS in the casting solution (Fig. 2) may be expected to
increase the affinity between the casting solution and precipitant,
enhancing solvent–nonsolvent exchange and creating the condi-
tions for instantaneous demixing and associated macrovoids
formation [36]. Large macrovoids in the substructure typically
can result in increased permeability [37]. Besides, comparing the
upper side of the finger-like cavities in Fig. 4, the 5:5 (GO/
OMWCNTs) membranes appeared larger and sparser in contrast
with other membranes, which undoubtedly benefited the water
permeability (Fig. 6) and diminished the membrane fouling
resistance (Fig. 9) [34].
 s
www.3.3.2. Contact angle of membranes
Contact angle measurements were widely used for the char-

acterization of the hydrophilicity of membrane surfaces. And
hydrophilicity is one of the most important properties of mem-
branes, which could influence the flux and antifouling ability of
membranes [29,38]. The pristine PVDF membranes have the
highest initial contact angle of 781 from Fig. 5. Owing to the
hydration effect between its carboxyl groups and water [39], after
incorporation of hydrophilic low-dimensional carbon nanomater-
ials, the initial contact angles of modified membranes were all
decreased. Furthermore, difference in the decaying rate of pristine
membranes and modified membranes shows obviously enhanced
water diffusing in 150 s determination, implying the better water
affinity and improved hydrophilicity for modified membranes.
Additionally, hydrophilicity increments of all PVDF/GO/OMWCNTs
membranes are higher than those of PVDF/OMWCNTs or PVDF/GO
membranes. Two factors were proposed to explain the synergetic
effects of the mixture of GO and OMWCNTs: (I) flexible OMWCNTs
can construct GO to form 3-D hybrid structure, which inhibits
face to face aggregation of multi-graphene platelets. This results in
a high contact area between the GO/OMWCNTs structures and
the polymer matrix and (II) the better dispersion of hybrid
materials making the oxygen-containing functional groups on
the membrane surface play their role effectively [40]. As a result,
the increased hydrophilicity will play a positive role in promoting
membrane permeability and anti-fouling performance [36], which
is discussed in detail in later part.
3.3.3. Pure water flux of wet and dry membranes
Flux measurements are a convenient method for obtaining

information about the permeation performance of membranes.
The pure water flux of different membranes is presented in Fig. 6.
Compared with that of pristine PVDF membranes (116.5 L
m�2 h�1), the pure water flux of modified membranes was
enhanced by 103.54% (GO/OMWCNTs¼0:10), 85.68% (10:0),
224.94% (1:9), 207.09% (9:1) and 251.73% (5:5), respectively, which
proved the fact that the oxidized low-dimensional carbon nano-
materials/PVDF membranes were successfully endowed with vital
performance of permeation. In general, the pure water flux
increases significantly as a consequence of hydrophilicty enhance-
ment [39,41]. As we can see from Fig. 5, the fact is in agreement
with the observed sequence of contact angle. Additionally, the
improved percentage of pure water flux of PVDF/GO/OMWCNTs
membranes is obviously higher than that of PVDF/OMWCNTs or
PVDF/GO membranes, which results from the homogeneous dis-
persions of hybrid materials (Fig. 2). Considering the results in
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Figs. 4 and 5, the improved water permeability of modified
membranes might be due to various factors. Firstly, the modified
membranes were all endowed with advantageous porous surface
and favorable cross-section structure (Fig. 4), which definitely
played a positive role in promoting membrane permeability [42].
Secondly, the addition of carbon nanomaterials resulted in the
increase of membrane hydrophilicity (Fig. 5), which might also act
favorably in promoting the water permeability.

Furthermore, we can see that the dried modified membranes
still exhibit excellent permeability due to its spontaneous wett-
ability, while the water flux of the dried pristine PVDF membranes
dramatically decreases to 52 L m�2 h�1, only 44% of that of wet
PVDF membranes. Moreover, it is clear that the declined percen-
tage of PVDF/OMWCNTs or PVDF/GO membranes is higher than
that of PVDF/GO/OMWCNTs membranes. As a result, the incorpora-
tion of low-dimensional carbon materials provide the membranes
with dry storage capability without sacrificing the permeability,
which is favorable for keeping the membrane bacteria proof and
for transportation.

3.4. Anti-fouling performance and mechanisms

3.4.1. Fouling mechanisms of membranes
The fouling mechanism of membranes provides a good under-

standing on the membrane capacity, defined as permeate volume
per membrane area which can be processed until the flux declines
to a certain fraction of the initial flux, or until the formed cake
starts to increase the filtration resistance dramatically. It is well
known that membrane fouling can be influenced by hydrodynamic
conditions, such as permeation drag and back transport, and
chemical interaction between foulants and membranes [43,44].
Since all the membranes were tested at the same hydrodynamic
condition, the different fouling behaviors could be attributed to
surface properties of the membranes which were changed by
nanofiller entrapment. Based on the resistance-in-series model
[22], the total resistance (Rtot) is the sum of the hydraulic
resistance (Rm), cake layer resistance (Rg), concentration polariza-
tion resistance (Rc) and adsorption resistance (Ra) into membrane
pores and walls. As apparent from Fig. 7(a), the Rg value ranging
between 8.94�107 m�1 for pristine PVDF membranes and
0.69�107 m�1 for modified membranes with the ratio of 5:5
(GO/OMWCNTs) is much higher than the Rm, Ra and Rc value. The
www.
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results suggest that the main fouling mechanism for all mem-
branes was the cake layer formation. In addition, the Rg value of all
modified membranes is lower than that of pristine PVDF mem-
branes, which suggests that introducing the low-dimensional
carbon nanofillers may decrease the adhesion or the adsorption
of BSA on the membrane surface [44].

On the other hand, this is further supported by the Rg/Rtot ratio.
As we can see from Fig. 7(b), the ratio decreased from 53.63% of
the pristine PVDF to 17.6% of the modified membranes with the
ratio of 5:5 (GO/OMWCNTs), which was attributable to the reduc-
tion in hydrophobic interaction between the membranes and
BSA. The modified membranes can be more hydrophilic than the
pristine PVDF membranes due to the higher affinity of carbon
nanomaterials to water. Therefore, hydrophobic adsorption
between BSA and modified membranes was reduced. And the
adhesion effect is described in more detail below.

3.4.2. Interaction force between membrane surface and BSA-
immobilized tip

Because fouling of the membranes originates from the accu-
mulation of foulant on the membranes, the anti-fouling perfor-
mance of the membranes is dominated by interaction between the
foulant and the membrane surface. Adhesion force measurements
by AFM are presented to support the antifouling mechanism of the
membranes. And previous results demonstrated by others also
have shown that the magnitude of the adhesion force correlates
well with the fouling propensity of membranes and surfaces in the
presence of organic foulants [45–49]. The influences of OMWCNTs,
GO and GO/OMWCNTs on the corresponding intermolecular adhe-
sion are presented in Fig. 8. Results suggest that the adhesion force
between the model foulant (BSA) and the modified membranes
should be weak, while between BSA and pristine PVDF mem-
branes is strong. It will lead to an increase in the intermolecular
adhesion between BSA molecules and, consequently, to a thicker
and more compact fouling layer on the membrane surface.
n detail, no measurements of adhesion force were made in excess
of 1 nN of the modified membranes, while it is close to 2 nN for
the pristine PVDF membranes. Furthermore, the decreased adhe-
sion force of PVDF/GO/OMWCNTs membranes relative to the
OMWCNTs-only or GO-only membranes is quite evident. It was
in striking agreement with the fouling rate determined from
fouling experiments (Fig. 7). Elimelech [50] has proved that the
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significant adhesion force measured with BSA indicated the for-
mation of a crossed-linked BSA gel layer during fouling through
intermolecular bridging among BSA molecules, leading to more
flux decline (Fig. 6). The agreement between the magnitude of
interfacial forces and the observed rates of membrane fouling
implies that interfacial force measurements between a BSA-
immobilized tip and the membranes are directly related to the
fouling potential of membranes. It also suggests that elimination of
membrane–foulant adhesion is the key factor in controlling
membrane organic fouling [51].
 .
www3.4.3. Anti-fouling performance and mechanisms of membranes
To investigate the filtration performance, the dead end filtration

experiments were conducted. The effect of low-dimensional carbon
materials on the BSA flux and the pure water flux (before and after
BSA filtration) is shown in Fig. 9. The optimum parameter for
comparing the anti-fouling characteristics of prepared membranes
could be FRR. The value of the FRR for pristine PVDF membranes
was calculated to be 34.64% and 13.68% at 60 min and 120 min,
respectively, indicating that serious membrane fouling occurred due
to BSA adsorption, which is consistent with the AFM characteriza-
tion. The main reason of the fouling is trapping and aggregation of
the foulants in the membrane pores and “valleys” of the surface to
form the thick fouling layer [52] (Fig. 10(a)) which do not con-
siderably detach from membrane surface by cleaning process. All of
the modified membranes showed the higher FRR compared with
the pristine PVDF membranes and the FRR of the membranes with
the ratio of 5:5(GO/OMWCNTs) even amount to 98.28%. It is
deduced from the fact that the modified membranes are well
tailored by nanomaterials and they enhanced the hydrophilicity
(Fig. 5) of all modified membranes and thus improved the anti-
fouling performance remarkably [53].
mWe have known that the irreversible fouling dominates the
total fouling because the DRir describes the fouling caused by
adsorption or deposition of protein molecules on the membrane
surface [29]. As we can see from Fig. 9, it is obvious that the
pristine PVDF membranes had highest DRir (70.36%, about 82.23%
of total fouling) due to the lower surface hydrophilicity [54].
Therefore, hydrophobic adsorption between BSA and pristine
PVDF membranes was strong [55]. And all PVDF/GO/OMWCNTs
composite membranes exhibit lower DRir than PVDF/OMWCNTs or
PVDF/GO membranes. The order of anti-fouling performance is in
agreement with the variation characteristics of the pure water
flux, intermolecular adhesion force and the structure of the cake
layer as shown in Figs. 6, 8 and 10. It seems that, the higher the
adhesion force of the membrane� foulant, the more compact the
corresponding structure's cake layer and the lower pure water flux
and anti-fouling performance. On the contrary, a lower adhesion
force of membrane�foulant will result in a looser cake layer and a
higher pure water flux and anti-fouling performance. Results
revealed that the membrane� foulant adhesion force should be a
good indicator of pure water flux and cake layer structure of the
membranes. Additionally, some reasons can explain the synergetic
effects of the mixture of GO and OMWCNTs. The long and tortuous
OMWCNTs can construct hierarchical GO/OMWCNTs architecture
to inhibit the stacking of GO resulting in good dispersion of GO/
OMWCNTs on the membrane surface and in the PVDF matrix.
Hence, the improved anti-fouling performance is mainly because
the GO/OMWCNTs enhanced the surface hydrophilicity, which
lowers its interaction with BSA [53]. And the GO/OMWCNTs
can bind a greater quantity of free water, which could prevent
the protein molecules from contacting with the membrane surface
tightly and reduce the protein adsorption [56]. Less protein
adsorption at the membrane surface makes it easier to be clea-
ned. Taking this factor into consideration, the incorporated
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GO/OMWCNTs improve the anti-fouling performance of mem-
branes considerably. Among all the modified membranes, the ratio
of 5:5 (GO/OMWCNTs) was deemed to be the optimum load,
despite a similar fouling rate observed for all GO/OMWCNTs loads,
as it possesses higher pure water flux and steady-state perme-
ability, and lower fouling rate, lower Rg as well as higher FRR value
compared with other tested modified membranes.
3.4.4. Adhesion between carbon nanomaterials and membranes
The effect of carbon nanomaterials should be determined not

only from the point of view of fouling mitigation and water
sustainability, but also from the potential stability determined
by whether the carbon nanomaterials are released to the
environment or not [57]. Because a principal method of cleaning
membranes in filtration facilities is periodic backwashing of the
membranes, the carbon nanomaterials must have a strong adhe-
sive force to the membrane, or they will be removed during
backwashing. Haiou Huang etc. [10] have investigated the adhe-
sion properties of the carbon nanotubes to membranes by back-
washing experiments. In our study, different membranes in the
syringe-driven filter were also flushed several times by the pure
water which was stored in a 20 ml syringe during the filtration run
at a roughly constant flow rate. And images of different mem-
branes before and after backwashing were shown in Fig. 11. It can
be clearly seen that the adhesive force was strong between the
carbon nanomaterials and the modified membranes as images
looked the same before and after backwashing. Additionally, in
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Fig. 11. (a) Before backwashing and (b) after backwashing images of (A) 0:10 (GO/OMWCNTs), (B) 10:0 and (C) 5:5 membranes.

Table 1
The contact angles of different membranes before and after backwashing.

Membranes (GO/OMWCNTs) Contact angle (1)

Before backwashing After backwashing

0:10 59.870.3 59.670.5
10:0 62.570.2 62.870.4
5:5 55.070.5 55.270.2

J. Zhang et al. / Journal of Membrane Science 448 (2013) 81–9290
wwworder to verify the results exactly, the contact angles of mem-
branes before and after backwashing were also measured and the
results were indicated in Table 1. It demonstrated that there was
no change in the measured contact angles of all membranes,
which was well consistent with the backwashing images (Fig. 11).
As a whole, both the backwashing experiments and measured
contact angle results illustrated that the membranes modified by
carbon nanomaterials are very hopeful for the water treatment
system. Besides that, more experimental studies are still required
to investigate in order to bring a new insight into a wider
application of carbon nanomaterials-based membranes in practical
industry.
4. Conclusions

In conclusion, we have demonstrated the feasibility of design-
ing a new generation of composite ultrafiltration membranes for
investigating fouling control and anti-fouling mechanism based on
m

the synergistic behavior of GO/OMWCNTs nanofiller. Major find-
ings from this study are as follows:
(1)
 UV–vis spectra and zeta potential validated that the mixture of
GO/OMWCNTs showed better dispersion than either of that,
which was beneficial to the permeability and anti-fouling
performance of membranes.
(2)
 The pure water flux of membranes with the ratio of 0:10 (GO/
OMWCNTs), 10:0, 1:9, 9:1 and 5:5 was increased by 103.54%,
85.68%, 224.94%, 207.09% and 251.73%, respectively, compared
with those of pristine PVDF membranes. The contact angle of
pristine PVDF membranes almost remains stable during the
drop aging (781–77.821), while it is remarkably decreasing for
PVDF/OMWCNTs membranes (62.81–58.51) and PVDF/GO
membranes(601–53.61), and the membranes with the ratio of
5:5 even amount to 37.51 at 150 s determination. Furthermore,
the improved pore density of modified membranes, as indi-
cated by SEM tests, probably made much contribution to the
enhancement of permeation performance.
(3)
 For the PVDF and modified membranes, cake formation is the
predominant fouling mechanism with a direct statistical
correlation between membrane total resistance (Rtot) and cake
resistance (Rg).
(4)
 Interaction force measurements between the membranes and
an AFM BSA-immobilized tip provided valuable information
about the antifouling mechanisms of the membranes. And the
force measurements suggest that the anti-fouling performance
of the modified membranes is attributable to the affinity of
oxidized low-dimensional carbon nanomaterials with water,
creating an energetic barrier to the adsorption of BSA.
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(5)
 The membranes entrapped by low-dimensional carbon nano-
materials showed lower flux decline compared with pristine
PVDF membranes, and the FRR of membranes with the ratio of
(GO/OMWCNTs) 5:5 even achieved 98.5%, indicating a better
synergetic effect of OMWCNTs and GO. It is also concluded that
the increase of BSA in the fouling layer of pristine PVDF
membranes would have a negative effect on the anti-fouling
performance.
Overall, it can be concluded that minimizing the stacking effect
and aggregation of low-dimensional carbon nanomaterials are the
most important issue to resolve on account of the potential
application for carbon nanomaterial-based composite membranes.
Consequently, combining OMWCNTs and GO will become a very
important concept for improving performance of PVDF composite
membranes.
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Nomenclature

A effective area of membranes (m2)
AFM atomic force microscope
BSA bovine serum albumin
CA contact angle (1)
DMAc N, N-dimethylacetamide
DRir irreversible flux decline ratio
DRr reversible flux decline ratio
DRt total flux decline ratio
FRR flux recovery ratio
FTIR Fourier-Transform Infrared spectroscopy
GO graphene oxide
J pure water flux (L m�2 h�1)
Jirr pure water flux after cleaning membranes

(L m�2 h�1)
Jmem pure water flux through a clean membrane

(L m�2 h�1)
Jp BSA flux (L m�2 h�1)
Jpore pure water flux after BSA permeation (L m�2 h�1)
Jtot permeate flux of BSA after pure water flux (L m�2

h�1)
Jw,120 after-washing pure water flux at 120 min (L m�2 h�1)
Jw,60 after-washing pure water flux at 60 min (L m�2 h�1)
Jw initial pure water flux (L m�2 h�1)
OMWCNTs oxidized carbon nanotubes
PBS phosphate buffer solution
PVDF polyvinylidene fluoride
PVP polyvinyl pyrrolidone
Ra adsorption resistance
Rc concentration polarization resistance
Rg cake layer resistance
Rm hydraulic resistance
Rtot total filtration resistance
SEM scanning electron microscopy
T permeation time (h)
TMP transmembrane pressure (Mpa)
UV–vis ultraviolet–visible
μ viscosity of pure water (Pa s)
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