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ABSTRACT

The casting solution for forming Al,O3;/PVDF hybrid membrane (APHM) was prepared
using polyvinylidene fluoride (PVDF) modified by KOH in the solution of methanol as a
membrane-forming polymer, using vinyl-trimethoxy-silicane as a coupling agent and using
aluminum isopropoxide (AIP) as an inorganic precursor, respectively, and APHM linking
with chemical bond was obtained by the phrase inversion method. The effects of AIP on the
phase behavior and gelling kinetics of the casting solution were studied so as to explore the
mechanism of the influence of AIP on the microstructure of the APHM. Results showed that
the change in the phase equilibrium of casting solution was encouraged by an increase in
AIP concentration and casting solution became thermodynamic unstable, so that compatibil-
ity of the casting solution with non-solvent was decreased and the gelling velocity of casting
solution was accelerated. The gelling velocity was the during the initial period of membrane
formation, and then slowed down. The gelling velocity varied with different casting solu-
tions. Both the gelling velocity and phase separation rate for the casting solutions were
improved by the increases in AIP contents, however, the gelling velocity decreased when
AIP concentration reached to 20% by weight.
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1. Introduction

Polyvinylidene fluoride (PVDF) is known as one
of the most attractive polymer materials in micropo-
rous membrane industry. It is widely used in the
manufacturing of reverse osmosis, microfiltration,
ultrafiltration (UF), nanofiltration, and pervaporation
membranes due to its extraordinary properties, such
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as excellent thermal stability and mechanical proper-
ties, high chemical resistance to aggressive reagents
like organic solvents, acid, and bases, and excellent
membrane forming abilities [1-6]. However, due to
the hydrophobic nature of PVDF, membranes
fabricated from PVDF polymer have a high fouling
tendency and declined permeability when they are
exposed to protein-containing solutions, which leads
to a sharp drop of the membrane’s pure water flux
and has become a severe drawback for their applica-
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tion in water treatment [7-10]. So, in order to improve
the hydrophilicity of PVDF, it is necessary for us to
have PVDF modified.

Several strategies to improve the hydrophilicity of
PVDF membranes have, therefore, been investigated
such as physical blending, chemical grafting, and sur-
face modification [11,12]. Recent studies on PVDEF-
blending modification mainly focused on blending
polymers with hydrophilic materials for it has the
advantage of easy preparation using phase inversion.
Several hydrophilic organic materials have reported to
modify PVDF, and they can increase the water perme-
ability of a membrane with similar pore size and pore
distribution due to due to an increase in pore density
as well as in the hydrophilicity of the membrane
surface and inside the pores, but the addition of
organic hydrophilic materials reduces membrane
strength [13-16].

Inorganic materials have been known as a prospec-
tive additive for membrane separation processes due
to its excellent mechanical properties and remarkable
thermal properties, and these extraordinary properties
of inorganic materials can be maintained under a
wide variety of conditions, leading to good separation
performance [17-19]. Inorganic materials that can be
blended with PVDF include SiOQ, ZTOZ, TiOz, A1203,
and some small molecule inorganic salts, such as lith-
ium salts [20-23]. PVDF can be used as composites
with these inorganic nanoparticles to improve the
membrane separation performance, thermal ability,
and membrane forming ability by the combination of
the basic properties of organic and inorganic materi-
als. The strong affinity to water makes Al,O; nanopar-
ticles the best candidate material for hydrophilic
modification of PVDF membrane [24]. We drew a con-
clusion that PVDF and Al,O; are not connected by
chemical bonds from the previous report, that is to
say, they have insufficient combination strength in
membrane, which results in low tensile strength of the
membrane. What is more, most of previous research
works focused on the organic-blends membrane and
there are few reports on inorganic-blends membrane
[11,12,24], in addition, gelling process and phase
inversion mechanism of forming membrane have not
been reported as yet.

In this work, we used PVDF modified by KOH in
the solution of methanol as a membrane-forming
polymer and used vinyl-trimethoxy-silicane as a cou-
pling agent and aluminium isopropoxide (AIP) as an
inorganic precursor to prepare the casting solution,
then the ALO;/PVDF hybrid membrane (APHM)
linking with chemical bond was obtained by the
phrase inversion method. And the influences of AIP
contents on the phrase inversion and gelling process
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kinetics of casting solution system were studied.
Moreover, the membrane forming mechanism of the
APHM was discussed, which provides theoretical
basis for the preparation of organic-inorganic hybrid
membrane.

2. Materials and methods
2.1. Materials

PVDF (FR904) was purchased from New Materials
Co. Ltd. (Shanghai, China). N,N-dimethylacetamide
(DMAc, purity >99%) was obtained from Fuyu Fine
Chemical Co. Ltd. (Tianjin, China) as the solvent. AIP
was from Sinopharm Chemical Reagent Co. Ltd.
Polyvinylpyrrolidone (PVP, K30) was imported from
Germany. A mixture of distilled water and ethanol
was used as the non-solvent for the membrane
precipitation.

2.2. Preparation of APHM
2.2.1. Process technology of APHM

2.2.2. Alkali modification of PVDF polymer
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Fig. 1. Preparation route of modified APHM.

KOH methanol solution of 5% (wt) was prepared
and then mixed with PVDF. The reaction was under
the circumstances of 60°C water-bath and magnetic
stirring; the reaction time was kept 30 min. Finally, the
disposed PVDF membrane was washed repeatedly
neutral using methanol and dried about 24h in the
vacuum drying oven of 70°C.
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2.2.3. Cross-linking of PVDEF polymer and AIP

PVDF was dissolved in DMAc solvent to prepare
a solution of certain concentration, then a defined
amount of coupling agent and different contents of
AIP were put into it, the PVDF polymer and AIP
were cross-linked after the solution was dissolved
(Fig. 1).

2.2.4. Preparation of APHM

The above mixture was constant stirred for 20h
at 87°C to obtain a homogeneous casting solution.
The solution was standing for 24h to remove air
bubbles and then was poured onto a glass plate
with the casting knife at room temperature. After
exposed to air for 15s, the casting solution on the
glass was immediately immersed in the deionized
water-bath for 5-7days, then the APHM was
obtained.

2.3. Characterization of APHM
2.3.1. FT-IR characterization

FT-IR (Vector 33, Germany) was employed to
probe the chemical composition of prepared mem-
branes. The membrane samples were analyzed by
transmission beam method.

2.3.2. Measurement of absolute viscosity

In this study, the casting solution with different
AIP contents was prepared and standing for 24h to
remove the air bubbles, then the absolute viscosity of
casting solution was measured by a numeral rota-
tional viscometer (NDJ-55, Shanghai, China) at room
temperature.

2.3.3. Phase graph of casting solution of APHM

The phase diagram of the casting solution was
observed by the cloud-point titration method [25], and
the testing device shown in Fig. 2 was employed to
measure the cloud-point of the casting solution with
different AIP contents.

2.3.4. Observation of gelling kinetics process and
measurement of gelling velocity

The casting solution was dropped on the glass
slide, then the cover glass was lidded on the glass
slide in order to form a liquid membrane of uniform
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Fig. 2. Schematic representation of the experimental
apparatus for phase diagram. (1) iron stand; (2) motor
stirrer; (3) water bath; (4) thermometer; (5) burette.

thickness from the solution between the glass slide
and cover glass. A drop of the non-solvent was
dropped in the lacune of two glasses using a needle
tubing and was allowed to diffuse along the lacune of
two glasses to have the gelling process with the cast-
ing solution. Gelling kinetics process of APHM was
observed by a polarization microscope (E600, Japan),
and the gelling front motion and corresponding gel-
ling time were recorded. At last, the gelling speed
curve was drawn.

3. Results and discussion
3.1. FT-IR spectra analysis of modified PVDF and APHM

Fig. 3 presents the typical FT-IR spectra of the
modified PVDF. As indicated in Fig. 3, the peaks
appearing at 1,643.74cm ™' derive from the stretching
vibration of C=C double bond, revealing the forma-
tion of the C=C double bond. So the surface of PVDF
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Fig. 3. FT-IR spectra of modified PVDF.
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Fig. 4. FT-IR spectra of modified APHM.

processed by alkali can bring in the C=C double bond,
and this laid a foundation for the further modification
of PVDF membrane. Meanwhile, the modified FT-IR
spectra of the modified PVDF surfaces reveal the
appearance of the peak at 3,000-3,500 cm ', which are
associated with the hydroxyl group [26-29]. This is
because when PVDF is disposed by lye, its defluorina-
tion was accompanied with an oxidizing reaction
[30,31]. It is thought that the primary reason for why
the contact angle of modified PVDF membrane
decreased was the formation of the carbonyl group
and the hydroxyl group, which can improve the
hydrophilicity of the surface of membrane. As shown
in Fig. 4, the appearance of the peak at 1,698.81

indicates that the carbonyl group was successfully
introduced in APHM. What is more, the peaks at
832.93 and 758.28cm ' are the stretching vibration
peaks of Si-O-Al, and the peak at 615.28cm ™" is the
bending vibration peak of Si-O-Al, thus it can be
manifested that coupling agent was involved in the
hybrid reactions via the hydrolysis with AIP.

3.2. Effect of AIP contents on the viscosity of casting
solution

The membrane forming process and structure of
polymer membrane have an important correlation
with the viscosity of the casting solution. What is
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more, the viscosity of casting solution can also have
an effect on the mass transfer velocity between the
solvent and non-solvent in the membrane forming
process, and the microstructure of UF membrane was
decided by the gelling process, therefore, the existen-
tial state of polymer in the casting solution and basic
information of membrane, such as structure and prop-
erties can be judged by the viscosity of the casting
solution. Fig. 5 shows the effect of AIP contents on
the viscosity of the casting solution. As shown in
Fig. 5, along with the increase in AIP contents, the vis-
cosity of the casting solution increased accordingly.
This is mainly because the viscosity of the Al,O; tur-
bidity glue was fairly high after the hydrolytie poly-
condensation of AIP, and the hydroxyl group on its
surface can form hydrogen bond with PVDF and
additive (PVP). When AIP was added into the casting
solution, the concentration of the solute increased,
thus intensified the aggregation of PVDF macromole-
cules, which can increase the viscosity of the casting
solution system. During the measurement process, we
also found that the viscosity of the casting solution
increased, along with the increases in the standing
time and the reduction in the casting solution’s
temperature.

3.3. Cloud-point phase diagram of hybrid system with
different AIP contents

With the deionized water as the titration fluid, the
cloud-points with different AIP contents in the casting
solution system of APHM were measured in the con-
dition of 50°C and the ternary phases diagram was
drawn in Fig. 6. As shown in Fig. 6, with the increase
in AIP contents, the cloud-point curve gradually
approaches to the solvent axis. This is because, there
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Fig. 5. Effect of AIP contents on the viscosity of casting
solution.
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Fig. 6. Cloud-point phase diagram of Al,O3;/PVDF-5-NS
system with different AIP contents at 50°C. A—w(AIP) =0%;
A—w(AIP)=4%; B—w(AIP)=12%

are a mass of hydroxyl groups in the AL,O; turbidity
glue, which can form hydrogen bond with PVDF and
have a strong adsorption to the molecular chain of
PVDEF. Meanwhile, the alcohol hydroxyl groups in the
Al O; turbidity glue can also form hydrogen bond
with the solvent, thus can weaken the appetency
between PVDF and the solvent, and make the macro-
molecule chains gathered, which can accelerate the
phase separation of the casting solution [32]. For this
reason, the accommodate capacity of the casting solu-
tion to the non-solvent decrease, along with the
increase in AIP contents, that is to say, a small
amount of the non-solvent can make PVDF solidified,
so the adding of AIP accelerates the gelling process of
the casting solution.

3.4. Observation of gelling kinetics

Fig. 7 comprises of a group of photos of gelling
kinetics with PVDF concentration of 17% and AIP
addition of 4%. Evolution processes of membrane
structure can be seen in the picture, as shown in
Fig. 7, the gelling front motion (L) increases, along
with the increase in gelling time ().

3.5. Effect of AIP contents on gelling kinetics

Fig. 8 shows the gelling kinetics curves of hybrid
systems with different AIP contents (0, 4, 12, and 20%).
As shown in Fig. 8, the gelling velocity of membrane
forming process in the initial period was the largest,
then slowed down with the extension of time. And,
different casting solution systems at the same moment
has different gelling velocity, the casting solution
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Fig. 8. Gelling kinetics curves of hybrid systems with
different AIP contents.

system with more AIP contents has a higher gelling
velocity, which means the velocity of phase separation
in this system was faster. But when the AIP contents
reached to 20%, the gelling velocity decreased. This is
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because AIP has a double-effect on the gelling velocity
of the casting solution, with the addition of AIP, the
Al O3 turbidity glue, a kind of hydrophilic substance
was formed in the casting solution, and the hydroxyl
groups on its surface can form the hydrogen bond
with the carbonyl group oxygen atom in the molecule
of solvent. Then a composite substance with strong
hydrophilicity was formed via the hydrogen bonding
interaction, which have an effect on the phase inver-
sion process, on the one hand, it results in the descend
of solvents to the dissolving capacity of PVDF and the
increase in the phase inversion velocity, on the other
hand, the interaction between water and solvent was
changed and the velocity diffused from non-solvent to
the system was accelerated due to the strong hydro-
philicity of the ALOj; turbidity glue, which can also
accelerate the phase inversion process. What is more,
the hydroxyl groups in the Al,O; turbidity glue can
also form the hydrogen bond with the F atoms in the
PVDF molecule, then a kind of bridge form complex
was built, the dissolving capacity and conformation of
polymer in the solution was changed due to the ste-
reo-hindrance effect, thus makes the solution gelated
with a small quantity of non-solvent. With the other
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conditions the same, the tendency of the phase separa-
tion will increase along with the increase in AIP con-
tents, and thus makes the gelling velocity faster. But,
on the other hand, the adding of AIP can also increase
the viscosity of the casting solution, thereby, the
motion of the polymer chain in the casting solution
was restricted and the time of phase separation was
extended. So, the effect of AIP on the gelling velocity
of the casting solution is the result of mutual competi-
tion between these two factors, and when the AIP con-
tents approached to 20%, the reduction of the gelling
velocity was mainly resulted from the second factor.

3.6. The correlation between the square of gelling front
motion (L?) and gelling time (t)

The gelling kinetics curves of the casting solution
systems with different AIP contents (4 and 12%) in
Fig. 8 were chosen to study the correlation between
L? and t. As shown in Fig. 9, the correlation between
[? and t is not a simple linear relation, and the gel-
ling process is incompletely affected by Fick scatter-
ing law. Theoretically, as the cross-section structure
of membrane is unsymmetrical and uneven, and the
structures of the surface layer and the porous sup-
port layer are different, which results in different
poriness and bending factor, so, the correlation
between L* and t is not a simple linear relation. In
addition, as the thermodynamics and dynamics fac-
tors, such as polymer concentration, gelling medium,
solvent concentration, viscosity, the mass transfer
process and direction of solvent and gelling medium
have a big diversity, the alteration of the gelling
velocity cannot be uniform.

- 12%AIP
61 —— 4%AIP

50 60 70 80

0 10 20 30 40
t(s)

Fig. 9. The correlation between the square of gelling front
motion and gelling time.
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4. Conclusions

The APHM linking with the chemical bond was
prepared by the phase inversion method. FT-IR spec-
troscopy proved that the C=C double bond was
brought in on the surface of modified PVDF and the
hydrophilic groups, such as hydroxyl group and car-
boxyl group were successfully brought in on the sur-
face of APHM. Along with the increase in AIP
contents, the viscosity of the casting solution increased
accordingly, and the cloud-point curve approached to
the solvent axis gradually, indicating the phase sepa-
ration process of the casting solution was accelerated
with the addition of AIP. The study of the gelling
kinetics of the casting solution showed that the gelling
velocity was the largest in the initial period of mem-
brane formation, and then slowed down. Both gelling
velocity and phase separation rate for the casting solu-
tions were improved by the increases in AIP contents,
however, the gelling velocity decreased when AIP
concentration reached to 20% by weight.
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