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oly(vinylidene fluoride) hybrid
membrane blended with functionalized ZrO2

nanoparticles for efficient oil/water separation

Xiang Shen,* Tiande Xie, Jiangang Wang, Peng Liu and Fan Wang

Recent advances in the fabrication of organic–inorganic hybrid membranes have received a lot of attention

in membrane technology for oily wastewater treatment. In this work, a hydrophilic PVDF hybrid membrane

based on poly(N-acryloylmorpholine)-grafted ZrO2 nanoparticles (ZrO2-g-PACMO), was prepared via

a simple phase inversion method. PACMO was firstly grafted onto the ZrO2 nanoparticles via radical

polymerization, avoiding the aggregation of ZrO2-g-PACMO nanoparticles that was characterized by

a sedimentation test. Then, the effects of the ZrO2-g-PACMO nanoparticles on the structures and

performances of resultant hybrid membranes were systematically investigated. The cross-section and

surface morphology of the hybrid membranes were observed by field emission scanning electron

microscopy and atomic force microscopy. The results indicated that the higher concentration of ZrO2-

g-PACMO nanoparticles in the casting solution led to a thicker sponge-like sub-layer and a rougher

surface of hybrid membranes. The prepared PVDF/ZrO2-g-PACMO hybrid membrane exhibited a lower

amount of adsorbed protein than that of the pristine PVDF membrane. This behavior was revealed by

pure water contact angle measurement and force–extension curves. It was also found from the oil/

water filtration that the total fouling (Rt) and irreversible fouling (Rir) were remarkably reduced, because

of the higher hydrophilicity of hybrid membranes. Furthermore, the as-prepared membranes possessed

also improved separation efficiency against oil/water mixtures and the rejection ratio was as high as

99.9%. Generally, a PVDF/ZrO2-g-PACMO membrane may provide potential application for efficient oil/

water separation.
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1. Introduction

Since a signicant amount of oily wastewater has been gener-
ated from many industrial processes, environmental pollution
caused by the direct discharge of oily wastewaters is becoming
more and more serious.1,2 At present, there are several tools for
the purication of oily wastewaters, such as air oatation,
gravity separation combined skimming and biological treat-
ments.3–5 Among these methods, membrane separation tech-
nology has been generally accepted as an excellent method
owing to its high oil-removal efficiency, low operational cost,
compact design, and so on.6,7 Polymeric materials, in particular,
hydrophobic poly(vinylidene uoride) (PVDF), are broadly used
in fabricating ltration membranes to purify oily wastewaters
due to their good mechanical properties as well as high well-
controlled porosity and chemical resistance.8–10 However, the
serious membrane fouling can be generated by the attachment
of oily foulant onto PVDF membrane surface, resulting in
increased operational costs arising from the frequent
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membrane cleaning and membrane replacement.11,12 There-
fore, the great attentions have been paid to enhance the anti-
fouling ability of PVDF membrane.

The hydrophilic modication of hydrophobic membranes is
an effective way to improve the anti-fouling ability.13,14 During
separation processes, water molecules are preferentially adsor-
bed onto the hydrophilic membrane surface to form a hydration
layer, which can effectively prevent deposition and/or adsorp-
tion of foulants.15,16 Many hydrophilic materials, such as poly(-
ethylene glycol) (PEG), zwitterionic polymers and so on, have
been reported on the modication of hydrophobic membrane
via surface graing and graing copolymerization.17,18 Poly(N-
acryloylmorpholine) (PACMO) is a hydrophilic polymer with
a low toxicity, and it shows a repellent property for protein
adsorption.19 Our previous studies have shown that PACMO
modied PVDF membranes reveal an improved fouling resis-
tance and hemocompatibility,20–22 which provides a new candi-
date for the hydrophilic modication of membrane.

In order to modify the surface wettability of the hydrophobic
membrane, an abundance of inorganic nanoparticles have been
incorporated into the membrane bulks, such as titanium
dioxide (TiO2),23,24 silicon dioxide (SiO2),25 aluminium oxide
(Al2O3),26 zinc oxide (ZnO),27 graphene oxide (GO)28,29 and
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra26651g&domain=pdf&date_stamp=2017-01-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c6ra26651g
http://pubs.rsc.org/en/journals/journal/RA
http://pubs.rsc.org/en/journals/journal/RA?issueid=RA007009


Fig. 1 Schematic illustration for synthesis of ZrO2-g-PACMO
nanoparticles.
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zirconium oxide (ZrO2).30–34 Different from TiO2 or Al2O3 nano-
particles, ZrO2 is of great interest for its excellent chemical
stability, which is more suitable to fabricate hybrid membranes
for the liquid-phase applications under harsh conditions.30

Maximous et al.32 reported the addition of ZrO2 in poly-
ethersulfone (PES) membrane. The results indicated that hybrid
membranes exhibited a lower ux decline compared to the
pristine PES membrane. Zheng et al.33 reported on the fabrica-
tion of PVDF/ZrO2 hybrid membranes and found that both the
hydrophilicity and anti-fouling ability was stronger than those
of pristine PVDF membrane. Pang et al.34 also obtained similar
experimental results in their investigation. Although some
signicative achievements have been gained, there is a pressing
need to overcome some drawbacks. The agglomeration of the
nanoparticles always makes it the heterogeneous distribution
in the membrane matrix, leading to the decreased durability of
anti-fouling ability of membranes.35

A key factor to render the organic–inorganic hybrid
membrane with a stable fouling resistance is to increase the
dispersion of inorganic nanoparticles, and to strengthen the
interactions between nanoparticles and membrane matrix.36

Encouraged by this characteristic, polymer chains can be
covalently immobilized onto the nanoparticle surface, and then
nanoparticles decorated with polymer chains have a good
affinity with the membrane matrix.37,38 For example, Zhang
et al.39 graed hydrophilic polymer poly (2-hydroxyethyl meth-
acrylate) (PHEMA) onto TiO2 nanoparticles via the atom transfer
radical polymerization (ATRP). The modied nanoparticles
were found to provide remarkable enhancement in dispersion
and anti-fouling ability in PVDF membrane matrix. To our
knowledge, there are many investigations on the inorganic
nanoparticles modied with organic polymer chains,37–40 but
introducing PACMO graed ZrO2 nanoparticles to fabricate
hybrid PVDF membranes is rarely reported.

In this work, the nanoparticle (ZrO2-g-PACMO) functionalized
by hydrophilic polymer of PACMO was synthesized via radical
polymerization. PVDF/ZrO2-g-PACMO hybrid membranes were
cast using different dosage of nanoparticles with a phase
inversion method. The structure and performance of hybrid
membranes, in terms of morphology, hydrophilicity, as well as
anti-fouling ability and oil/water separation were investigated in
detail. It is expected that a facile preparation of anti-fouling
PVDF hybrid membrane is established.

2. Experimental
2.1 Materials

The PVDF powder (Solef 1010, Mw ¼ 352 000, Mw/Mn ¼ 2.3) was
purchased from Solvey Co., Ltd., (Brussels, Belgium). N-Acryl-
oylmorpholine (ACMO), poly(ethylene glycol) (PEG,Mn¼ 10 000),
[3-(methacryloyloxy)propyl] trimethoxysilane (KH570), N,N-
dimethyl formamide (DMF), 2,20-azobisisobutyronitrile (AIBN),
bovine serum albumin (BSA) and polyoxyethylenesorbitan mon-
ooleate (tween80) were provided by Xiyashiji Chemical Co., Ltd.,
(Shandong, China). High-speed vacuum pump oil (GS-1) was
purchased from Beijing Sifang Special Oil Company (Beijing,
China). ZrO2 (average size of 50 nm) nanoparticles were supplied

www.sp
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by Aladdin Reagent Co., Ltd. (Shanghai, China). The pure water
(18 MU) used for all experiments was puried with a Milli-Q
system (Millipore, America). All other chemicals, unless other-
wise stated, were obtained from commercial sources and used as
received.
2.2 Synthesis of ZrO2-g-PACMO nanoparticles

Themodication routes of nanoparticles are shown in Fig. 1. 5 g
of dried ZrO2 nanoparticles was immersed in a mixture con-
taining 100 mL of ethanol and 100 mL of pure water, and
sonicated for 30 min to produce a homogeneous suspension. 5
mL of KH570 was then added into the suspension and the
reaction was conducted under nitrogen atmosphere at 40 �C for
5 h. Aer cooled to room temperature, the nanoparticles were
collected by centrifugation and washed with ethanol to remove
excess KH570. Finally, nanoparticles were dried under vacuum
at 60 �C for 24 h. The obtained nanoparticles were labeled as
ZrO2–KH570.

3 g of ZrO2–KH570 nanoparticles was dispersed in 100 mL of
ethanol and sonicated for 30 min to produce a homogeneous
mixture. The resultant suspension was bubbled with nitrogen
for 20 min, and then 7.06 g of ACMO and 0.082 g of AIBN were
introduced into the mixture. The reaction was carried out at
60 �C for 6 h. At last, the reaction mixture was washed with
ethanol, centrifuged (4000 rpm, 15 min), and dried under
vacuum at 60 �C for 24 h so that ZrO2-g-PACMO nanoparticles
were obtained.co

m.cn

2.3 Characterization of nanoparticles

The chemical structure of the nanoparticles was investigated by
fourier transform infrared spectroscopy (FT-IR, Tensor37,
Bruker, Germany). Each spectrum was captured by averaged 32
scans at a resolution of 4 cm�1.

Thermogravimetric analysis was conducted on an instru-
ment (TGA, PerkinElmer, USA) from room temperature to
1000 �C with a heating rate of 10 �C min�1 under nitrogen
atmosphere.

The sedimentation test was used for a visual comparison
between the ZrO2 nanoparticles before and aer modication.
0.1 g of ZrO2 and/or ZrO2-g-PACMO nanoparticles was placed
RSC Adv., 2017, 7, 5262–5271 | 5263
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into 5 mL of DMF, and ultrasonically dispersed for 30 min. Aer
standing for 24 h, the sedimentation was recorded by digital
camera (Nikon, 7200, Japan).

2.4 Preparation of PVDF/ZrO2-g-PACMO hybrid membrane

PVDF/ZrO2-g-PACMO hybrid membranes were fabricated via the
phase inversion method, and the compositions of the casting
solution were shown in Table 1. Measured amount of ZrO2-g-
PACMO nanoparticles was rstly mixed with DMF, followed by
ultra-sonication for 30 min to achieve homogenous solution.
The dried PVDF and PEG powder were then dissolved into the
suspension and mechanically stirred at 60 �C for 6 h to produce
the casting solution. Aer the release of any air bubbles, the
solution was cast on a glass slide using a knife with a thickness
of 300 mm. The liquid lm was instantly immersed into 25 �C of
pure water bath for the phase inversion to take place. The solid
membrane was detached from the glass slide. Subsequently, the
formed membrane was thoroughly rinsed with pure water to
remove residual agents, and kept in pure water bath before use.

2.5 Characterization of PVDF/ZrO2-g-PACMO hybrid
membrane

The surface chemical compositions of membranes were deter-
mined by X-ray photoelectron spectroscopy (XPS, PHI5000C
ESCA system, PHI Co., USA). The data were obtained with
electron spectrometer using 300 W AlKa radiation. The core-
level spectrum was calibrated by referencing to the C 1s
hydrocarbon peak at 284.6 eV.

The cross-sectional structures of the membranes were pro-
bed using a eld emission scanning electron microscope
(FESEM, Hitachi, S-4800, Japan). The samples were fractured in
liquid nitrogen to have a clean break. To prevent charging in the
course of FESEM analysis, the samples was sputtered with a thin
golden lm before observation.

The surface morphology of membranes was observed by an
atom force microscopy (AFM, CSPM5500, Benyuan-nano,
China). Membrane sample was cut into a small square and
attached on a glass substrate before being scanned. The surface
image was then obtained with AFM analysis soware in the
scanning range of 5 mm � 5 mm. The surface roughness, in
terms of the mean roughness (Ra), root mean square (Rq) and
mean difference in the height between the highest peaks and
the lowest valleys (Rz), was also studied by AFM at a scan size of
5 mm � 5 mm. The reported value for each sample was the
average of at least ve scans. www.sp
Table 1 The feed mass ratios of casting solutions

Membranes
PVDF
(wt%)

ZrO2-g-PACMO
(wt%) PEG (wt%) DMF (wt%)

M0 15 0 5 80
M1 14 1 5 80
M2 13 2 5 80
M3 12 3 5 80
M4 11 4 5 80

5264 | RSC Adv., 2017, 7, 5262–5271
The interaction force between themembrane surface and BSA-
immobilized tip was detected by AMF. The AFM tip was modied
according to the procedures described in the previous work.41

Briey, the Si3N4 cantilever was activatedwith oxygen plasma, and
then chemically treated with 3-triethoxysilylpropylamine (KH550)
for 2 h at room temperature. This modied tip was reacted with
BSA for 30 min, followed by the cross-linkage with glutaraldehyde
solution. As a result, BSA was covalently immobilized onto the
cantilever. As the BSA-immobilized AFM tip approached to the
membrane surface, an interaction was generated between the tip
and membrane surface, resulting in a cantilever deection. By
multiplying the spring constant of the cantilever, the interaction
force could be calculated. On the other hand, when the tip was
retracted from membrane surface, the force could also be detec-
ted in the same manner. In the present work, all the experiments
were conducted in phosphate buffer solution (PBS, pH ¼ 7.4) at
room temperature. A force–extension curve was collected from at
least ve positions on a sample surface.

The mean pore size of the prepared membranes was deter-
mined by Kubo-X1000 analyzer (Beijing Builder Electronic
Technology Co., Ltd), which was derived from the nitrogen
adsorption–desorption isotherms using the Barrett–Joyner–
Halenda (BJH) model.20 Aer nitrogen was admitted into the
membrane chamber in controlled increments, the volume of
adsorbed nitrogen was calculated. Subsequently, the pore size
was obtained by extending the process that condensed the
nitrogen into the membrane pores. The reported value was the
average of at least three measurements for each membrane.

The overall porosity (3) was determined by the gravimetric
method,42 as calculated by the following equation:

3 ¼ w1 � w2

A� l � r
� 100% (1)

where w1 and w2 are the weights of the wet and dry membrane,
respectively. A represents the membrane effective area (m2), r is
the water density and l denotes the membrane thickness (m).

.co
m.cn
2.6 Protein adsorption

The static BSA adsorption was conducted to evaluate the anti-
fouling property of hybrid membranes. As-prepared
membranes were cut into regular shape of 2 cm � 2 cm and
immersed into 10 mL of BSA (0.5 g L�1) solution. Aer oscil-
lating incubation for 24 h at 25 �C to reach adsorption equi-
librium, concentration of BSA solution aer adsorption was
determined by measuring the absorbance at 280 nm. The
adsorption mass was calculated on the basis of the changed
concentrations of BSA solution before and aer adsorption.
Triplicate samples for each membrane were tested to obtain the
mean values.
2.7 Water contact measurements

The surface wettability of membrane was evaluated by a contact
angle instrument (DSA100, Krüss, Germany). 5 mL of pure water
drop was dripped onto the membrane surface and the process
was recorded by video camera. The values of contact angle were
obtained using the drop shape image analysis system.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 FT-IR spectra of ZrO2, ZrO2–KH570 and ZrO2-g-PACMO
nanoparticles.

Fig. 3 TGA curves of ZrO2, ZrO2–KH570 and ZrO2-g-PACMO
nanoparticles.
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2.8 Oil/water separation experiments

1 g of vacuum pump oil (GS-1) and 0.1 g of tween80 were
immersed into 1000mL of pure water, and the resultant mixture
was sonicated at a power of 2 kW for 30 min to prepare the oil/
water mixture. The oil/water separation performance of
membranes was evaluated via a ltration system described in
our previous work.20 Each membrane was initially pressurized
at 0.2 MPa for 30 min, and then the pressure was lowered to
0.1 MPa. The water ux at 0.1 MPa, Jw,1 (L m�2 h�1), was
calculated by the eqn (2):

J ¼ V

A� Dt
(2)

where V (L) was the volume of permeated pure water, A (m2) and
Dt (h) represented the effective area of membrane and perme-
ation time, respectively. In the following step, the feed solution
reservoir was emptied and relled with oil/water mixture. The
ux of oil/water mixture, Jp (L m�2 h�1), was achieved based on
the water quantity permeating the membranes. The oil rejection
ratio was calculated by the following eqn (3):

R ¼ Cf � Cp

Cf

� 100% (3)

where Cf and Cp are the concentration of oil in the feed and
permeate solution, respectively. The concentration was ob-
tained from the absorbance determined by UV-
spectrophotometer (UV-1601, Shimadzu, Japan) at 530 nm.
Aer the ltration process of oil/water mixture, the membranes
were ushed with pure water for 30 min. The pure water ux of
cleaned membranes, Jw,2 (L m�2 h�1), was measured again. The
ux recovery ratio (FR) in the ltration process was calculated
using the following expression (4):

FR ð%Þ ¼ Jw;2

Jw;1
� 100 (4)

In order to further evaluate the anti-fouling ability of
membranes during the ltration process, three parameters,
including the reversible fouling ratio (Rr), irreversible fouling
ratio (Rir) and total fouling ratio (Rt), were calculated by the
following expressions:

Rr ð%Þ ¼ Jw;2 � Jp

Jw;1
� 100 (5)

Rir ð%Þ ¼ Jw;1 � Jw;2

Jw;1
� 100 (6)

Rt ð%Þ ¼ Jw;1 � Jp

Jw;1
� 100 (7)

3. Results and discussions
3.1 Modication and characterization of nanoparticles

ZrO2 nanoparticles were modied by radical graing polymeri-
zation. The C]C double bonds were immobilized on ZrO2 surface
by coupling with KH570 to form ZrO2–KH570 nanoparticles.

www.sp
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Poly(N-acryloylmorpholine) (PACMO) chains were then graed
onto the ZrO2–KH570 via radical polymerization. The resultant
nanoparticles, denoted as ZrO2-g-PACMO, were obtained.

3.1.1 FT-IR analysis. The chemical structures of ZrO2,
ZrO2–KH570 and ZrO2-g-PACMO nanoparticles were investi-
gated via FT-IR spectra, and the result was shown in Fig. 2. A
broad absorption peak at 3420 cm�1, is assigned to the
stretching vibration of –OH groups on the ZrO2 nanoparticle
surface.43 The ZrO2–KH570 spectrum shows a strong peak at
1720 cm�1, which is associated with the ester carbonyl (O–C]
O) of KH570. Compared with ZrO2–KH570 particle, ZrO2-g-
PACMO spectrum exhibits a peak at 1446 cm�1 that is attributed
to the stretching vibrations of C–N from the PACMO. Further-
more, the peaks at 1114 cm�1 and 1230 cm�1 are ascribed to the
stretching vibrations of C–O–C within morpholine ring of
PACMO.20,21 The FT-IR results prove qualitatively the presence of
PACMO chains on the nanoparticle surface.

3.1.2 TGA analysis. The PACMO content of ZrO2-g-PACMO
nanoparticles was investigated by TGA analysis as shown in
Fig. 3. It is found that the weight loss curves are almost stable
when the temperature is higher than 700 �C. According to the
residue, the weight loss of ZrO2–KH570 is about 0.78% and the
decreased value of ZrO2-g-PACMO nanoparticles is 1.46% as
compared with ZrO2 nanoparticles. This result indicates that
the weight percentage of graed PACMO onto the ZrO2–KH570
nanoparticles is 0.68%.

om
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Fig. 5 XPS wide-scan spectra of pristine PVDF membrane (M0) and
hybrid membrane (M4).

Table 2 Chemical elemental concentrations of membrane surfaces

Sample C 1s (%) F 1s (%) O 1s (%) N 1s (%)
Si 2p
(%)

Zr 3d
(%)

M0 51.49 45.63 2.88 — — —
M1 54.07 37.75 4.24 1.32 1.36 1.26
M2 54.70 34.10 6.09 1.55 1.73 1.83
M3 55.18 30.43 7.76 1.78 2.50 2.35
M4 57.79 25.03 9.43 2.27 2.66 2.82
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3.1.3 Sedimentation test. Since DMF is one of the
commonly used solvents for PVDF membrane fabrication, it is
selected to evaluate the dispersion of ZrO2 and ZrO2-g-PACMO
nanoparticles. As shown in Fig. 4, sedimentation tests suggest
that the pristine ZrO2 rapidly settled down, whereas the ZrO2-g-
PACMO nanoparticles is still suspending in DMF aer 24 h. It is
a remarkable behavior by contrast with sedimentation test that
PACMO surface-graing can signicantly improve the disper-
sion status of ZrO2 in the organic phase.

3.2 Chemical composition of hybrid membrane surfaces

The hybrid membranes were prepared using conventional
immersed phase inversion. Fig. 5 shows the XPS wide-scan
spectra of membrane surfaces. Only two signals at 687.3 eV
and 285.7 eV, corresponding to F 1s and C 1s respectively, can
be observed on the pristine PVDF membrane surface (M0). On
the other hand, additional four emissions are detected at
532.3 eV, 400.6 eV, 181.1 eV and 100.1 eV, which are assigned to
the O 1s, N 1s, Zr 3d and Si 2p on the hybrid membrane surface
(M4), respectively. The atom percentages of membrane surface
were summarized in Table 2. The percentages of N 1s, O 1s and
Zr 3d increase with the increasing mass ratio of ZrO2-g-PACMO,
which conrms that the distribution of ZrO2-g-PACMO on the
membrane surface is dependent on the feed concentration of
ZrO2-g-PACMO in the casting solution.

3.3 Morphologies of hybrid membranes

Cross-sectional structures of membranes prepared from PVDF/
ZrO2-g-PACMO/PEG/DMF systems with different contents of
ZrO2-g-PACMO additives are shown in Fig. 6 (le column). The
pristine PVDF membrane (M0) presents a typical asymmetric
structure consisting of a thin skin layer and a porous nger-like
sub-layer. The nger-like structure is interconnected with the
membrane bulks. However, the PVDF/ZrO2-g-PACMO hybrid
membranes exhibit strong change in the sub-layer structure.
With the increase of ZrO2-g-PACMO in casting solution, the
nger-like structure is suppressed and a thick sponge-like
structure is observed near the bottom side. Bian and
coworkers obtained similar results in the preparation of
PVDF/TiO2 membranes.24 In comparison to unmodied

w.sp
Fig. 4 Sedimentation tests of ZrO2 and ZrO2-g-PACMO nanoparticles
in DMF after 24 h.

5266 | RSC Adv., 2017, 7, 5262–5271

ww
nanoparticles, the PACMO graed ZrO2 nanoparticles is
compatible with PVDF backbones in the casting solution.39 This
increase in compatibility may decrease the diffusion rate of
nonsolvent. A delayed demixing process is then generated,
resulting in the suppression of nger-like structure and devel-
opment of sponge-like sub-layer during membrane formation.

The surface morphology of pristine PVDF membrane (M0)
and hybrid membranes (M1, M2, M3 and M4) was evaluated by
three-dimensional AFM images. As shown in Fig. 6 (right
column), the bright and dark areas represent to peaks and
valleys on the membrane surface, respectively. In order to
further investigate the surface variations, mathematical anal-
ysis of the AFM images was conducted. The parameters, Ra, Rq

and Rz, represent the mean roughness, root mean square and
mean difference in the height between the highest peaks and
the lowest valleys, respectively. As evident from Table 3, pristine
PVDFmembrane exhibits the lowest roughness, which conrms
the visual observation in Fig. 6. The numerical values of Ra, Rq

and Rz of hybrid membranes are much higher than that of
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Morphologies of pristine PVDF membrane (M0) and hybrid
membranes (M1, M2, M3 and M4). Left column: cross-sections of
membranes; right column: three-dimensional AFM images of
membrane surfaces.

Table 3 Roughness parameter, mean pore size and porosity of hybrid
membranes

Sample Ra (nm) Rq (nm) Rz (nm) 3 (%) rm (nm)

M0 12 20 138 77.6 31.6
M1 16 21 139 70.4 25.8
M2 19 25 152 68.1 23.2
M3 22 29 181 62.3 20.6
M4 30 38 217 58.4 17.0

Fig. 7 The amount of BSA adhered to pristine PVDF membrane (M0)
and hybrid membranes (M1, M2, M3 and M4).
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pristine PVDF membrane. These results indicate that the
addition of ZrO2-g-PACMO nanoparticles renders the
membrane with a rough surface structure. High surface
roughness can increase the effective ltration area, which leads
to the enhancement of pure water ux ultimately.45
This journal is © The Royal Society of Chemistry 2017
The mean pore size and porosity information for hybrid
membranes were also listed in Table 3. With the increase of
ZrO2-g-PACMO in the casting solution, the mean pore size and
porosity of membranes decrease from 31.6 nm and 77.6% to
17.0 nm and 58.4%, respectively. Similar experimental results
were obtained previously by Zhang and coworkers for the PVDF/
attapulgite hybrid membrane fabricated with phase inversion
method.44 As organic shrinkage occurs during the precipitation
process of wet-casting polymeric membranes, the increase in
stress between the PVDF and ZrO2-g-PACMO endows the
membrane with low porosity and mean pore size. Another
possibility is the pore blockage due to the precipitation of ZrO2-
g-PACMO on the pore wall, leading to the decrease in the pore
size and porosity. It is noteworthy that the mean pore size of
membranes seems much smaller than that of the membrane
surface observed in AFM images (Fig. 6). The distinct differ-
ences between these data may be explained that only the size in
the range of 2–100 nm can be measured under the adsorption–
desorption experiments.20

3.4 Anti-fouling ability of hybrid membranes

The fouling resistance of membrane was related with the
protein adsorbed onto the membrane surface. In the present
study, the BSA was selected to evaluate the anti-fouling ability of
the prepared membranes. BSA adsorption amounts of
membranes with different concentrations of ZrO2-g-PACMO
nanoparticles are indicated in Fig. 7. The adsorbed BSA amount
reduces with addition of ZrO2-g-PACMO, and the amount is
about 43.7 mg cm�2 when the incorporated ZrO2-g-PACMO
nanoparticle is 4%. The adsorption amount is decreased by
58.7% as compared with pristine PVDF membrane. These
results demonstrate that the incorporation of ZrO2-g-PACMO
nanoparticles can efficiently prevent protein adsorption.

The surface hydrophilicity was determined to evaluate the
anti-fouling behavior of the prepared hybrid membranes. The
dynamic pure contact angles of the membranes were shown in
Fig. 8. The initial water contact angle of the pristine PVDF
membrane (M0) is as high as 93� because of its high hydro-
phobicity. Aer the incorporation of ZrO2-g-PACMO nano-
particles, the contact angle of hybrid membranes reduces
gradually along with the ZrO2-g-PACMO concentration
increasing. The contact angles of membranes are reduced to
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Fig. 8 Water contact angles of pristine PVDF membrane (M0) and
hybrid membranes (M1, M2, M3 and M4).
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89�, 86�, 78� and 66�, corresponding to M1, M2, M3 and M4,
respectively. It is obvious that the hydrophilicity of membrane is
enhanced as result of the addition of ZrO2-g-PACMO in the
casting solution. This behavior is ascribed to the fact that the
PACMO graed ZrO2 nanoparticles are distributed on the
membrane surface during the membrane formation.46 When
Fig. 9 Force-extension curves recorded with a BSA-immobilized tip aga
and M4).

5268 | RSC Adv., 2017, 7, 5262–5271
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a water droplet is dripped onto the hybrid membrane surface, it
can be spread because of hydration capability of PACMO for
water molecules.

The adhesion force of foulants against the membrane
surface is a critical parameter that allows direct evaluation of
anti-fouling behavior at the interface.47 Previous works also
conrmed that the fouling inclination of the membrane surface
is well consistent with the magnitude of adhesion force.48 In
this work, the interaction force between membrane surface and
BSA macromolecules was measured via AFM to further investi-
gate the anti-fouling mechanism. As shown in Fig. 9, the
adhesion forces between hybrid membranes (M1, M2, M3 and
M4) and BSA are 13.8 nN, 8.0 nN, 5.1 nN and 2.6 nN, which is
much lower than 23.0 nN of pristine PVDF membrane (M0).
Upon considering the adsorbed BSA amounts of membranes, it
is obvious that, the weaker the adhesion force of the membrane-
BSA, the lower amounts of protein adsorbed to membrane
surface. In another word, a hydration layer is formed on the
membrane surface and then prevents the protein adsorption
due to the addition of ZrO2-g-PACMO. This result also indicates
that the membrane fouling can be inhibited via the elimination
of foulant-membrane adhesion force.

.cn
inst pristine PVDF membrane (M0) and hybrid membranes (M1, M2, M3

This journal is © The Royal Society of Chemistry 2017
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3.5 Oil/water separation performance of hybrid membranes

Cycle ltration was conducted to evaluate the permeation
performance of the prepared membranes. The rst stage was
the pure water ltration through the membranes. The second
step was the ltration of oil/water mixture, and the third stage
was the steady permeation of pure water aer simple washing
with pure water. The permeated solution in each stage was
collected and the uxes could be calculated by eqn (2). As shown
in Fig. 10, the pure water ux and oil/water ux are signicantly
affected by the content of ZrO2-g-PACMO nanoparticles in the
casting solution. The pristine PVDF membrane (M0) exhibits
the lowest pure water ux and oil/water ux around 36.2 L m�2

h�1 and 8.9 L m�2 h�1. The ux values increase when the
concentration of ZrO2-g-PACMO nanoparticles increases from
1% to 4%. During the ltration of oil/water solution, the rejec-
tion ratio of membrane was also measured and the result was
shown in Fig. 11. It is found that the rejection ratio exhibits the
same propensity with the ux change. Especially for hybrid
membrane M4, the value is as high as 99.9%, indicating an
efficient separation of oil/water mixture. In general, the
permeation performance is dependent on the porosity, mean
pore size and hydrophilicity of the membrane.35 In the present
work, the decreased pore size and improved hydrophilicity of
membranes are the dominated factors affecting the uxes and
rejections. Obviously, the improved surface hydrophilicity can
reduce the interfacial resistance and promote water molecules
to pass through the membrane pores, which would efficiently
Fig. 10 Time-dependent fluxes of pristine PVDF membrane (M0) and
hybrid membranes (M1, M2, M3 and M4).

Fig. 11 (a) Rejection of the oil/water solution for pristine PVDF
membrane (M0) and hybrid membranes (M1, M2, M3 and M4); (b)
photograph of oil/water mixture before and after permeation through
M4 hybrid membrane.

This journal is © The Royal Society of Chemistry 2017
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increase the uxes of membranes.49 The addition of ZrO2-g-
PACMO nanoparticles endows the prepared hybrid membranes
(M1, M2, M3 and M4) with a smaller pore size than pristine
PVDF membrane. Thus, the dense membrane surface makes
the oil droplets difficult to permeate throughmembranematrix.
On the other hand, the compact hydration layer also resists oil
droplets to adsorb on the membrane surface and to pass
through membrane.

The anti-fouling ability of membranes during ltration
process was quantitatively investigated in detail. On the basis of
the uxes data, total fouling ratio (Rt), irreversible ratio (Rir) and
reversible fouling ratio (Rr) were calculated. As given in Fig. 12,
Rt value of the pristine PVDF membrane (M0) is highest at
75.3%, indicating serious ux decline caused by oil fouling. In
comparison to pristine PVDF membrane, the Rt values for
hybrid membranes (M1, M2, M3 and M4) reduce to 47.9%,
44.2%, 41.5% and 37.4%, respectively. Furthermore, the ux
recovery ratio (FR) and Rr/Rir value of as-prepared membranes
were shown in Fig. 13. The increase of Rr/Rir value conrms that
the irreversible membrane fouling is converted into reversible
membrane fouling in the ltration process. In another word,
the irreversible oil fouling on the membrane surface is inhibi-
ted due to the incorporation of ZrO2-g-PACMO nanoparticles.
This result is ascribed to the fact that the formed hydration layer
can reduce the interaction force between membrane surface
and oil droplet, leading to the prevention of irreversible oil
adhesion. The ux recovery ratio (FR) displayed in Fig. 13 canco

m.cn

Fig. 12 Total fouling ratio (Rt), irreversible ratio (Rir) and reversible
fouling ratio (Rr) for pristine PVDF membrane (M0) and hybrid
membranes (M1, M2, M3 and M4) during the cycle filtration.

Fig. 13 Flux recovery ratio (FR) and Rr/Rir value of pristine PVDF
membrane (M0) and hybrid membranes (M1, M2, M3 and M4) during
the cycle filtration.
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obviously present the suitable recycling performance of the
PVDF/ZrO2-g-PACMO membranes. The hybrid membrane
exhibits a higher ux recovery than pristine PVDF membrane.
As for hybrid membrane M4, the ux recovery ratio reaches to
97%. This is originated from the hydrophilic effect of graed
PACMO chains. In addition, the well dispersed ZrO2-g-PACMO
in the membrane pore channel makes the entrapped oil drop-
lets in the membrane pores to be removed easily by water
ushing.50 These results suggest that incorporation of ZrO2-g-
PACMO nanoparticles also enhances the oil fouling resistance
in the ltration process.
m

4. Conclusions

In this work, PACMO graed ZrO2 nanoparticles (ZrO2-g-
PACMO) were successfully synthesized via radical polymeriza-
tion. The PVDF/ZrO2-g-PACMO hybrid membranes were fabri-
cated via phase inversion method. The effects of ZrO2-g-PACMO
concentration on the morphology, anti-fouling ability and oil/
water separation performance of membranes were investi-
gated in detail. It was found from sedimentation test that the
synthesized ZrO2-g-PACMO nanoparticles could be uniformly
dispersed in organic solvent DMF. With the increase of ZrO2-g-
PACMO nanoparticles in the casting solution, the nger-like
structures at the cross-sections of PVDF/ZrO2-g-PACMO
membranes were suppressed and the sponge-like layers were
gradually formed. Compared with pristine PVDF membrane,
the incorporation of ZrO2-g-PACMO nanoparticles led to the
decrease of mean pore size and porosity, and the formation of
rougher membrane surface. The adsorbed BSA protein to hybrid
membranes was much lower than that of pristine PVDF
membrane, which was resulted from the increase of surface
hydrophilicity and the decrease of interaction force between
membrane surface and foulants. The prepared PVDF/ZrO2-g-
PACMO exhibited an effective separation of oil/water solution
and the rejection ratio was as high as 99.9%. Cycle ltration
process showed that ZrO2-g-PACMO nanoparticles were a good
modier for the formation of anti-fouling PVDF membrane.
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