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A novel graphene oxide/TiO2-polyvinylidene fluoride (GO/TiO2-PVDF) hybrid ultrafiltration membrane
has been successfully developed via the phase inversion technique by supplementing with GO/TiO2

nanocomposites, in which the synergistic coupling of GO and TiO2 could result in improved photo-
catalytic activity and endow hybrid membranes with photocatalytic antifouling function. Compared with
PVDF membranes supplemented with TiO2 and GO, respectively, the GO/TiO2-PVDF membrane displayed
significantly improved photodegradation efficiency (improved about 50–70%) and superior photo-
degradation kinetics (1.0–1.5 times faster) toward bovine serum albumin (BSA). Moreover, flux perfor-
mance and flux recovery ratio of membranes revealed that the GO/TiO2-PVDF membrane could recover
high flux after fouling, which thus presented self-cleaning property under UV static irradiation. Besides,
the GO/TiO2-PVDF membrane showed a water flux up to 487.8 L m�2 h�1, more than 2 times that of the
pristine PVDF membrane, while keeping high BSA rejection (92.5%). Therefore, the GO/TiO2-PVDF
membrane would have good potential in water treatment due to its high-performance multifunctional
characters, i.e. separation, photocatalytic oxidation and self-cleaning, etc.

& 2016 Elsevier B.V. All rights reserved.
www.sp1. Introduction

Ultrafiltration technology has emerged as an effective approach
for applications in water and wastewater treatment fields in view
of its outstanding performance in the removal of various water
contaminants [1,2]. Despite these advances, membrane fouling,
which can cause reduction in separation performance and shorten
membrane life, remains a major obstacle in broadening its appli-
cations from an economic or technical point of view [3,4]. Poly-
meric membranes are the key component for ultrafiltration
membranes with regard to their low-cost, high efficiency and high
flexibility but their hydrophobic nature is prone to membrane
fouling [5–7]. Therefore, various strategies have been performed to
control/minimize membrane fouling including blending mod-
ification and surface modification [8–11].

Recent advances in polymer-blended modifications have been
directed toward the incorporation of inorganic nanomaterials with
casting solution to fabricate organic–inorganic hybrid membranes
due to their facile processability and stable performance [12].
Nanoparticles such as ZnO [13], SiO2 [14], Al2O3 [15,16], ZrO2

[17,18], TiO2 [19–21], TiSiO4 [22], Fe3O4 [23], Ag [24], zeolite [25],
attapulgite [26] and carbon nanotubes [61–63] are preferred to
modify polymeric membranes. Among them, TiO2 holds great
potential due to its innocuity, low-cost, photocatalytic and super-
hydrophilicity effects [27]. The role of TiO2 is to tailor the per-
meability, improve surface hydrophilicity, enhance contaminant
removal under ultraviolet (UV) light, and accentuate self-cleaning/
antifouling property of membranes [28–30]. However, the strong
aggregation tendency of TiO2 in polymer matrix due to the high
surface energy [31] and the low photocatalytic efficiency due to
the rapid charge recombination rate within TiO2 particles [32] are
main concerns that impede its feasible application in the ultra-
filtration technology. Hence, some approaches have been devoted
to address such problems, including metal or nonmetal doping
[33,34], coupling with other semiconductors [35], and combining
with carbon materials [36–40]. In particular, the combination of
TiO2 with graphene oxide (GO) or reduced graphene oxide (rGO) is
considered as a practical way to conquer the above-mentioned
problems due to their unique properties [41,42].

The emerging GO is another potential candidate for modifica-
tion of polymeric membranes [43,44]. Besides, with its large sur-
face area and high charge carrier mobility [45,46], GO is also an
ideal nanomaterial for attaching TiO2 and enhancing the
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photocatalytic efficiency of TiO2. The coupling of GO and TiO2 in
the synthesis of GO/TiO2 nanocomposites has been well-docu-
mented in literature reports [47,48] and the GO/TiO2 nano-
composites presents thus practical advantages: (i) The large sur-
face area and the abundant oxygen-containing functional groups
in GO make them as an extraordinary platform for anchoring TiO2

and establishing a longer, closer contact between TiO2 and the
contaminant, which may decrease the aggregation [49] and en-
hance the photocatalytic efficiency of GO/TiO2 nanocomposites
[50]; (ii) The electronic properties of GO can facilitate electron
transfer and reduce carrier recombination, eventually achieving an
improved photocatalytic efficiency of GO/TiO2 nanocomposites
[51].

To date, there have been a number of efforts toward the in-
troduction of GO/TiO2 nanocomposites on the surface of mem-
branes to endow membranes with desired characters [52–55].
However, due to the inherent limitations of membrane surface
modification, the release of particles from the membrane may still
raise problems during long filtration period [19]. Alternatively,
blending modification is an intriguing approach with an advantage
of easy preparation and effective anchoring of the particles on the
polymer matrixes. So far, the integration of GO/TiO2 nanocompo-
sites in the matrix to fabricate mixed matrix membranes is still in
its infancy. Vatanpour and his group focused on this topic and the
effects of rGO/TiO2 nanocomposites with different molar ratios on
the performance of polymer-based ultrafiltration/nanofiltration
membranes were investigated [49,56,57]. Kumar et al. used the
synthesized GO-TiO2 nanocomposites as a filler to fabricate novel
hybrid ultrafiltration membranes for humic acid removal [58].
However, no prior work regarding the photocatalytic property of
GO/TiO2–based membranes has been reported. Hence, regarding
the advantages of GO/TiO2 nanocomposites, by introducing GO/
TiO2 nanocomposites into membrane matrix to form hybrid
membranes, it is expected that the synergetic effects of GO and
TiO2 on photocatalytic efficiency can lead to a high-performance
photocatalytic antifouling membrane.

To this end, GO/TiO2 nanocomposites were firstly synthesized
by a facile hydrothermal method. Then GO/TiO2–polyvinylidene
fluoride (GO/TiO2-PVDF) hybrid ultrafiltration membranes were
developed from the blending solutions of PVDF and GO/TiO2 na-
nocomposites via solution casting and phase inversion method.
We have investigated not only the effect of GO/TiO2 nanocompo-
sites on membrane performance, morphology, and antifouling
properties but also the behavior of photocatalytic property based
on the photodegradation of bovine serum albumin and fouling
mitigation capacity under UV light irradiation, for the first time of
hybrid membranes to our knowledge. Membrane characterizations
were confirmed in terms of field emission scanning electron mi-
croscopy, X-ray photoelectron spectroscopy, atomic force micro-
scopy, water contact angle measurement, pure water flux, rejec-
tion and others.
 w

Table 1
Compositions of casting solution.

Membrane PVDF
(wt%)

PVP
(wt%)

Additives DMAc
(wt%)

Nanomaterials Amounts
(wt%)

PVDF 15 1 – – 84
GO-PVDF 15 1 GO 1 83
TiO2-PVDF 15 1 TiO2 1 83
GO/TiO2-PVDF 15 1 GO/TiO2 1 83
w2. Experimental

2.1. Materials

Graphite powder was purchased from Qingdao Ruisheng Gra-
phite Co., Ltd. Nano-sized TiO2 (P25, 50 nm) was purchased from
Aladdin Industrial Corporation. PVDF (FR-904) was purchased
from Shanghai 3F New Materials Co., Ltd and was dried at 80 °C for
12 h prior to use. Polyvinyl pyrrolidone (PVP) and N,N-dimethy-
lacetamide (DMAc) were the products of Tianjin Kermel Chemical
Co., Ltd. Bovine serum albumin (BSA, MW¼68,000) was obtained
from Beijing Biohao Biotechnology Co., Ltd. All other analytical
grade reagents, such as H2SO4, KMnO4, H2O2 and ethanol, were
m
.co
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supplied by Tianjin No. 3 Chemical Plant and used without further
purification.

2.2. Preparation of GO/TiO2 nanocomposites

Graphite oxide was synthesized via a modified Hummers'
method [59]. After the exfoliation by ultrasonicating 1.0 g L�1 of
graphite oxide aqueous dispersion for 2.5 h (100 W, 25 kHz), wa-
ter-soluble and individual GO was recovered by lyophilization.
More information on the details of GO synthesis can be found in
our previous works [60,61].

The GO/TiO2 nanocomposites were synthesized according to a
facile one-step hydrothermal method [62] with a slight mod-
ification. In brief, GO (1.5 mg) was dissolved in a mixed solution
containing 20 mL ethanol and 10 mL deionized water by ultra-
sonication for 1 h, and TiO2 (13.5 mg) was added to the above
mixture and stirred constantly for another 2 h to form homo-
geneous suspension. Next, the suspension was transferred into an
80 mL Teflon-lined stainless steel autoclave and reacted at 120 °C
for 3 h to deposit TiO2 on the carbon substrate. Afterwards, the
resultant product was recovered by centrifugation, rinsed with
deionized water and vacuum-dried at 60 °C for 24 h.

2.3. Preparation of GO/TiO2-PVDF hybrid ultrafiltration membranes

The preparation of PVDF hybrid ultrafiltration membranes via
solution casting and phase inversion method is based on previous
published papers [63–65] with some modification. Typically, a
predesigned recipe of GO/TiO2 nanocomposites, PVDF and PVP
(used as the porogen) was dissolved in DMAc under ultrasonica-
tion and agitation to form a homogeneous casting solution and the
mixture was further continuously stirred at 50 °C for 24 h. After
bubble removal, the solution was spread onto a glass plate and
horizontally transferred to a water coagulation bath at 30 °C for
48 h to remove the residual solvent. Upon complete coagulation,
the resultant membranes were soaked in deionized water prior to
further utilization. For comparison, GO-PVDF membranes, TiO2-
PVDF membranes and pristine PVDF membranes were prepared
with the same method as mentioned above following the recipes
in Table 1.

2.4. Characterization of GO/TiO2 nanocomposites

The morphology and microstructure of nanocomposites were
characterized by field emission scanning electron microscopy
(SEM, Hitachi S-4800), transmission electron microscopy (TEM,
TecnaiG2F20) and high-resolution TEM (HRTEM, TecnaiG2F20).
The crystal phase was determined by X-ray Diffraction (XRD,
Bruker D8 Discover) with Cu Kα radiation (1.54059 Å). The che-
mical composition was analyzed by X-ray photoelectron spectro-
scopy (XPS, PHI 5700) with Al Kα excitation radiation (1486.6 eV).

2.5. Characterization of GO/TiO2-PVDF hybrid ultrafiltration
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membranes

2.5.1. Characterization of membranes
The top surface and cross-section morphologies of membranes

were characterized by SEM after the samples were fractured in
liquid nitrogen and gold-sputtered. Energy dispersive X-ray (EDX)
spectroscopy being attached to SEM was performed to analyze the
element composition. The surface roughness of membranes was
investigated by atomic force microscope (AFM, CSPM5500) with a
non-contact mode. Roughness parameters such as root-mean-
square roughness (Rq), mean roughness (Ra) and maximum
roughness difference (Rz) were quantified from the topography
images of 10 mm�10 mm area. The surface hydrophilicity of
membranes was conducted by a contact angle goniometer
(JC2000D1, China). The membrane porosity ε (%) was calculated by
gravimetric method [56] and mean pore size rm (nm) was de-
termined using Guerout–Elford–Ferry equation [49,56] based on
the data of porosity and pure water flux. To minimize the ex-
perimental error, all the reported values were based on at least
five repeats.

2.5.2. Permeation and separation of membranes
Pure water flux of membranes with an effective area of

19.3 cm2 was conducted on a dead-end membrane system. Both
the pure water flux and rejection tests were directed at 25 °C with
a feed pressure of 0.1 MPa and all the reported values were based
on at least five repeats. Prior to water flux testing, the membranes
were compacted at 0.15 MPa for 1 h. Then the water flux, J
(L m�2 h�1), was measured at 0.1 MPa and calculated by Eq. (1).

=
× ( )J
Q

A T 1

where Q (L) is the total volume penetrating through the mem-
brane during the operation time T (h) with an effective filtration
area of A (m2).

The rejection was investigated with 1.0 g L�1 BSA solution
using 0.1 M phosphate buffered at pH 7.4. To minimize con-
centration polarization, we settled the stirring rate of BSA solution
at 400 rpm, under which stirring speed the effect of concentration
polarization can be restricted effectively [63,66]. By monitoring
the concentrations of BSA in permeation and feed solutions using a
UV spectrophotometer at 280 nm, the BSA rejection, R (%), was
estimated by Eq. (2).

⎛
⎝⎜

⎞
⎠⎟( ) = − ×

( )
R

C
C

% 1 100
2

P

F

where CP and CF represent the concentrations of BSA in permea-
tion and feed solution, respectively.

2.5.3. Photocatalytic property of membranes
The photocatalytic performance of GO/TiO2-PVDF membranes

and the three control membranes were assessed by monitoring
the decrease in concentration of BSA at regular intervals using a
UV spectrophotometer (UV-1800, Mapada) during exposure to UV
light irradiation (365 nm, 11 W, and the light intensity of
605 mW cm�2). First, the membrane was mounted onto glass
slides using double-sided tape to ensure a flat membrane surface.
Then the glass slides were immersed in a petri dish which was
filled with 50 mL of BSA solution (1.0 g L�1). Before commencing
the UV lamp, the solution was in darkness for 60 min to establish
adsorption equilibrium.

2.5.4. Fouling analysis and self-cleaning evaluation of membranes
For the fouling resistance analysis, the experiments included

three filtration steps were conducted following the procedure
.co
m

.cn

according to our previous reports [66]. Briefly, in the first step, the
pure water permeability ( )Jw1 was measured until the flux re-
mained stable. Then, 1.0 g L�1 BSA solution was fed into the fil-
tration system and the flux ( )Jp was measured for 1 h. In the final
step, following BSA filtration, the fouled membranes were rinsed
by deionized water to remove loose bound protein and the water
flux ( Jrw) of fouled membranes measured after removing loose
bound protein was measured. Then the membranes were irra-
diated for 30 min under the UV lamp to remove pollutant on
membrane pore wall or surface before measuring the water flux of
the cleaned membranes ( Jw2). Control experiments were also
carried out without UV under identical conditions. Filtration re-
sistance-in-series model was given below [13,29]:

μ
= = + + +

( )
R

TMP
J

R R R R
3

tot
p

m c f b

where TMP is the trans membrane 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 (m�1).

It is also postulated that total filtration resistance is the sum of
intrinsic membrane resistance (Rm), cake resistance (Rc) (due to
loosely bound protein layer formed on membrane surface), fouling
resistance (Rf) (due to strong adsorption of protein on membrane
pore wall or surface) and block resistance (Rb) (due to inner pore
plugging and irreversible adsorption of protein). The fouling re-
sistance Rf was evaluated by exposing the fouled membrane (after
removing the loose protein cake layer) under the UV lamp irra-
diation for 30 min. These resistances can be calculated using the
following Eqs. (4)– (7).

μ
=

( )
R

TMP
J 4

m
w1

μ
= −

( )
R R

TMP
J 5

c tot
rw

μ
= − −

( )
R R R

TMP
J 6

f tot c
w2

= − − − ( )R R R R R 7b tot m c f

To further analyze the fouling process, several equations were
introduced to describe the fouling resistance of membranes. The
flux recovery ratio (FRR), the total fouling ratio (Rt), reversible
fouling ratio (Rr) and irreversible fouling ratio (Rir) were de-
termined as follows [67,68]:

( ) = ×
( )

FRR
Jw
Jw

% 100
8

2

1

( ) = ( − ) ×
( )

Rt
Jp
Jw

% 1 100
91

( ) = (
−

) ×
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Rr
Jw Jp

Jw
% 100

10
2

1
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−
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Fig. 1. SEM (a) and (b), TEM (c) and HRTEM (d) images of GO/TiO2 nanocomposites.
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3. Results and discussion

3.1. Characterization of GO/TiO2 nanocomposites

The microstructures of GO/TiO2 nanocomposites were well il-
lustrated by SEM and TEM. The morphological SEM images of GO/
TiO2 nanocomposites displayed that TiO2 and GO were uniformly
recombined in nanoscale dimension throughout the morphology,
as seen in Fig. 1a and b. The TiO2 nanoparticles which were at-
tached onto the surface of GO sheets may hinder the restacking of
GO sheets, whilst the wimple structure of GO sheets may decrease
the aggregation of TiO2 nanoparticles [56]. As TEM images de-
picted in Fig. 1c, the nanosized TiO2 was distributed on the surface
of GO sheets, forming relatively uniform GO/TiO2 composite
sheets. The corresponding HRTEM image (Fig. 1d) revealed that
the (101) crystal lattice spacing of TiO2 was measured to be around
0.35 nm, which suggested that the TiO2 nanoparticles on GO
sheets were of good crystallinity. Hence, based on the results of
SEM and TEM analyses, TiO2 nanoparticles were tightly anchored
onto the GO sheets, which will be beneficial for photodegradation
activity of GO/TiO2 nanocomposites.

The XRD patterns of GO, TiO2 and GO/TiO2 were shown in
Fig. 2a. A sharp peak around 10° in the XRD pattern of GO was
associated with the (001) inter-layer structure of GO sheets. For
TiO2, the diffraction peaks at 25.3, 37.8, 47.9, 53.8, 55.0, 62.9, 68.7,
70.3 and 75.2° can be indexed to the anatase phase [52], consistent
with the HRTEM result (Fig. 1d). The XRD pattern of GO/TiO2 na-
nocomposites showed no obvious differences with that of TiO2,
whilst no (001) diffraction of GO was observed, thus implying that
the regular stack of GO may be destroyed by intercalation of TiO2

nanoparticles [50]. Furthermore, the wide-survey and C1s and
mTi2p XPS spectra of GO/TiO2 nanocomposites also confirmed the
existence of Ti elements and GO in the as-synthesized samples
[69], as depicted in Fig. 2b–d. All the characterization results illu-
strated the successful synthesis of GO/TiO2 nanocomposites.

3.2. Morphology and structure of membranes

The top, bottom and cross section views of membranes were
compared in Fig. 3, as observed by SEM. All the membranes pre-
sented a typical asymmetric microstructure including a dense skin
layer supported by numerous macrovoids (sub layer). No distinct
variations in the top surface of membranes were observed and all
the top surfaces seemed to be flat and smooth, indicating that the
structures of top surface were not altered by the addition of in-
organic nanomaterials. However, with the supplementation of GO,
TiO2 and GO/TiO2 into the polymer matrix, the cross section of
various membranes formed wider pore channels, whereas the
bottom surfaces appeared enlarged pores, compared with pristine
PVDF membranes. Instantaneous liquid-liquid phase demixing is
responsible for the amelioration of macrovoid formation [13].
Since the hydrophilic nature of GO, TiO2 and GO/TiO2 accelerated
the exchange of solvent and non-solvent, a large porous structure
formed for the hybrid membranes. Compared with pristine PVDF
membranes, the similar amelioration in surface porosity and
cross-sectional structure could be noted for GO-PVDF and TiO2-
PVDF membranes, but not as palpable as for GO/TiO2-PVDF
membranes. For GO/TiO2-PVDF membranes, the macroporous
substructures and enlarged surface macrovoids compared with the
other membranes could be viewed visually from the SEM pictures.
This phenomenon could be interpreted as the improved demixing
process due to the stronger hydrophilic characteristic of GO/TiO2
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Fig. 2. (a) XRD patterns of GO, TiO2 and GO/TiO2 nanocomposites; XPS spectra of GO/TiO2 nanocomposites: (b) full survey, (c) C1s spectrum and (d) Ti2p spectrum.
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wwwcompared with inorganic GO and TiO2. These results were also in
accordance with the porosity and pore size data listed in Table 2. It
was observed that the GO/TiO2-PVDF membrane represented the
bigger pore and higher porosity than the other three control
membranes, which was consistent with the analysis of membrane
morphology.

Furthermore, SEM–EDX mapping scanning spectra for mem-
brane surface of carbon (C), fluorine (F), oxygen (O) and titanium
(Ti) elements were carried out to explore the presence and dis-
tribution of GO/TiO2 nanocomposites in the GO/TiO2-PVDF mem-
brane matrix, as observed in Fig. 4. It is noted that the Ti element
uniformly distributed in the GO/TiO2-PVDF membrane, indicating
the homogeneous dispersion of GO/TiO2 nanocomposites within
the GO/TiO2-PVDF membrane matrix.

AFM was used to probe the surface characteristic of mem-
branes, as demonstrated in Fig. 5. According to the AFM images
and the corresponding roughness parameters presented in Table 2,
the surface roughness of the hybrid membranes, employing Ra, Rq
and Rz, displayed an apparent decrease trend compared with that
of pristine PVDF membranes. The Ra value decreased from
42.7 nm (PVDF) to 15.4 nm (GO-PVDF), 12.3 nm (TiO2-PVDF) and
10.4 nm (GO/TiO2-PVDF), which was possibly due to the presence
of inorganic nanomaterials within the concavities of the hybrid
membrane surface. Vatanpour et al. [49,56] also reported the si-
milar behavior for rGO/TiO2-PVDF hybrid membranes. It is gen-
erally deemed that a membrane with smoother surface possesses
greater antifouling capability [11,70]. Therefore, the PVDF hybrid
membranes turned out the potential antifouling tendency, which
was consistent with the flux recovery results of the membranes
depicted in the later part.

3.3. Hydrophilicity of membranes

Surface hydrophilicity is a significant factor in determining the
flux and antifouling performance of membranes. The hydro-
philicity of membrane surface was understood based on water
contact angle measurement by the sessile drop technique. In
general, smaller water contact angle refers to higher hydro-
philicity. Compared in Fig. 6 were the contact angle results of
various membranes. Supplementation of the membrane with GO,
TiO2 and GO/TiO2 tended to considerably decrease the water
contact angle. Pristine PVDF membranes possessed highest water
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Fig. 3. SEM images top surface,cross section and bottom surface morphology: PVDF, GO-PVDF, TiO2-PVDF and GO/TiO2-PVDF membranes.

Table 2
Porosity, surface mean pore size and roughness parameters of membranes.

Membrane Porosity (%) Mean pore size
(nm)

Roughness

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

PVDF 69.6 48.1 42.7 55.2 416
GO-PVDF 78.3 55.7 15.4 20.3 184
TiO2-PVDF 75.1 52.6 12.3 15.6 143
GO/TiO2-PVDF 83.1 65.2 10.4 12.7 108

Z. Xu et al. / Journal of Membrane Science 520 (2016) 281–293286
.scontact angle of 7971.3°, whereas GO-PVDF, TiO2-PVDF and GO/
TiO2-PVDF hybrid membranes achieved water contact angles of
6871.5°, 6571.0° and 6170.8°, respectively. The amelioration of
hybrid membrane hydrophilicity may be ascribed to the sponta-
neous migration of hydrophilic nanomaterials moving towards the
membrane/water interface to decrease the interface energy during
www

Fig. 4. SEM images of GO/TiO2-PVDF membranes and corresp
m
.cthe phase inversion process [71–73]. Note that the contact angle of

TiO2-PVDF membranes was slightly smaller than that of GO-PVDF
membranes. The high affinity of TiO2 to water and hydrolysis with
hydroxyl groups owing to the presence of TiO2 nanoparticles is
responsible for this behavior [74]. Same tendency was also ob-
served by Vatanpour for TiO2-PVDF membranes and GO-PVDF
membranes [49,56]. In contrast with the other membranes, GO/
TiO2-PVDF membranes achieved the lowest contact angle, which
was mainly attributed to the hydrophilic properties of the GO/TiO2

nanocomposites. Besides, since the water contact angle was
measured by the sessile drop technique under sunlight for a few
tens of seconds, the sunlight irradiation could further reduce the
water contact angles of GO/TiO2-PVDF hybrid membranes due to
the photo-induced hydrophilicity of TiO2, which also contributed
to the lowest contact angle, albeit to a small extent [55]. This may
act favorably in promoting water permeability and antifouling
properties (discussed later).
O F 

C Ti 

onding EDX mapping scanning spectra of C, Ti, O and F.
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Fig. 5. Three-dimensional AFM images of various membranes.
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3.4. Permeation and separation properties of membranes

The results of membrane performance concerning the pure
water permeation flux and BSA rejection were illustrated in Fig. 7,
which suggested an obvious trend that all the hybrid membranes
supplemented with inorganic nanomaterials revealed higher wa-
ter permeation fluxes and higher separation efficiencies compared
with pristine PVDF membranes. According to Fig. 7, the pure water
flux of GO/TiO2-PVDF membranes was 487.8 L m�2 h�1, being
208% higher than that of PVDF membranes (158.1 L m�2 h�1), 22%
higher than that of GO-PVDF membranes (398.7 L m�2 h�1) and
61% higher than that of TiO2-PVDF membranes (302.4 L m�2 h�1).
This improvement in water flux may be due to the coupling effects
of the following two main parameters: 1) Supplementation of the
membrane matrix with GO, TiO2 and GO/TiO2 nanomaterials
would make the membrane more hydrophilic, which facilitates the
water molecules to pass through the membrane [49]. As the
contact angle shown in Fig. 6, the increasing trend of contact angle
was almost in accord with the water permeability promotion. 2)
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The formation of advantageous porous surfaces of all the hybrid
membranes due to the quick exchange between non-solvent and
solvent during the phase inversion process was also responsible
for the water permeability promotion. Based on the results of
porosity and mean pore size of membranes presented in Table 2,
all of the hybrid membranes displayed an increase in porosity and
mean pore size compared with that of pristine PVDF membranes,
which undoubtedly benefited the water permeability [70]. Hence,
the increased hydrophilicity and enhanced structure (pore size
and porosity) of membranes accounted for promoting the pure
water flux of membranes [75]. The increased hydrophilicity, to-
gether with the bigger pore and higher porosity enabled that the
GO/TiO2-PVDF membrane presented superior pure water flux over
the other three control membranes.

The BSA rejection properties, of the pristine and hybrid mem-
branes, were also presented in Fig. 7. As can be seen, the rejection
parameter of the hybrid membranes was increased with supple-
mentation of inorganic nanomaterials into membrane matrix. A
minimum value of 77.1% of BSA rejection presented for pristine
PVDF membranes and a maximum value of 92.5% presented for
GO/TiO2-PVDF membranes, implying that the tradeoff of mem-
branes could be broken through incorporating specific inorganic
nanomaterials such as GO, TiO2 and GO/TiO2, which was in good
agreement with literature [56,71]. This behavior may be explained
by a combination of the small pore size of the skin layer of
membranes (which was less than the size of BSA [76]) and the
ww

Fig. 9. Possible photocatalysis mechanism and p
m
.co

menhanced hydrophilicity based on the principle of the interfacial
hydration layer as protective barrier which could decrease the
interaction between BSA and membrane surface so as to hinder
the protein molecules to penetrate through the hybrid membrane
during the fouling or BSA filtration operating [61,63].

3.5. Photocatalytic property of membranes

The photocatalytic property of GO/TiO2-PVDF membranes was
assessed by monitoring the degradation of BSA solution first in
darkness and then under UV irradiation. As references, photo-
degradation of PVDF membranes, GO-PVDF membranes and TiO2-
PVDF membranes was also investigated under identical condi-
tions. Before commencing the UV lamp, the solution was in
darkness for 60 min to establish adsorption equilibrium and thus
served as a control to study the photocatalytic effect. As shown in
Fig. 8a, almost no photodegradation activity of BSA under UV was
observed for pristine PVDF membranes. This suggested that PVDF
itself did not have any photocatalytic capability. In contrast, sup-
plementation of the membrane matrix with GO, TiO2 and GO/TiO2

resulted in enhanced photoactivity activity under UV light. GO/
TiO2-PVDF membranes owned 80% of photodegradation efficiency
toward BSA, 53% for TiO2-PVDF membranes, and 46% for GO-PVDF
membranes within the same period. Note that GO-PVDF mem-
branes showed a very similar photocatalytic property to TiO2-PVDF
membranes. This suggested that GO, as a semiconductor and
rocess of GO/TiO2-PVDF membranes [29,77].
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photocatalyst itself, has a band-gap energy similar to TiO2, which
has also been verified by Mi et al. [55]. Superior photocatalytic
performance was obtained for GO/TiO2-PVDF membranes, which
could be attributed to the integration of TiO2 and GO. As reported
by previous investigations [55,62], the integration of TiO2 and GO
could be beneficial for the decrease in the charge recombination
effect and eventually enhance the photocatalytic efficiency.

To further quantify photocatalytic performance of membranes,
the kinetics of BSA photodegradation was fitted according to
pseudo-first-order reaction kinetics equation of ln(C0/C)¼kt,
where k is the apparent rate constant, and C0 and C are the initial
and reaction concentration of BSA solution, respectively. Fig. 8b
traced the apparent rate constants of membranes calculated from
Fig. 8a and the high coefficient of determination (R240.99) sig-
nified good fit to pseudo-first-order rate kinetics. It was observed
that the kinetics for GO/TiO2-PVDF membranes was about 108%
and 153% faster than those for the TiO2-PVDF membranes and GO-
PVDF membranes, respectively. The higher rate constant asso-
ciated with GO/TiO2-PVDF membranes could be related to the role
of GO as an acceptor of the activated electrons from TiO2, thereby
reducing carrier recombination and eventually achieving an en-
hanced photocatalytic efficiency [62].

The possible photodegradation mechanism of BSA was detailed
elsewhere [29,77], as described in Fig. 9. Basically, under UV ir-
radiation, TiO2 can be excited to generate photo-electrons (e�) and
holes (hþ). The electrons can be captured by the oxygen molecule
(O2) on the TiO2 surface to produce O2

� , HO2
� , H2O2 and hydroxyl

radical (�OH). And, the holes can interact with water molecule and
hydroxyl group (OH�) to produce hydroxyl radical �OH. The �OH
can degrade most of the complex organic compounds [29]. Da-
modar et al. [29] studied the UV photodegradation of BSA and
reported a FRR of 98% for BSA filtration by 30 min UV irradiation
using a PVDF/TiO2 membrane. Yang et al. [77] have also observed
photodegradation of BSA under near UV (365 nm) irradiation and
suggested that the degradation of BSA happened in two steps: first
to small fragments, then further mineralized to small inorganic
molecule. The efficient photocatalytic property has a beneficial
effect in mitigating membrane fouling due to the photocatalytic
oxidation of foulants, which guaranteed that GO/TiO2-PVDF
membranes can maintain high permeate flux for longer time than
traditional membranes.
.co
m3.6. Fouling analysis and self-cleaning evaluation of membranes

The fouling behavior towards GO/TiO2-PVDF membranes was
investigated using filtration of 1.0 g L�1 BSA solution and its per-
formance on flux decline values was monitored during fouling.
Fig. 10a traced the equilibrium flux values of membranes before
and after fouling and after the cleaning by rinsing and UV ex-
posure. It can be observed that flux declined sharply in BSA due to
fouling. Nevertheless, the hybrid membranes showed higher
fluxes and lower flux reduction coefficients as compared to pris-
tine PVDF membranes, suggesting the enhancement of antifouling
performance. With simple water rinsing, the permeate flux of
membranes increased due to the removal of loosely bound BSA by
mere shear force. However, it was not enough to regain the ori-
ginal attributes of membranes. After a supplementary UV irra-
diation following water cleaning, further flux increment was ob-
served for hybrid membranes but not for pristine PVDF mem-
branes. A maximum increment in flux recovery was presented for
GO/TiO2-PVDF membranes, indicating that the activation of pho-
tocatalytic property and the photo-induced hydrophilicity of GO/
TiO2-PVDF membranes under UV could benefit for removing
strongly bound BSA and endow the membrane with self-cleaning
property. Note that the fluxes did not recover completely for all
the membranes. This may be ascribed to the BSA blocking for
membrane pores, agreeing with the experience of Damodar et al.
[29] and Moghadam et al. [78]. However, the effect of UV con-
tinuous irradiation on membrane flux performance has not been
investigated yet in this paper, and further research is necessary to
have a more detailed insight. Nonetheless, it is evident that GO/
TiO2-PVDF membranes showed better antifouling performance
over the other membranes under UV static irradiation.

The different filtration resistances of membranes were calcu-
lated according to the above mentioned equilibrium flux values, as
depicted in Fig. 10b. It was observed that the total resistance (Rtot)
of GO/TiO2-PVDF membranes was lowest as compared to other
membranes. Detailed analysis showed that the intrinsic mem-
brane resistance (Rm) was consistent with the results of the pore
sizes of membranes listed in Table 2. This outcome may be due to
the fact that the Rm was highly dependent upon the pore sizes of
membranes [13]. The cake resistance (Rc) was related to the hy-
drophilicity and roughness of membranes and the Rc decreased
with the improvement in hydrophilicity and the change in the
roughness of hybrid membranes. The fouling resistance (Rf), which
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was caused by the strongly bound protein and strongly depended
on the membrane self-cleaning capability, was remarkably alle-
viated by the supplement of GO/TiO2. The reduction in Rf under UV
may be ascribed to the self-cleaning mechanism and the improved
hydrophilicity of GO/TiO2-PVDF membranes. The GO/TiO2-PVDF
membrane had the least block resistance (Rb) because of the
photodegradation of BSA at the surface or periphery of pores and
the improvement in membrane hydrophilicity. Concurring with
permeability and hydrophilicity trends, the GO/TiO2-PVDF mem-
brane showed the least total and fractional resistances, suggesting
the best self-cleaning (antifouling) property.

To comprehensively monitor membrane fouling, two important
parameters of water flux recovery ratio (FRR) and fouling ratio (Rt)
www.sp

Table 3
Comparison of the comprehensive performance for inorganic nanomaterial-PVDF hybri
work (concentration of foulants may be different).

Membrane Optimum dosage
(wt%)

Contact age
(deg.)

Water flux
(L m�2 h�1)

Rejection

PVDF-ZnOa 1.5 63.2 147.2 �93
PVDF-Al2O3 2 81.1 134.4 93.4
PVDF-Fe3O4 25 _ 65.6 93
PVDF-SiO2 3 56.7 198 94.5
PVDF-TiO2

c 0.5 74 �240 �85

PVDF-TiO2
a 2 86.1 84 _

PVDF-TiO2
a 1.5 _ 392.8 _

PVDF-TiO2
c 4 60.7 103.5 85.6

PVDF-TiO2
c 25 �64 150 _

PVDF-OMWCNTs 1 66.8 119 86.9
PVDF-GO 1 66.4 163 83.7
PVDF-GO/
OMWCNTs

1 48.6 203 81.6

PVDF-GO 2 60.5 26.5 _

PVDF-GO 0.5 �68 104.3 85
PVDF-GO 16 60.7 457.9 91.1
PVDF-GO 1 51 401.4 55
PVDF-rGO/TiO2 1.05 69 221 99
PVDF-GO/TiO2

a 1 61 487.8 92.5

a The type of UV irradiation experiments was UV static irradiation.
b Reclaimed water.
c The type of UV irradiation experiments was UV continuous irradiation.
d Natural organic matter.
e Methylene blue.
.co
mwere introduced and evaluated by employing Eqs. (8)–(11). Fig. 11

illustrated values of FRR and Rt for all of membranes with and
without UV irradiation following BSA fouling. Generally, a higher
FRR value refers to a superior antifouling character of membranes.
As can be clearly seen from Fig. 11, FRR of all hybrid membranes
was clearly higher than that of pristine PVDF membranes. This
indicated the improved antifouling characteristic of the hybrid
membranes. FRR of pristine PVDF membranes without UV irra-
diation was as low as 43.1%, implying a poor antifouling property.
Supplementation of the membrane with GO, TiO2 and GO/TiO2

tended to considerably increase FRR of the hybrid membranes and
the maximum FRR value (71.1%) was observed for GO/TiO2-PVDF
membranes without UV irradiation. The amelioration of
d membranes reported in the literatures and the GO/TiO2-PVDF membrane in this

(%) Foulant Photocatalytic prop-
erty (%)

Water flux re-
covery (%)

Without UV Ref.

UV

RWb �85 �88.3 _ 13
BSA _ _ �40 16
BSA _ _ 55.2 23
BSA _ _ _ 14
NOMd _ 1 h 2 h 4 h 69 71

90
54 20

BSA �75 98.7 97.5 29
MBe _ 0.5 h 1 h 95 100 91.3 21
BSA _ 96.9 60.2 78
BSA _ �100 �93 19
BSA _ _ 72.8 63
BSA _ _ 85.1 63
BSA _ _ 80.4 63

BSA _ _ 88.6 43
BSA _ _ _ 75
BSA _ _ 96.4 44
BSA _ _ _ 61
BSA _ _ 95 49
BSA 80 82.1 71.1 This

work
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antifouling behavior of the hybrid membranes can be attributed to
the increased membrane hydrophilicity and the smoother mem-
brane surface (see Table 2) compared with pristine PVDF mem-
branes. Compared with the hybrid membranes without UV irra-
diation, FRR for the hybrid membranes with UV irradiation further
increased due to the possible photocatalytic degradation of BSA
[29]. In the best case, related to GO/TiO2-PVDF membranes, FRR
increased from 71.1% to 82.1%. This phenomenon indicated the
improvement in antifouling property of membranes by the GO/
TiO2 and UV irradiation which benefited for membrane self-
cleaning, agreeing with the experience of Mendret et al. [19] and
Moghadam et al. [78]. Furthermore, Rt (Rt¼RrþRir) of all the
hybrid membranes was obviously lower than that of pristine PVDF
membranes and followed the sequence of PVDF membranes4GO-
PVDF membranes4TiO2-PVDF membranes4GO/TiO2-PVDF
membranes. This observation was consistent with the results of
membrane hydrophilicity and suggested that the enhanced
membrane hydrophilicity as a result of inorganic nanomaterials
supplementation and UV irradiation was beneficial for endowing
membrane with antifouling tendency.

In more detail, membrane fouling was mainly related to the
loose protein adsorption on membrane surface (reversible re-
sistance) and protein deposition on the surface or entrapment
within the pores (irreversible resistance) [61]. As shown in
Fig. 11b, the percentages of reversible fouling in total fouling (Rr/
Rt) were 26.4%, 35.4%, 26.6% and 12.5% for PVDF, GO-PVDF, TiO2-
PVDF and GO/TiO2-PVDF membranes without UV irradiation,
while these values were increased to 26.7%, 41.1%, 46.4% and 51.2%
for PVDF, GO-PVDF, TiO2-PVDF and GO/TiO2-PVDF membranes
with UV irradiation, respectively. On the contrary, the percentages
of irreversible fouling in total fouling (Rir/Rt) of the hybrid mem-
branes further decreased with UV irradiation as compared to the
hybrid membranes without UV irradiation. The phenomena in-
dicated that Rir dominates the total fouling and membrane fouling
could be effectively mitigated under UV irradiation for the hybrid
membranes due to the photocatalytic oxidation of BSA [77]. In
summary, all of the obtained results indicated that GO/TiO2-PVDF
membranes had better photocatalytic antifouling behavior over
the other membranes and could be a well candidate for applica-
tion in antifouling fields.

In addition, comparison of the comprehensive performance for
inorganic nanomaterial-PVDF hybrid membranes reported in the
literatures and GO/TiO2-PVDF membranes in this work (Table 3)
indicated that the GO/TiO2-PVDF membrane presented a promis-
ing performance compared with the other inorganic nanomater-
ial-PVDF hybrid membranes, which illustrates that such high-
performance multifunctional membranes may broaden the hor-
izon of membrane-based water and wastewater treatment
technology.
ww4. Conclusions

In summary, a novel multifunctional GO/TiO2-PVDF hybrid
membrane was successfully fabricated via the phase inversion
technique by supplementing GO/TiO2 nanocomposites into the
PVDF matrix. The following can be highlighted from the experi-
mental study:

(1) The GO/TiO2-PVDF membrane exhibited an ideal morphology,
i.e. lower surface roughness, higher surface pore size and
porosity and more porous structure compared with pristine
PVDF, GO-PVDF and TiO2-PVDF membranes resulting in en-
hanced antifouling properties and separation performance.

(2) The GO/TiO2-PVDF membrane exhibited significant improve-
ment in hydrophilicity and water permeability, where the
.cn

pure water flux of GO/TiO2-PVDF membranes with a water
contact angle of 6170.8° reached 487.8 L m�2 h�1 in com-
parison to 158.1 L m�2 h�1 for pristine PVDF membranes with
a water contact angle of 7971.3°, implying the improved
hydrophilicity and ameliorative membrane structure due to
the implantation of GO/TiO2 in PVDF matrix.

(3) For the GO/TiO2-PVDF membrane, there was a 51% and 74%
increase in photodegradation efficiency and a 108% and 153%
increase in photodegradation kinetics toward BSA, compared
with PVDF membranes supplemented with TiO2 and GO, re-
spectively, suggesting that the integration of TiO2 and GO had
a synergistic effect and improved the induced effect of pho-
tocatalytic property.

(4) After a supplementary UV static irradiation following water
cleaning, the GO/TiO2-PVDF membrane enabled to reach a
high recovery of membrane performance after fouling, con-
firming their self-cleaning ability.

Hence, it can be concluded that the GO/TiO2-PVDF membrane
may present a next generation of high-performance multi-
functional membrane for fouling mitigation in practical water
treatment.
co
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Nomenclature

A effective area of membranes (m2)
Q volume of the permeate pure water (L)
T permeation time (h)
J permeation flux of membrane for pure water

(L m�2 h�1)
CP concentration of BSA in permeate stream (g L�1)
CF concentration of BSA in feed stream (g L�1)
R BSA rejection (%)
Jw1 pure water flux through a clean membrane

(L m�2 h�1)
Jp permeate flux (L m�2 h�1)
Jrw pure water flux after removing loose bound protein

(L m�2 h�1)
Jw2 pure water flux after cleaning membranes

(L m�2 h�1)
TMP transmembrane pressure (MPa)
Ra mean roughness (nm)
Rq root mean square roughness (nm)
μ water viscosity (Pa s)
Rtot the total filtration resistance (m�1)
Rm intrinsic membrane resistance (m�1)
Rc cake resistance (m�1)
Rf fouling resistance (m�1)
Rb block resistance (m�1)
k the apparent rate constant (%)
C0 the initial concentration of BSA solution during

photodegradation (g L�1)
C the reaction concentration of BSA solution during

photodegradation (g L�1)
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FRR flux recovery ratio (%)
Rt total fouling ratio (%)
Rr reversible fouling ratio (%)
Rir irreversible fouling ratio (%)
Rr/Rt the percentage of reversible fouling in total fouling

(%)
Rir/Rt the percentage of irreversible fouling in total foul-

ing (%)
GO graphene oxide
rGO reduced graphene oxide
PVDF polyvinylidene fluoride
PVP polyvinyl pyrrolidone
DMAc N,N-dimethylacetamide
BSA bovine serum albumin
SEM field emission scanning electron microscopy
TEM transmission electron microscopy
HRTEM high-resolution transmission electron microscopy
XRD X-ray Diffraction
XPS X-Ray photoelectron spectroscopy
EDX energy dispersive X-ray
AFM atomic force microscope
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