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Poly(vinylidene fluoride) (PVDF) ultrafiltration membranes were prepared by immersion precipitation
method using poly(hydroxyethyl methacrylate)-block-poly(methyl methacrylate) grafted silica (PHEMA-
b-PMMA@SiO2) nanoparticles as additives. The hybrid nanoparticles were synthesized by the surface
initiated atom transfer radical polymerization (SI-ATRP), and they were characterized in detail by FT-IR,
TEM, DLS and GPC. Results confirm that coreeshell structure is formed after grafting PHEMA-b-PMMA
brushes on the silica nanoparticles. Their average hydrodynamic diameter also increases with the pro-
longation of grafting time. After blending PVDF with the hybrid silica nanoparticles, the composite PVDF
membranes exhibit high porosity and improved water permeation. Especially, when the molecular
weight is 1.73 � 105 g/mol for PHEMA-b-PMMA on the hybrid nanoparticles, the water flux of the PVDF
composite membrane is 2.5 times than that of the control PVDF membrane, while the rejection to bovine
serum albumin (BSA) remains at a high level (>90%). In addition, all the composite PVDF membranes
show lower BSA adsorption and larger water flux recovery ratio than the control PVDF membrane. The
improvement of membrane performance is attributed to the good hydrophilicity of PHEMA-b-
PMMA@SiO2 nanoparticles. Our results suggest that PHEMA-b-PMMA@SiO2 nanoparticles with moder-
ate molecular weight of PHEMA-b-PMMA are suitable for the property optimization of PVDF-based
composite membranes.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(vinylidene fluoride) (PVDF) is one of the most extensively
used materials for ultrafiltration and microfiltration membranes
because of its excellent antioxidation, good thermal stability, and
high hydrolytic resistance as well as fine mechanical property [1e
3]. However, its hydrophobic nature, which is often liable to
membrane fouling, has become a conspicuous drawback for wide
application as membrane materials in water treatment [4]. There-
fore, extensive efforts have been devoted to improving the surface
hydrophilicity of PVDF membranes through a variety of methods
such as surface grafting and additive blending. Surface grafting
includes plasma treatment [5e7], UV-induced polymerization [8],
electron beam irradiation [9,10], and living/controlled radical
polymerization [11,12]. Blending usually involves amphiphilic co-
polymers [13,14] and inorganic particles [15e24] as additives.
Much attention has been paid to organiceinorganic composite
membranes which are fabricated through blending PVDF with
All rights reserved.
inorganic nanoparticles such as Al2O3 [17,18], SiO2 [19,20], TiO2
[21,22], Fe2O3 [23] and montmorillonite (MMT) [24].

SiO2 is one of the most widely used inorganic materials for
organiceinorganic composite membranes due to its stability, hy-
drophilicity, mechanical strength, and chemical property [25].
Recently, several studies have been carried out to focus on the
fabrication of PVDF/SiO2 composite membranes via blending
method [19,25,26]. The porous structure could be developed and
the hydrophilic property was enhanced for the composite mem-
branes [19,26]. However, high specific surface area and reactivity
are well known reasons for the aggregation of SiO2 nanoparticles.
These factors make the SiO2 nanoparticles dispersed poorly in PVDF
matrix. Therefore, it is necessary to modify the surface of SiO2
nanoparticles. In general, the SiO2 nanoparticles can be modified to
form hybrid nanomaterials by chemically bonding or physically
adsorbing polymers on their surface [27e30]. The chemically
bonding method usually anchors polymer chains on the nano-
particles via “grafting to” [27,31,32] or “grafting from” [28e30,33e
42] processes. The so-called “grafting from” process was commonly
used to covalently anchor vinyl polymers by free radical polymer-
ization in conjunction with surface-bound initiators [34e36].
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Scheme 1. Synthesis of PHEMA-b-PMMA@SiO2 nanoparticles via surface-initiated
ATRP.

S.-H. Zhi et al. / Polymer 55 (2014) 1333e13401334
Controlled free radical polymerizations were further applied to
modulate the molecular weight, polydispersity, and chain-end
structure and length (thickness) of the anchored polymers [37e
42]. Among the most used controlled free radical polymeriza-
tions, surface-initiated atom transfer radical polymerization (SI-
ATRP) has been the preferred one for the synthesis of hybrid SiO2
nanoparticles [39]. These hybrid nanoparticles are expected as
suitable additives for organiceinorganic composite membranes,
however, there is rare report focusing on the composite mem-
branes fabricated from PVDF and hybrid SiO2 nanoparticles.

We report a series of composite PVDF membranes containing
poly(hydroxyethyl methacrylate)-block-poly(methyl methacrylate)
grafted SiO2 (PHEMA-b-PMMA@SiO2) nanoparticles. The hybrid
SiO2 nanoparticles were prepared by grafting PHEMA-b-PMMA
copolymer via SI-ATRP. PMMAwas selected to firstly graft due to its
excellent compatibility with PVDF [43e45]. PHEMA was subse-
quently grafted to form PHEMA-b-PMMA block copolymer for
improving the hydrophilicity of the composite PVDF membranes.
We aim to evaluate the effects of PHEMA-b-PMMA@SiO2 nano-
particles on the surface hydrophilicity, water permeation, and
protein resistance of the composite membranes.

2. Experimental

2.1. Materials

PVDF (Mn ¼ 1.53 � 105, Mw/Mn ¼ 2.3) was purchased from
Solvay Solexis Inc., (Belgium). Sinopharm Chemical Reagent Co. Ltd.
provided other chemicals including methyl methacrylate (MMA,
99%), copper (I) bromide (CuBr, 99.9%), copper (II) bromide (CuBr2,
99.9%), 2,20-bipyridine (Bpy, 99%), tetraethyl orthosilicate (TEOS,
99%), N,N-dimethyl formamide (DMF, 99%), ammonium hydroxide
solution (28 wt% NH3,H2O), acetone, methanol, toluene, tetrahy-
drofuran (THF), triethylamine (Et3N) and hydrofluoric acid solution
(HF, 49%). MMA was purified by distillation under reduced pres-
sure. CuBr was treated with 3 wt% acetic acid aqueous solution and
acetone before use. 3-aminopropyltriethoxysilane (APTES) was a
commercial product of Aladdin Reagent Company (China).
Hydroxyethyl methacrylate (HEMA, 99%), 2-bromoisobutyl bro-
mide (97%) and methyltrioctylammonium chloride (Aliquat 336)
were purchased from SigmaeAldrich Chemicals (USA). HEMA was
purified by flash chromatography over activated neutral alumina.
Ultrapure water was produced with an ELGA LabWater system
(France) and used in all experiments.

2.2. Synthesis and characterization of PHEMA-b-PMMA@SiO2

nanoparticles via SI-ATRP polymerization

Scheme 1 shows the synthesis process of PHEMA-b-PMMA@-
SiO2 nanoparticles. In brief, the process includes three steps. First,
bare SiO2 nanoparticles were prepared through Stöber method [46]
and the silanol (SieOH) groups on the particle surface were con-
verted to primary amine groups by direct condensationwith APTES.
Second, the initiator-functionalized SiO2 nanoparticles were ob-
tained via a reactionwith 2-bromoisobutyl bromide. Third, SI-ATRP
was then adopted to synthesize PHEMA-b-PMMA@SiO2 nano-
particles in monomer solution using SiO2eBr as the initiator and
CuBr/CuBr2/Bpy as the catalyst and ligand system. More details are
described in Supplementary Material.

2.3. Preparation of the PVDF/PHEMA-b-PMMA@SiO2 organice
inorganic composite membranes

PHEMA-b-PMMA@SiO2 nanoparticles (2 wt% based on the
weight of PVDF) were added to DMF and dissolved under
ultrasonication for 30 min. PVDF (15 wt% based on the whole
casting solution) was then added to themixture and stirred at 60 �C
for 12 h to obtain a homogeneous casting solution. The casting
solution was further heated at 60 �C without stirring for 12 h to
remove bubbles. This casting solution was cast onto a clean glass
plate using a doctor blade, and then immersed into water bath at
35 �C for phase separation. After the membrane was detached from
the glass plate, it was taken from the bath and subsequently soaked
in ultrapure water for at least 24 h. To avoid the shrinkage of
membrane pores, themembranewas immersed in ethanol aqueous
solution with different concentrations for dehydration and then
soaked in n-hexane overnight. Finally, the membrane was dried in
air at room temperature and used for characterization. The pre-
pared composite PVDF membranes were denoted as M12, M18,
M24 and M30 according to the used PHEMA-b-PMMA@SiO2
nanoparticles synthesized with different polymerization times. A
pure PVDFmembrane, M0, was used as the control sample. M1 was
the composite PVDFmembrane containing bare SiO2 nanoparticles.

2.4. Characterization of the hybrid SiO2 nanoparticles and the
composite membranes

Chemical composition of the hybrid SiO2 nanoparticles was
analyzed by Fourier transform infrared spectra (FTIR, Nicolet Nexus
670, USA). The particle size was determined by dynamic light
scattering (DLS) in DMF at 25 �C on a Malvern Zetasizer Nano ZS90
with a HeeNe laser (633 nm) and 90� collecting optics. Gel
permeation chromatography (GPC) was conducted at 40 �C in THF
with a flow rate of 1.0 mL/min, using a Waters 510 HPLC pump,
Waters Styragel columns, and a Waters 410 differential refractom-
eter (Millipore Corp., Bedford, MA). Poly(methyl methacrylate) was
used as calibration standard. Morphologies of the hybrid SiO2
nanoparticles were characterized by transmission electron micro-
scopy (TEM, JEM-1230, Japan). Samples were prepared via depos-
iting a drop of the particle suspension onto a copper grid with a
carbon film and then drying prior to visualization. Thickness of the
grafting layer was estimated by analyzing TEM images of the hybrid
SiO2 nanoparticles using an Image tools software.



Fig. 1. FT-IR spectra of silica (a), SiO2eBr (b), PMMA@SiO2 (c) and PHEMA-b-
PMMA@SiO2 (the polymerization time is 12 h) (d) nanoparticles.
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The apparent viscosity of PVDF/PHEMA-b-PMMA@SiO2 casting
solution was measured using a rotational viscometer (NDJ-79,
Electrical Machinery Plant, Tongji University, China). All measure-
ments were performed at a shear rate of 176 s�1 and 60 �C.
Attenuated total reflection/Fourier transform infrared (ATR/FT-IR)
spectrometer (Nicolet Nexus 470, USA) was used to detect the
functional groups of the membrane surface. Thirty-two scans were
taken for each spectrum at a resolution of 4.0 cm�1. Membrane
morphologies were observed by field emission scanning electron
microscope (FESEM, Hitachi S4800, Japan) under vacuum. Both the
membrane surface and the cross-section were sputtered gold for
90 s before observation. Hydrophilicity of the membrane surface
was evaluated by water contact angle (WCA) measurement. WCA
was measured by the sessile drop method using a CTS-200 system
(Mighty Technology Pvt. Ltd., China) at room temperature. The
volume of droplets was 2.0 mL. Chemical composition of the
membrane surface was analyzed using X-ray photoelectron spec-
troscopy (XPS, PHI 5000C ESCA System, USA)with Mg Ka excitation
radiation. Porosity (P, %) of the wet membrane was calculated ac-
cording to Eq. (1) [47]:

P ¼ ðW0 �W1Þ=rwater
ððW0 �W1Þ=rwaterÞ þ ðW1=rPVDFÞ

� 100 (1)

whereW0 is the weight of the wet membrane (g);W1 is the weight
of the dry membrane (g); rwater or rPVDF is the density of water or
PVDF, respectively. The dry membrane was immersed in tertiary
butyl alcohol (TBA) at 30 �C for 48 h. Then themembranewas softly
wiped upwith filter paper andweighted quickly. Porosity of the dry
membrane (P2) was also defined according to the Eq. (1), but W0 is
the weight of the membrane refilled with TBA and rwater should be
revised to rTBA, which is the density of TBA.

2.5. Measurements of filtration and anti-fouling properties

Water permeation of the membrane was measured by a dead-
end filtration system. All experiments were conducted at 25 �C
and a feed pressure of 0.1 MPa. A newly prepared membrane was
pre-pressured at 0.12 MPa for 30 min to minimize its compaction
effect before measurement, and then the pure water flux (Jw) was
measured from the permeate volume until the water permeation
remains constant under pressure of 0.10 MPa. For each membrane,
three samples were measured at the same condition and the
average Jw was reported.

Four dextrans (Mw ¼ 20,000, 40,000, 70,000, 100,000, respec-
tively) were used to characterize the molecular weight cut-off
(MWCO) of the membranes. The test solution was prepared by
mixing dextrans in ultrapure water at the concentration of
500 ppm. The concentration of samples from the feed and collected
permeate were analyzed by means of total organic carbon (TOC)
with a TOC-Vcpn instrument (Multin/C 3100, German). Mw which
was rejected to 90% is defined as the molecular weight cut-off
(MWCO) of the membrane.

BSA solution filtration was performed at 0.1 MPa and room
temperature using a flat-sheet cross-flow test cell with an effective
membrane area of 4.9 cm2. BSA solutionwith concentration of 1 g/L
was flowed across themembrane. The rejection ratiowasmeasured
by collecting permeates at a given interval. The solute concentra-
tion of permeate and feed was determined using a UVevisible
spectrophotometer (UV-2450, Shimadzu, Japan). For each mem-
brane, three samples were measured and the average R was re-
ported. After filtration of BSA solution, the membrane was washed
with PBS and ultrapure water for 30 min, respectively. Then the
pure water flux (JR) was measured. The flux recovery ratio (FRR)
was calculated as follow:
FRRð%Þ ¼ JR
Jw

� 100 (2)
Fouling resistance of the membrane was evaluated by
measuring the amount of BSA absorbed on the sample. Wet
membrane with 4.9 cm2 was washed with the phosphate buffer
saline (PBS) (pH 7.4) for 2 h, and then put into a vial filled with
10 mL BSA solution with a concentration of 1 g/L. The vial was
then incubated in oscillating water bath at 25 �C for 24 h to reach
adsorption equilibrium. The concentrations of BSA solution
before and after adsorption were measured by UVevisible
spectrophotometer (UV-2450, Shimadzu, Japan). The adsorption
amount of BSA was calculated from the concentration variation.
Each value reported was an average of three parallel
experiments.
3. Results and discussion

3.1. Synthesis and structures of PHEMA-b-PMMA@SiO2

nanoparticles

SI-ATRP was adopted to synthesize PMMA@SiO2 and PHEMA-
b-PMMA@SiO2 nanoparticles. In our cases, the number of initia-
tors on the surface of SiO2 nanoparticles is insufficient to
generate enough Cu(II) species, especially at the early stage of
polymerization. However, this problem can be addressed by the
addition of a low concentration of Cu(II) species at the beginning
of polymerization [42,48,49]. Therefore, CuBr2 was used as
retarder to ensure sufficient exchange between the dormant
species and the active sites. FT-IR spectra (Fig. 1), TEM images
(Fig. 2) and DLS analysis (Fig. 3) all demonstrate that the SiO2

nanoparticles were step-by-step modified with PMMA and
PHEMA-b-PMMA.

For example, FT-IR spectra of PMMA@SiO2 and PHEMA-b-
PMMA@SiO2 nanoparticles appear additional peaks at 1728 cm�1

(stretching vibration of C]O), 1439 cm�1 (stretching vibration of e
CH), 1148 cm�1 (stretching vibration of CeOeC), and 3425 cm�1

(bending vibration of eOH) (Fig. 1c and d). At the same time, coree
shell structure has been formed by grafting polymers on the surface
of SiO2 nanoparticles. The dark SiO2 cores have been firstly



Fig. 2. TEM images of SiO2 (a), SiO2eBr (b), PMMA@SiO2 (c) and PHEMA-b-PMMA@SiO2 (the polymerization time is 12 h) nanoparticles (d). (Red arrows indicate the polymer
grafted on the surface of SiO2 nanoparticles). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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surrounded by a thin gray PMMA layer (ca. 14 nm) (Fig. 2c). The
thickness of polymer layer increases significantly (ca. 36.5 nm)
(Fig. 2d) after subsequently grafting PHEMA on the surface of
PMMA@SiO2 nanoparticles with 12 h polymerization. Furthermore,
the hydrodynamic diameter of PHEMA-b-PMMA@SiO2 nano-
particles increases with an increase in polymerization time (Fig. 3).
However, it is larger for the hydrodynamic diameter of PHEMA-b-
PMMA@SiO2 nanoparticles measured by DLS (446 nm, Fig. 3b) than
that obtained from TEM images. This is mainly associated with
swelling of the polymer chains in DMF [50].

The molecular weights of PMMA and PHEMA-b-PMMA grafted
on SiO2 nanoparticles were determined after cleaving the polymers
from the surface via HF aqueous solution. Typical results indicate
that the molecular weight of PMMA is 1.08 � 105 g/mol. After
further grafting with PHEMA, the molecular weight of PHEMA
gradually increases from 1.6 � 105 g/mol to 2.01 � 105 g/mol with
an increase in polymerization time (Fig. 4). Furthermore, the
polydispersity index (PDI) also increases slightly with the prolon-
gation of polymerization time. It is attributed to themultifunctional
nature of SiO2eBr as initiator, which may result in the intermo-
lecular coupling of the growing radicals and the formation of cross-
linked structure when the chain radical concentration is high
enough at a local area [51,52]. In fact, the viscosity of the reaction
mixture increases with increasing polymerization time. Further-
more, when SiO2eBr is used as multifunctional initiators in ATRP,
intermolecular coupling of grafting chains easily takes place from
different silica cores and termination occurs by neighboring
surface-immobilized chains in an intramolecular fashion [49].
3.2. Structures and properties of PVDF/PHEMA-b-PMMA@SiO2

composite membranes

The synthesized PHEMA-b-PMMA@SiO2 nanoparticles were
used as hydrophilic additives for the preparation of organiceinor-
ganic composite membranes from PVDF. It is reasonable that the
addition of hydrophilic additives will influence the morphology of
the composite PVDF membranes prepared by the immersion pre-
cipitation method. As depicted in Fig. 5, porous top surfaces form
on the composite PVDF membranes with 2 wt% hybrid SiO2 nano-
particles. In addition, all the membranes exhibit a typical asym-
metric structure for their cross-section. Three distinct regions can
be identified clearly, that is, a thin skin layer near the top surface, a
parallel columnar finger-like structure extending to the central part
underneath the top surface, and a cellular structure consisting of
closed pores at the lower half of the membrane cross-section.
MWCOs of the pristine and composite PVDF membranes were
characterized by using dextran as model molecules to further
determine the effective membrane surface pores. All the mem-
branes show low rejections (<60%) when permeating dextran
(20 kDa and 40 kDa) aqueous solution. However, MWCO of M24
and M30 (100 kDa) is larger than that of M12 and M18 (70 kDa)
(Fig. 6). It indicates that themembrane surface becomes porous and
the pore size increases with an increase in the molecular weight of
PHEMA-b-PMMA. Fig. 7 indicates that the porosity becomes large
after blending with SiO2 nanoparticles. Moreover, the porosity first
increases and then slightly decreases with increasing the molecular
weight of PHEMA-b-PMMA.



Fig. 3. DLS results of SiO2 (a), PHEMA-b-PMMA@SiO2 with different polymerization time (12 h (b), 18 h (c), 24 h (d) and 30 h (e)).

Fig. 4. GPC curves of PMMA and PHEMA-b-PMMA etched from PMMA@SiO2 and
PHEMA-b-PMMA@SiO2 nanoparticles with different polymerization time (12 h, 18 h,
24 h and 30 h).
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These changes of membrane structure and porosity can be
explained as follows. The addition of hydrophilic SiO2 and PHEMA-
b-PMMA@SiO2 nanoparticles enhances the affinity interaction of
the casting solution and the water precipitant, which promotes
solventenonsolvent exchange in the process of phase separation
and then results in the formation of large pores. In addition, some
nanoparticles can leach out from the casting solution and act as
pore-forming agent during membrane formation. Furthermore, the
viscosity of the casting solutionwas also measured for studying the
effect of the molecular weight of PHEMA-b-PMMA on the diffu-
sional aspect of the solution. The addition of hybrid SiO2 nano-
particles increases the viscosity of the casting solution with an
increase in the molecular weight of PHEMA-b-PMMA, which re-
veals that the overall diffusion can be kinetically inhibited with the
hybrid SiO2 nanoparticles in solutions (Fig. S1 in Supplementary
Material). As we all known, the thermodynamic enhancement co-
exists with the rheological hindrance during the process of im-
mersion precipitation, showing a trade-off relationship against one
another. According to the results of MWCOs and membrane
porosity, the thermodynamic factor prevails over the rheological
hindrance due to high hydrophilic character of PHEMA-b-
PMMA@SiO2 nanoparticles. Therefore, these factors cause the for-
mation of a porous top layer with relatively large pores.

FT-IR/ATR spectra were measured to characterize functional
groups of the composite membranes surfaces in Fig. 8. Typical



Fig. 5. FESEM images of composite PVDF membranes: (a) pristine PVDF membrane, (b)
PVDF/SiO2 membrane for M1, (c) PVDF/PHEMA-b-PMMA@SiO2 membrane with
1.6 � 105 g/mol PHEMA-b-PMMA for M12, (d) PVDF/PHEMA-b-PMMA@SiO2 mem-
brane with 1.73 � 105 g/mol PHEMA-b-PMMA for M18, (e) PVDF/PHEMA-b-PMMA@-
SiO2 membrane with 1.84 � 105 g/mol PHEMA-b-PMMA for M24, (f) PVDF/PHEMA-b-
PMMA@SiO2 membrane with 2.01 �105 g/mol PHEMA-b-PMMA for M30. Left column:
membrane top surface; right column: cross-section.

Fig. 6. Molecular weight cutoff of the pristine and composite PVDF membranes.

Fig. 7. Porosity of the pristine and composite PVDF membranes.
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absorption peaks of the PVDF membrane are at 1402 cm�1,
1382 cm�1 (bending vibration of eCH2), 1210 cm�1 (wagging vi-
bration of eCH2), 1172 cm�1 (twisting vibration of eCH2),
1070 cm�1 (in plane wagging vibration of CeF), and 877 cm�1

(stretching vibration of eCF2) (Fig. 8a). The composite membranes
show additional peaks at 800 cm�1 (bending vibration of SieOeSi)
and 1728 cm�1 (stretching vibration of C]O) (Fig. 8b and c), which
indicate the existence of SiO2 and PHEMA-b-PMMA@SiO2 nano-
particles on the membrane surfaces.
Surface hydrophilicity is one important parameter of separation
membrane for water treatment, which is often evaluated by WCA
measurement. In can been seen from Fig. 9 that WCA of the com-
posite PVDF membranes is lower than that of the PVDF membrane
(92�). With increasing the molecular weight of PHEMA-b-PMMA,
WCA of the composite PVDF membranes first decreases to mini-
mum (71�) and then increases to 82�. It indicates that the addition
of PHEMA-b-PMMA@SiO2 nanoparticles enhances the surface hy-
drophilicity of PVDF membrane, which can be attributed to the
hydroxyl groups of PHEMA segment.

Chemical composition of the pristine and composite PVDF
membrane surfaces was characterized by XPS analysis to study the
relationship between surface composition and hydrophilicity. The
characteristic XPS signals for carbon (C) and fluorine (F) are
observed for the pristine PVDF and composite PVDF membranes.
Furthermore, new peaks of O 1s and Si 2p3 are observed from
PVDF/SiO2 and PVDF/PHEMA-b-PMMA@SiO2 membranes (Fig. 10).
Table 1 lists the atomic percentages of C, F, O and Si elements of all
prepared PVDF membranes. There is no O and Si element on the
neat PVDF membrane surface. PHEMA-b-PMMA and SiO2 nano-
particles are the source of O and Si. XPS measurement shows that



Fig. 8. FT-IR/ATR spectra of the studied membranes (a) PVDF membrane, (b) PVDF/
SiO2 membrane for M1, and (c) PVDF/PHEMA-b-PMMA@SiO2 membrane with
1.6 � 105 g/mol PHEMA-b-PMMA for M12.

Fig. 10. XPS spectra of the pristine and composite membranes.
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the atomic percentages of O and Si element on the membrane
surfaces increase with the blending of SiO2 and PHEMA-b-
PMMA@SiO2 nanoparticles. It indicates the existence of nano-
particles in the near surface of the composite membranes. These
results clearly evidence that the hydrophilic PHEMA-b-PMMA@-
SiO2 nanoparticles are segregated to the membrane surface during
membrane preparation. Generally speaking, the chemical potential
of hydrophilic component in water is substantially less than that of
hydrophobic component. Hydrophilic hybrid SiO2 nanoparticles
migrate faster to interface between the casting solution and water
than hydrophobic PVDF chains prior to precipitation, resulting in
surface enrichment of hydrophilic PHEMA chains [53]. However,
the Si and O content of M30 is less than M18. It is deduced that the
migration will be inhibited with an increase in the polymer chain
length, which makes the surface hydrophilicity of membrane
decrease slightly [54].

Ultrafiltration experiments were carried out to study the influ-
ence of PHEMA-b-PMMA@SiO2 nanoparticles on the permeation
performances of the composite PVDF membranes. As can be seen
from Fig. 11, the pure water flux first increases to 65.96 L/m2 h
Fig. 9. Water contact angles of the pristine and composite PVDF membranes.
(M18), which is two times more than that of the PVDF membrane,
and then decreases to 42.78 L/m2 h (M30). This trend is well
matched with the porosity and the surface hydrophilicity of the
composite PVDF membranes. An increase in these two parameters
reasonably enhances water permeation of the membranes.

Protein-resistance is another important parameter that associ-
ates with the antifouling property of polymer membranes. Further
investigation was focused on the effects of PHEMA-b-PMMA@SiO2
nanoparticles on the rejection and static adsorption of BSA. The BSA
rejection first increases and then decreases with an increase in the
molecular weight of PHEMA-b-PMMA. One major reason for the
low rejection of M1 is the addition of SiO2 nanoparticles increases
the pore size. After blending with PHEMA-b-PMMA@SiO2 nano-
particles, the PHEMA segment of PHEMA-b-PMMA@SiO2 nano-
particles may migrate to the membrane surfaces. The hydroxyl
groups of PHEMA can bind water molecules to form a hydration
layer, which hinders the adsorption of BSA from 124.8 mg/cm2 to
83.83 mg/cm2 (Figure S2 in Supplementary Materials). However,
when the molecular weight of PHEMA-b-PMMA is high, the surface
pores of M24 and M30 become large based on the results of MWCO
measurement. Moreover, the surface hydrophilicity of M24 and
M30 is lower than M12 and M18 (Fig. 9). All these factors result in
low rejections for M24 and M30.

In addition, FRR was also measured to evaluate the antifouling
property of the composite PVDF membranes. As depicted in Fig. 12,
FRRs of the composite PVDF membranes are more than that of the
PVDF membrane. The later has a low FRR (26%), implicating a poor
antifouling property. In contrast, the FRR of M18 reaches 90%. Low
FRR of the PVDF membrane is ascribed to the high adsorption of
BSA on the membrane surfaces and the entrapment of BSA in the
Table 1
Surface chemical composition of the pristine and compositemembranes detected by
XPS.

Membrane samples Atomic relative content (mol%)

C O F Si

M0 53.66 0 45.02 0.01
M1 53.59 3.67 41.44 0.31
M18 53.56 7.04 35.73 1.92
M30 56.4 5.38 36.26 1.01



Fig. 11. Pure water flux and BSA rejection of the pristine and composite PVDF
membranes.

Fig. 12. Water flux recovery ratio of the pristine and composite PVDF membranes.
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membrane pores (Figure S2 in Supplementary Materials). The
addition of PHEMA-b-PMMA@SiO2 nanoparticles increases the
hydrophilicity of the membrane surfaces and membrane pores,
which result in high FRR.
4. Conclusions

PHEMA-b-PMMA@SiO2 nanoparticles were synthesized
through SI-ATRP and then used as a novel hydrophilic additive to
prepare PVDF/PHEMA-b-PMMA@SiO2 composite membranes via
immersion precipitation method. These hybrid nanoparticles in-
fluence the structure and performance of the composite PVDF
membranes obviously. Nanoparticles with appropriate molecular
weight of PHEMA-b-PMMA increase the pure water flux, improve
the BSA rejection to a high level (>90%), and reduce the membrane
fouling at the same time. The improved performances are attrib-
uted to the good hydrophilicity of PHEMA-b-PMMA@SiO2 nano-
particles. Our study provides a reasonable modification approach to
prepare organiceinorganic composite membranes from PVDF and
SiO2 nanoparticles.
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