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www.rsc.org/ Membrane-based technology is regarded as the most promising approach for oil/water

separation, but suffers from the severe membrane fouling. Hybrid membranes may win rich
opportunities in dealing with fouling problem due to their hierarchical structure and multiple
functionalities. In this study, novel kinds of hybrid membranes with both inorganic hydrophilic
microdomains and organic low surface free energy (LSFE) microdomains are fabricated
through the synergy of in situ biomimetic mineralization and nonsolvent induced phase
separation. The as-prepared hybrid membrane possesses homogeneous dispersion of
nanoparticles, higher mechanical strength, underwater superoleophobicity and surface
heterogeneousity. Owing to the concomitant collaborative fouling-resistant mechanism and
fouling-release mechanism, the oil foulants are difficult to arrive at or attach to the membrane
surface, and consequently the membranes display significantly enhanced antifouling property
and separation performance. Particularly, the permeation flux decline closes to zero during oil-
in-water emulsion filtration. This study may endeavor a facile and generic strategy to
manipulate the structure-property relationship of membranes for efficient water treatment
processes.
Introduction water/membrane and oil/membrane interfaces (yw.m-Yom )
facilities the wetting and spreading of oil droplets on the
surface as predicted by Young’s equation (Scheme 1). The
gradual coalescing and migration of oil droplets form
continuous oil film and cause sharp decline of permeation flux
temporarily or permanently.

Millions of tons of oily wastewater are generated daily around
the world. Primary sources of oily wastewater are from
industrial processes, such as oil and gas extraction, oil refining,
petrochemical, food, steelmaking, and leather manufacturing.
Accordingly, the ever-increasing industrial oily wastewater

with high pollution load has become severe environmental and

Water Oil/water separation
health issues.” Due to the green, energy-saving, and “ Y ? -
. . . U J
continuous operation feature, membrane-based oil/water ovee 00 LJ
separation technologies have evolved an economical and T
efficient approach to concentrate and remove oil from water. Yoo m,hvu-;v-vm-o
w-0

However, the inherent oil fouling often triggers a cascade of
events such as accumulation, adhesion, spreading, coalescing

and migration of suspended oil foulants, which is much more
complicated than the fouling caused by soluble organic
macromolecules and insoluble inorganic matters. When oil
droplets are rejected and directly contact with membrane
surfaces, the hydrophobic interaction between oil droplets and
membrane surfaces renders the relatively low interfacial free
energy of oil/membrane interface. As a result, the increasing
the interfacial free between

difference in energies
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Scheme 1 Wetting behaviors of oil droplets on membrane surface (Young’s mode
in membrane/oil/water three-phase systems).

In order to achieve anti-oil-fouling membrane materials for
efficient oil/water separation, different functional materials
with specific chemical or geometrical structures have been
exploited to effectively suppress the hydrophobic interactions
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between oil droplets and membrane surfaces. These materials
include organic materials (polymer brushes*'® and polymer

nanomaterials'®), inorganic materials (metal compounds® 2923,

5 . 3,26~
2425 carbon-based materials'® 18 22 23,26

silicon-based materials
) and hybrid materials®®. The core of anti-oil-fouling strategy
lies in the construction of powerful defense mechanisms.
According to fouling-resistant mechanism, water molecules
tightly surrounding the hydrophilic surfaces decreases the
possibility of direct hydrophobic interactions.*®*! According to
fouling-release mechanism, strongly electronegative fluorine
atoms on low surface free energy (LSFE) surfaces decrease the
susceptibility to hydrophobic interactions.*> ** Accompanying
the
mechanism to multiple defense mechanisms, the recent efforts

switch of antifouling strategy from single defense
have begun to focus on heterogeneous membrane materials
with both hydrophilic and LSFE microdomains.® ''"'* 2% Still,
one great challenge is how to achieve the reliable creation of
collaborative defense mechanisms based on the rational design
of membrane materials and formation methods. It is worth
noting that, polymer-inorganic hybrid membranes, featured by
hierarchical structures and multiple functionalities, will win
rich opportunities in manipulating collaborative defense
mechanisms.

When preparing the polymer-inorganic hybrid membranes,
homogeneous dispersion of inorganics, good interface
compatibility between polymer and inorganics are two essential
issues. Fortunately, biomineralization renders an exceptional
solution in which organisms produce hard inorganic materials
within organic macromolecular matrixes under ambient
temperature, near neutral pH and in aqueous solution. The
formation of natural organic-inorganic hybrid materials, such as
shells, pearls, and bones, includes self-assembly of organic
matrixes and subsequent orientation, nucleation, and growth of

biominerals.**3¢

Deriving from the basic principles of
biomineralization, biomimetic mineralization opens a facile
avenue to artificial organic-inorganic hybrid materials with
complex structures. In this process, inorganic materials with
controlled dispersion, tunable size and hierarchical morphology
are generated in sifu in organic matrix.”’*° Organic matrixes
(natural proteins, peptides or amino acids and synthetic
polyamines) not only act as structural templates and confined
compartments, but also play pivotal roles in catalyzing the
nucleation and growth of inorganics.** Since biomimetic
mineralization takes place in situ within organic matrixes,
hybrid materials can not only possess homogeneous dispersion
of inorganics, good interface compatibility between polymer
and inorganics, but also avoid the drawbacks of severe
aggregation or harsh conditions in physical blending and sol-gel
methods.>* *'** Based on the rapid progress of biomimetic
mineralization, some nonporous polymer-inorganic hybrid
membranes for sustainable energy applications has been
fabricated through in siru biomimetic mineralization method
with
or in situ incorporating additional

either by utilizing membrane-forming

41, 44

polymer
mineralization ability
mineralization into membrane-forming polymer matrix.*> These
hybrid membranes offer a number of benefits due to the

2| J. Name., 2012, 00, 1-9

combined physicochemical properties from both polymers and

inorganics, such as tunable multiple interactions and
hierarchical structure, improved interfacial morphology, and
optimal free volume and mass transfer characteristics.
However, rare studies have employed in sifru biomimetic
mineralization method to prepare polymer-inorganic hybrid
membranes for sustainable water treatment applications. It can
be envisioned that biomimetic mineralization method may take
advantage of the synergistic benefit of polymer and inorganics,
and provide a promising toolbox for creating collaborative
defense mechanisms on membrane surface.

Herein, we explored a novel method for preparing polymer-
inorganic hybrid membranes through the synergy of biomimetic
mineralization and nonsolvent induced phase separation.
Synthetic polyamines grafted on polymer matrix induce the in
situ growth and organization of inorganic nanoparticles (NPs).
Accordingly, the as-prepared hybrid membranes manifest the
distinct advantages, such as homogeneous NPs dispersion, high
mechanical strength, and underwater superoleophobicity. More
importantly, when LSFE moieties are selectively decorated on
hydrophilic nanoparticle surface or polymer side chains, the
hybrid membranes were endowed with collaborative defense
mechanisms for the efficient separation of oil-in-water
emulsion, effectively avoiding foulants from approaching and
the The

heterogeneously constructed hybrid membranes will emerge

attaching to surfaces. practicality of such

attractive prospects for oily wastewater treatment.

Experimental

Synthesis of PVDF-g-PTA copolymer

Poly(vinylidene fluoride) (PVDF, FR-904, Shanghai 3F New
Material Co. Ltd) was first immersed and high-speed stirred in
potassium hydroxide solutions (KOH, 10.0 wt%, H,O 89.9
wt%, and 0.1 wt% ethanol) at 60 °C for 30 min (hydrofluoric
acid elimination reaction of PVDF induces the formation of
double bonds for subsequent polymerization), and then the
product PVDF(-HF) was washed with distilled water to
neutrality and dried under vacuum. PVDF(-HF) (4.0 g) was
dissolved in N,N-dimethylformamide (DMF, 50 ml) and
degassed completely by with nitrogen. Then, the monomer [2-
(methacryloyloxy)ethyl]trimethylammonium chloride (TA, 80
wt% in aqueous solution, 20mmol, Aldrich Chemical Co.) was
added to the system and polymerized with PVDF(-HF) at 70 °C
using 2,2’-azobis(2-methylpropionitrile) (AIBN, 1 mmol,
Tianjin Guangfu Fine Chemical Research Institute) as initiator
(the synthetic scheme is shown in Fig. S17). After 12 h, the
reaction solution was precipitated in ethanol and washed four
times with ethanol to remove residue monomer, homopolymer
and initiator. The resulting PVDF-g-PTA copolymer was dried
by freeze-drying for 12 h for membrane preparation. The
chemical composition of PVDF-g-PTA copolymer were
characterized by attenuated total reflection Fourier transform
infrared spectroscopy (ATR-FTIR, Bruker VERTEX 70) and
Thermogravimetric analysis (TGA, NETZSCH TG209 F3, O,
atmosphere).

This journal is © The Royal Society of Chemistry 2012
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Synthesis of PVDF-g-xPHFBM-PTA copolymer

The PVDF-g-xPHFBM-PTA copolymer was synthetized by a
procedure similar to that described above. PVDF(-HF) (4.0 g)
was dissolved in DMF (50 ml). The monomer 2,2,3,4,4,4-
hexafluorobutyl methacrylate (HFBM, 10 or 20 mmol, Xeogia
Fluorine-Silicon Chemical Co. Ltd.) was added to this solution
at 70 °C under nitrogen and polymerized with PVDF(-HF) at
the same temperature for 2 h, initiated by AIBN (1 mmol).
Subsequently, the monomer TA (20mmol) was added dropwise
to the system, polymerized for another 10 h, and then poured
into ethanol to precipitation. The resulting PVDF-g-xPHFBM-
PTA copolymer (x=0.5, 1) was throughout washed and dried by
freeze-drying for 12 h for membrane preparation. The chemical
composition of PVDF-g-xPHFBM-PTA copolymer
characterized by ATR-FTIR (Bruker VERTEX 70).

was

Synthesis of fluorinated triethoxysilane precursor

Fluorinated triethoxysilane precursors was prepared by michael
addition according to the literature procedures.*® Briefly,
2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA, 4.7 g, 19.8 mmol,
Xeogia Fluorine-Silicon Chemical Co. Ltd.) was added
dropwise into (3-aminopropyl)triethoxysilane (APTS, 2.0 g, 9.0
mmol, Heowns Biochem LLC) in an ice bath. Then the ice bath
was removed and stirring was continued for another 24 h at 80
°C. The excess amounts of HFBA were removed under a
vacuum, yielding HFBA-based triethoxysilane (FTS) precursor.
The chemical composition of FTS precursor was characterized
by FTIR (Bruker VERTEX 70).

Membrane preparation and characterizations
PVDF-g-PTA/TiO, hybrid membranes were fabricated by in
situ biomimetic mineralization. PVDF-g-PTA (12 wt%) was
dissolved in NMP at 60 °C, forming homogenous and
transparent solutions. Then, the precursor Titanium(IV)
bis(ammonium lactato)dihydroxide (TALH, 50 wt% in aqueous
solution, Aldrich) was slowly added dropwise to the PVDF-g-
PTA/NMP system with rapid stirring. The biomimetic
mineralization took place in a few seconds and the solutions
turned to white and opaque (Fig. S47). The theoretical content
of generated TiO, NPs calculated from the initial composition
were designed to be 2.5, 5 and 10 wt% versus the weight of
PVDF-g-PTA, assuming 100% conversion of the precursor.
After stirring for 12 h, the resulting casting solutions were
degassed at the same temperature for another 12 h, and then
cooled to room temperature. Afterwards the solutions were cast
onto a glass plate using a casting knife with 240 um gap height,
and converted into asymmetric hybrid membranes
nonsolvent induced phase separation (25 °C water bath). The
detached membranes were stored in deionized water before use.
Two kind of hybrid membranes with heterogeneous surface
chemistries were prepared: (a) PVDF-g-xPHFBM-PTA/TiO,
hybrid membranes (x=0.5, 1) were fabricated similar to that
described above for the PVDF-g-PTA/Ti0, hybrid membranes.
PVDF-g-xPHFBM-PTA (12 wt%) was utilized as membrane-
forming polymer and inducers of TALH (10 wt% theoretical
content of generated TiO, NPs versus the weight of PVDF-g-

via
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xPHFBM-PTA). The degassing, casting, and coagulating
processes were the same as above; (b) PVDF-g-PTA/TiO,-
xFTS hybrid membranes (x=0.5, 1) were fabricated by coupling
the in situ generated TiO, surface with FTS precursors. After
12 h of mineralization in the PVDF-g-PTA/NMP/TALH
system, FTS precursors (0.5 or 1 weight equivalent of
theoretical TiO, content) was added dropwise and condensation
for another 12 h. The degassing, casting, and coagulating
processes were the same as above. PVDF-g-PTA membrane
and PVDF-g-PHFBM-PTA membrane were also prepared as
control membranes from the casting solution with 12 wt%
membrane-forming polymers in NMP.

The surface and cross-section morphologies of membranes
were observed with scanning electron microscopy (SEM, FEI
Nova Nanosem 430). The surface chemistries of membranes
were characterized by X-ray photoelectron spectroscopy (XPS,
Kratos Axis Ultra DLD) and energy-dispersive X-ray (EDX,
Oxford INCA Energy). The actual contents of in situ generated
TiO, NPs were determined by thermogravimetric analysis
(TGA, NETZSCH TG209 F3, air atmosphere) equipment. The
morphology of generated TiO, NPs were observed with
transmission electron microscope (TEM, JEM-2100F) after
removing organic matters by calcination. The mechanical
properties of membranes were tested by tensile testing machine
(Testometric AXM350-10KN). The contact angles of water (or
diiodomethane) sessile drop (5 pL) and underwater air (or oil)
captive bubble (10 pL) on membrane surfaces were
characterized by contact angle goniometer (JC2000C Contact
Angle Meter).The total surface free energy (SFE, y,) of
membrane surfaces, as well as the polar (y,) and dispersive
(7s% components, were calculated from the two-liquid methods
of Owens and Wendt,*” employing water as polar test liquid

and diiodomethane (CH,I,) as nonpolar test liquid.

Oil-in-water emulsion filtration and antifouling property
evaluation

Surfactant-stabilized oil-in-water emulsion (GS-1 high-speed
vacuum oil 0.9 g L' and SDS 0.1 g L, average diameter
~2.1um) was employed as the model foulant solution.
Separation of the oil-in-water emulsion was performed on a
dead-end stirred cell (effective membrane area of 28.7 cm?)
connected with a solution reservoir and nitrogen gas cylinder.
The transmembrane pressure was controlled at 0.05 MPa by
pressurized nitrogen gas and stirring speed was locked at 200
rpm by magnetic stirrer. Each membrane was first pre-
compacted at 0.1MPa with distilled water, and then underwent
0.5 h filtration of distilled water and subsequent 1 h filtration of
oil-in-water emulsion. After the separation of oil-in-water
emulsion, 0.5 h hydraulic rinsing of membranes was carried
out, followed by another 0.5 h filtration of distilled water. The
permeate fluxes J (L/(m> h)) for each membrane in different
stages were calculated to evaluate the antifouling properties
according to:

J. Name., 2012, 00, 1-9 | 3
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with V (L) being the volume of permeated water, A (m?) being
the effective membrane area, and A7 (h) being the time span
between measurements. For antifouling property evaluation, the
initial permeate fluxes of water (J,,;), the finial permeate fluxes
of oil-in-water emulsion (J,), and the permeate fluxes of
cleaned membrane (J,,) were analyzed in detail: total flux
decline ratio (DR=1-J,J,;), reversible flux decline ratio
(DR,=(J,,»-J,)IJ,,1), irreversible flux decline ratio (DR;=1-
Juw2lJ 1), and flux recovery ratio (FRR=J,,/J,;). In general, the
inhibition of flux decline and improvement of flux recovery
indicated better antifouling properties of membranes.

Results and discussion

Preparation of hybrid membranes via in situ biomimetic
mineralization

Inspired by mechanism of nature organisms to produce
biominerals, biomimetic mineralization has been utilized to
synthesize various inorganic oxides, including TiO,.**° The
hydrophilic nature of TiO, NPs has attracted a great deal of
attention due to the distinct fouling-resistant property and
underwater superoleophobicity.”’ In this work, the preparation
of hybrid membranes was accomplished by the polyamines
induced mineralization. PVDF-g-PTA  copolymer
synthesized employing PTA moiety as the mineralization
inducer for titanium precursor (Fig. Slaf and S27). The PTA
chain of PVDF-g-PTA copolymer acted as the polyamine
inducer to in situ catalyze the nucleation and growth of
inorganics TiO, NPs from TALH precursor. The PVDF
backbone of PVDF-g-PTA copolymer ensured the excellent
membrane-forming properties. Quaternary ammonium chains
with high content of net positive charges facilitated the in situ
mineralization of TALH precursor in the membrane casting
solution via the interactions with Ti-O clusters (Scheme 2):
firstly, positively charged PTA moiety effectively concentrated
negatively charged TALH precursor through the electrostatic
interaction; subsequently, the concentrated precursor underwent
nucleophilic substitution of the oxygen atom of Ti-OH with an
adjacent Ti atom; finally, the nascent TiO, from the hydrolysis
and polycondensation reactions aggregated into TiO, NPs
around PTA moiety.*>>*

Fig. 1 depicted the SEM of the cross-section morphology of
PVDF-g-PTA membrane (Fig. la) and PVDF-g-PTA/TiO,
hybrid membrane with theoretical TiO, amount of 10 wt% (Fig.
1b). The in situ generated TiO, NPs with the particle size of
50~100 nm (Fig. 1c) developed wildly dispersed micro-papillae
structures in the cross-section micrograph of PVDF-g-
PTA/TiO, hybrid membrane. The element distribution of
PVDF-g-PTA/TiO; hybrid membrane across the thickness was
measured using EDX mapping analysis (Fig. 1d). Visually the
distribution of Ti and other elements was quite uniform,
suggesting that the even distribution of generated TiO, NPs
within PVDF-g-PTA/TiO, hybrid membrane. This could be
attributed to the synergistic effect of the randomly distributed
quaternary mineralization site on the matrix polymer and the
compartments created by polymer network. Moreover, the

was
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generated hydrophilic TiO, NPs also gave rise to the decreased
surface pore size due to confined chain motion or shrinkage of
PVDF-g-PTA matrix by mixed nanoparticles (Fig. le-h).
Higher surface pore density of hybrid membranes was also
observed along with the content of generated TiO, NPs,
because the pore-forming and demixing processes during phase
inversion were accelerated by hydrophilic TiO, NPs and
residual nonsolvents in membrane casting solution.> ¢

PVDF-g-PTA \__/ PVDF
O TALH
precursor
Quaternary
Q ,?:, Ammonium
V' inducer

O Tio2 NPs

Precursor
concentration 3

4 O/ J . f
(e] )}v‘o// .0 0
0" of X
[ o % HO - Ti-OH
A ‘v
I 0o o
o &
/
p / No
In situ 7‘\ "N, L -H,0
biomimetic it o ,o0
mmerallzatlon gy ol N N
o O/ \ {
o o o

4,
O‘)} r
4% HO-Ti-O~Ti-OH
, ENAS
8l 00 0o
o 'a A\
/ o o
‘\
v | -nH,0
\\_/ v

TiO, NPs
Membrane
casting and
formation

Water

Pasts e

Scheme 2 Schematics of in situ biomimetic mineralization procedure for hybrid
membranes.

Table 1 Summary of the bulk mechanical properties of PVDF-g-PTA
and PVDF-g-PTA/TiO, hybrid membranes.
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Ultimate

Young’s tensile Failqre
Membranes modulus strength strain

(MPa) (MPa) (%)

PVDF-g-PTA 13.0 0.408 941
PVDF-g-PTA/TiO, 2.5% 17.2 0.460 11.02
PVDF-g-PTA/TiO; 5% 23.6 0.730 27.20
PVDF-g-PTA/TiO, 10% 39.0 0.936 16.49

As the TALH precursor dosage increased, the actual contents
of in situ generated TiO, NPs in PVDF-g-PTA/TiO, hybrid
membranes were gradually increased (Fig. S571). The TiO,
contents in PVDF-g-PTA/TiO, hybrid membranes indicated
~60% retention rate compared to that theoretically calculated
from the casting solution composition. The obvious differences
were due to the leaching out of both hydrophilic NPs and
residual precursor during the exchange process of solvent and
nonsolvent in membrane formation. With the loading of TiO,

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 SEM images of PVDF-g-PTA and PVDF-g-PTA/TiO, hybrid membranes. (a) Cross-section morphology of PVDF-g-PTA membrane, (b) cross-section
morphology of PVDF-g-PTA/TiO, 10% membrane, (c) TEM images of in situ generated TiO, NPs, (d) EDX mapping scanning spectra of C, F, N, O, and Ti elements
for PVDF-g-PTA/TiO, 10% membrane, (¢) top surface morphology of PVDF-g-PTA membrane, and morphology of PVDF-g-PTA/TiO, hybrid membranes with

theoretical TiO, amount of (r) 2.5 wt%, (g) 5 wt%, and (h) 10 wt%.

NPs in membranes, the mechanical properties of the hybrid
membranes were simultaneously enhanced (Table 1). The
Young’s modulus and ultimate tensile strength of PVDF-g-
PTA/TiO; 10% membrane were increased by 200% and 129%
respectively as compared to pure PVDF-g-PTA membrane. The
homogenous distribution and better compatibility of TiO, NPs
in PVDF-g-PTA/TiO, hybrid membranes undoubtedly avoided
the no-ideal effects and inhibited the formation of interface

defects.

To achieve the chemico-physical characterization of PVDF-
g-PTA/TiO, hybrid membrane surfaces, XPS was firstly
performed on the top surface of hybrid membranes. Ti was
detected on the surface of PVDF-g-PTA/TiO, hybrid
membrane (Table S17) and the content was increased from 2.74
wt % to 7.22 wt %. The elemental compositions of Ti on the
surfaces were more than twice that in the bulk, which
demonstrated surface segregation of hydrophilic TiO, NPs
driven by lowering of membrane/water interfacial free energy.”’
Higher TiO, NPs contents on membrane surfaces also resulted
in higher hydrophilicity of membrane surfaces with a
corresponding decrease in water contact angle from 76.0+1.4°
to 51.4+1.3° (Fig. 2a). SFE analysis of hybrid membranes
unambiguously supported surface hydrophilization (Fig. 2a):
the total SFE (y,) and the polar (y,”) components were obviously
increased owing to the H-bonding interactions between water
molecules and the metal-hydroxyl groups on TiO, surfaces. The
underwater wettabilities of air and oil captive bubbles on hybrid
membrane surfaces were comprehensively characterized (Fig.
2b). Each membrane was immerged in water for 24 h before
measurements. The PVDF-g-PTA control membrane had
relatively small underwater air-bubble contact angle of 122.4°.
As a result of the gradual increase in TiO, content, the
underwater air-bubble contact angles of hybrid membranes
were increased markedly to 154.6°, indicating superhydrophilic.
The underwater hexadecane contact angles also showed an
increased  tendency  from  oleophobic  (115.5°)  to
superoleophobic (159.3°). TiO, induced hydrophilization was
efficient for entrapping sufficient water molecules on hybrid

This journal is © The Royal Society of Chemistry 2012

Q
N
o
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N w H (9]
o o o o
/
>
Water contact angle (°)

Surface free energy (mJ/m?)
o

0

PVDF-g-PTA

PVDF-g-PTAITIO, 2.5% PVDF-g-PTA/TIO, 5% PVDF-g-PTA/TIO, 10%

Air

154.6° /

Hexadecane

Fig. 2 (a) Water contact angles in air and the corresponding SFE parameters on
PVDF-g-PTA and PVDF-g-PTA/TiO, hybrid membrane surfaces, (b) underwater
captive air and hexadecane contact angles of PVDF-g-PTA and PVDF-g-
PTA/TiO, hybrid membranes, and the dynamic underwater superoleophobicity
(hexadecane) of PVDF-g-PTA/TiO, 10 % hybrid membrane.
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membrane surfaces to form hydration barrier layer and avoided
the direct contact of oil droplets. Especially, when a
hexadecane droplet was forced to contact with the hybrid
membrane surface and deform the hydration barrier layer, the
compressed hexadecane droplet also could be entirely removed
by a needle tip, indicating dynamic underwater
superoleophobicity (Fig. 2b). The durable hydrophilicity and
underwater superoleophobic behavior (Fig. S61) of PVDF-g-
PTA/TiO, hybrid membranes would be favorable for their
efficient applications in the separation of oil-in-water emulsion.

Dead-end oil-in-water emulsion separation experiments were
carried out to further study the separation performance and
antifouling ability of hybrid membranes. The underwater
superhydrophilicity and superoleophobicity of membrane
surfaces and 1~2 order of magnitude smaller pore size than oil
droplet size ensured the high separation efficiency (> 99.9%)
for all the membranes. Fig. 3a showed the time-dependent
permeate fluxes for PVDF-g-PTA control and PVDF-g-
PTA/TiO, hybrid membranes during the entire oil-in-water
emulsion filtration process. The serious flux decline and poor
flux recovery of PVDF-g-PTA control membrane was
remarkably improved by TiO, hybridization. As the surface
TiO, loading increased, PVDF-g-PTA/TiO, hybrid membranes
displayed an increasing trend in flux recovery (from 57.4% to
91.6%) and a decreasing trend in flux decline (from 55.4% to
27.8%) (Fig. 3b). The hydration barrier layer constructed by
hydrophilic TiO,
contributed greatly to the anti-oil-fouling (fouling-resistant)
ability of hybrid membranes (Fig. 3c).

microdomains on membrane surfaces

Manipulation of Surface Heterogeneous Architecture of Hybrid
Membranes

The introduction of fluoro-containing moieties (fluorinated side
TiO,-based hybrid
membranes aimed at constructing heterogeneous membrane

chain and fluoroalkyl silane) into
surfaces with collaborative defense mechanisms. The hybrid
structure rendered both organic and inorganic reaction sites for
membrane modification. Based on synthetic polymer chemistry,
the grafted on PVDF

simultaneously with quaternary ammonium monomer prior to

fluoro-containing monomer was

biomimetic mineralization. During biomimetic mineralization
process, the quaternary ammonium chain directed the synthesis

of hydrophilic TiO, NPs and the fluorinated side chain induced
the heterogeneousity (Fig. 4a). The as-prepared PVDF-g-
PHFBM-PTA/TiO, hybrid the
physicochemical attributes of both polymeric and inorganic
phase. Based on nano-modification chemistry, the FTS
precursors were grafted on TiO, NPs surface after biomimetic
mineralization (Fig. 4c). Hydrophilic TiO, NPs were generated
by biomimetic mineralization and heterogeneousity was

membranes  combined

induced by coupling fluorinated silane coupling agent with Ti—
OH groups. The as-prepared PVDF-g-PTA/TiO,-FTS hybrid
membranes exhibited the physicochemical attributes of
heterogeneously modified NPs. No clear differences were
observed in the asymmetric structures and surface
morphologies of hybrid membranes after introducing fluoro-
containing moieties (Fig. S77).

XPS was performed to provide chemical information about
the surface heterogeneousity of PVDF-g-PHFBM-PTA/TiO,
and PVDF-g-PTA/TiO,-FTS hybrid membranes. For PVDF-g-
PHFBM-PTA/TiO, membrane, atomic C 1s, N 1s, O 1s, F 1s,
and Ti 2p were present at the surface, and for PVDF-g-
PTA/TiO,-FTS hybrid membrane, atomic C 1s, N 1s, O 1s, F
1s, Ti 2p and Si 2p were present at the surface (Fig. S8t). The
C 1s peak deconvolution showed six carbons with different
environments, corresponding to neutral CH (284.9 eV),
CH,(PVDF, 286.1 eV), C-O (ester, 287.9 eV), C=0/C-F (289.0
eV), CF, (290.6 eV), CF; (293.5 eV) (Fig. 4b,d). The Ti 2p
peak deconvolution showed two different Ti peaks of Ti 2p*?
and Ti 2p"? at 459.1 eV and 465.0 eV, respectively (Fig. 4b,d,
inset). These combined results verified the presence of TiO,
microdomains and fluoro-containing microdomains on both
surfaces of hybrid membranes. The quantitative analysis of the
surface TiO, and -CF; contents were listed in (Fig. 4e). The
surface -CF; contents were increased with the degree of
fluorination without significant impact to the surface TiO,
contents. With water molecules absorbed by TiO,
microdomains, the heterogeneous membrane surfaces
maintained similar underwater superhydrophilic (Fig. S91) and
superoleophobic property (Fig. 4f, inset) compare with PVDF-
g-PTA/TiO, membrane. Higher surface -CF; contents resulted
in dramatic decrease of SFE (Fig. 4f), which was unfavorable
for oil adhesion. During the detaching process of compressed
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Fig. 3 (a) Time-dependent permeate fluxes for as-prepared membranes in three stage filtration: 0.5 h water filtration, 1 h oil-in-water emulsion filtration and 0.5 h water
filtration after rinsing, (b) a summary of the corresponding FRR, DR, DR, and DR, parameters, and (c) schematic of defense mechanisms for PVDF-g-PTA/TiO,

hybrid membranes.
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composition (calculated from Equation S11 and S27) of heterogencous membrane surfaces. (f) SFE parameters and underwater hexadecane contact angles of
heterogencous membrane surfaces. (g) Dynamic underwater superoleophobicity (hexadecane) of PVDF-g-xPHFBM-PTA/TiO, (x=1) and PVDF-g-PTA/TiO,-xFTS
(x=1) hybrid membrane.
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Fig. 5 (a) Time-dependent permeate fluxes for hybrid membranes in three stage filtration: 0.5 h water filtration, 1 h oil-in-water emulsion filtration and 0.5 h water
filtration after rinsing, (b) a summary of the corresponding FRR, DR, DR, and DR, parameters, and (c) schematic of collaborative defense mechanisms for
heterogeneously constructed hybrid membranes

hexadecane droplets away from membranes, no adhesion
induced extensional deformation was observed on both PVDF-
g-PHFBM-PTA/TiO, and PVDF-g-PTA/TiO,-FTS hybrid
membrane (Fig. 4g). The superhydrophilic,
and low adhesion properties of hybrid
membranes with heterogeneous architecture on the surfaces

surfaces
superoleophobic,

indicated excellent anti-oil-fouling performance during the
separation of oil-in-water emulsion.

This journal is © The Royal Society of Chemistry 2012

As discussed the PVDF-g-PTA/TiO, hybrid

membranes exhibited fouling-resistant capability by forming

above,

compact hydration barrier layer, yet existed ~20% reversible
flux decline and ~9% irreversible flux decline. The goal of
imparting heterogeneousity to hybrid membranes was to further
incorporate LSFE, non-adhesion barrier layers and promote the
release of oil foulants from membrane surfaces. Fig. 5 showed
the time-dependent permeate fluxes of water and oil-in-water
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emulsion for hybrid membranes. Both heterogeneously
constructed hybrid membranes exhibited significant inhibition
of flux decline with respect to hydrophilic PVDF-g-PTA/TiO,
hybrid membranes. When the surface -CF; content reached
about 10 At.% (PVDF-g-xPHFBM-PTA/TiO, or PVDF-g-
PTA/TiO,-xFTS, x=1), the oil fouling was minimized and no
significant flux decline can be observed during oil-in-water
emulsion filtration. Collaborative defense mechanisms,
including fouling-resistance and fouling-release, jointly led to
the remarkable enhancement in the separation performance and
antifouling ability of hybrid membranes, as shown in Fig. Sc.
The great hydration tendency of TiO, microdomains on
membrane surfaces was undoubtedly responsible for the
favorable interaction with water (polar liquids) in hydration
barrier layers, and simultaneously, the tightly bound electron
pairs of -CF; groups presented an unfavorable interaction with
oil (nonpolar liquids) in non-adhesion barrier layers. Both
factors synergistically inhibited the spreading and coalescing of
the oil droplets on membrane surface and accomplished the

efficient oil/water separation.

Conclusions
In summary, we have explored a novel method to fabricate
hybrid membranes through the synergy of in siru biomimetic
mineralization and nonsolvent induced phase separation for
The
the homogeneous

efficient oil/water separation. as-prepared  hybrid

membrane demostrated dispersion of

nanoparticles, higher mechanical strength, underwater
superoleophobicity and surface heterogeneousity. The co-
presence of TiO,-bearing inorganic microdomains and fluoro-
bearing organic microdomains on membrane surface endows
membranes with tunable fouling-resistant and fouling-release
mechanisms, which effectively prevent the oil foulants from
approaching or adhering to the membrane surface. During the
separation of oil-in-water emulsion, the hybrid membranes
showed near zero flux decline and near complete flux recovery,
demonstrating remarkably improved oil/water separation
performance and superior antifouling ability. This study may
set a simple and universal example to construct the hierarchical
surface and manipulate the collaborative defense mechanisms

for a broad range of water treatment relevant applications.
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