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Abstract Amphiphilic comb-like polysiloxane (ACPS)
containing polyether side chains was used as the modifica-
tion reagent in the preparation of hydrophilic porous poly
(vinylidene fluoride) (PVDF) membranes via a phase
inversion process. The effects of ACPS on morphology,
crystallinity, mechanical properties, reservation of ACPS
in the phase inversion process, chemical structure, hydro-
philicity and filterability performance of porous PVDF
membranes were discussed. It was found that the addition
of ACPS would result in the delayed demixing which
yields “sponge-like” sublayers and longer crystallization
time during the membrane formation process. It was
revealed that O/F ratios of the bulk membrane were
almost the same as those of the corresponding casting
solutions which obviously indicated the high reservation
of ACPS in the membrane formation process. The fact
that the O/F ratios in the membrane surface layers were
much higher than those in the bulk membrane proved the
enrichment of ACPS on the surface. The filterability
experiments and water contact angle testing proved the
hydrophilicity of the blend membranes. Through a schem-
atic model, the mechanism relating the membrane struc-
ture and performance was interpreted. From the observed
results, it can be concluded that ACPS acts as a potential
candidate material for preparing PVDF membranes with
extraordinary hydrophilicity and filterability.
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1 Introduction

As one of the most popular materials for microporous and
ultrafiltration membranes, poly(vinylidene fluoride) has
earned lots of attention due to its comparatively good
mechanical properties, thermal and chemical stability
and radiation resistance. However, PVDF membranes
also exhibit drawbacks. They are easily fouled by proteins,
oil, sewage. In addition, they may need high driving force
for water filtration. All these properties are related with
the hydrophobicity of PVDF. As a result, modifications
to improve the hydrophilicity are urgently required for
preparing PVDF membranes with outstanding perform-
ance characteristics [1-3]. At present, the main modifica-
tion methods focus on surface modification [4-7] and
blending with hydrophilic components [8§-11]. Among
the various surface modification methods, smearing gly-
cerol or surfactant has short-term modification effect and
may lead to filtrates with high organic concentration.
Surface grafting via UV, plasma and high-energy particle
technologies are complicated processes and entail high
production cost. Moreover, they may result in a decrease
of rejection and mechanical properties [12]. Thus, they are
not very popular in industrial production. Besides, surface
modification can deal with the membrane surface layer
only [13-16] while fouling exists not only on the surface
but also inside the membranes [17].

It was proved by previous researchers that linear hydro-
philic polymers such as poly(vinyl pyrrolidone) (PVP) and
poly(ethylene glycol) (PEG) can act as pore-inducing
components instead of hydrophilicity-improving materi-
als in membranes [18-21] because of the fact that they tend
to be washed away both in the membrane forming process
and in applications. Recently, comb-like amphiphilic
copolymers were introduced to the membrane casting
solution for improving the hydrophilicity of membranes
[9,22-27]. Principally, the reservation of the copolymer
addition in membranes increases remarkably because of
the strong attraction between hydrophobic segments of
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the amphiphilic copolymer and the hydrophobic matrix
(PVDF) while the comb-like hydrophilic segments endow
the blend membrane with outstanding hydrophilicity.

Here, the amphiphilic comb-like polysiloxane (ACPS)
containing polyether side chains is applied in the PVDF
system because of their popularity in industry, their spe-
cial structures as well as their remarkable properties in
aqueous solutions. In this paper, the ACPS containing
poly(ethylene oxide)-block-poly(propylene oxide) as side
chains was synthesized (ACPS molecular formula is given
in Fig. 1). Hydrophilic membranes with remarkable filtra-
tion properties and anti-fouling performances were
obtained as well.
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Fig. 1  Structure of amphiphilic comb-like polysiloxane con-
taining polyether side chains

2 Experiments

2.1 Materials

PVDF (M,, =1 000 000) was purchased from Shanghai
3F New Materials Co., Ltd. N, N-dimethyl formamide
(DMF), bovine serum albumin (BSA) (M,, =67 000)
and poly (ethylene glycol) (PEG, M,, =2 000) were pur-
chased from Sinopharm Chemical Reagent Co., LTD and
used as received.

2.2 Synthesis of ACPS

The amphiphilic comb-like polysiloxane was synthesized
by a hydrosilylation coupling reaction in the presence of
unsaturated diglycidyl ether, terminally unsaturated alky-
lene oxide polymer, poly(ethylene oxide)-block-poly(pro-
pylene oxide) utilizing platinum catalyst with toluene as
solvent . The reaction was carried out under nitrogen at
85°C for at least 4-5 h [28]. The molecular weight and
composition of ACPS is as follows: M, =25 000,
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M, =36 000, n: (n+m)=0.4 (as seen in Fig. 1), PPO,
PEO composition of 38.7 wt% and 44.0 wt%, respect-
ively, determined by GPC (PL-GPC220, Polymer
Laboratories Lid). The measurements were carried out
in THF solutions. The NMR (Varian VXR-400) analysis
was done in DMSO-d6 solutions.

2.3 Preparation of membranes

ACPS/PVDF blend membranes were prepared by the
classical phase separation method. PVDF and ACPS were
introduced into DMF (the total concentration of PVDF
and ACPS was 16 wt%), stirred at 80°C for 48 h until a
homogeneous casting solution was obtained. The solution
was kept in vacuum at 60°C for 2 h for complete release of
the air bubbles. Membranes were cast on glass plates and
immersed in pure water at 60°C as coagulation bath for
48 h in order to exchange with DMF completely.
Membranes were dried at 60°C in vacuum. The porous
membranes using PEG as the additive (the weight ratio of
PEG/PVDF was 20/80) were also prepared following the
same processes as a reference system.

2.4 Precipitation kinetics and characterization

The precipitation kinetics of membrane formation was
characterized by a light transmission instrument
(Zhejiang University and Wande photoelectricity Co.,
LTD) by detecting the light intensity transmitted through
the membrane. The micro-morphology was observed
using a scanning electronic microscope (SLRI1ON SEM,
FEI Co., Holland). The water contact angle of mem-
branes was measured by a contact angle goniometer
(Dataphysics, OCA20, Germany) to test its surface hydro-
philicity. Membrane porosity was measured by a mercury
porosimeter (Autopore IV Demo 9500, micromeritics) by
determining the corresponding relation between the pres-
sure and mercury permeation and using a mathematical
model in which the upper limit pressure was 228 MPa and
the lower limit pressure was 0.1-0.2 MPa. The surface and
bulk chemical compositions of blend membranes were
measured by X-ray photoelectron spectroscopy (XPS,
VG Multi lab 2000) and an element analysis instrument
(Vario EL, Elementar Co., Germany), respectively. The
aggregation and crystallization of PVDF were measured
by X-ray diffraction (XRD, D/MAX-RA, Rigaku Co.,
LTD, Japan) and differential scanning calorimetry
(DSC, Perkin Elmer Co., LTD, American). A tensile test
machine (RG-7000, Shengzhen Reger Instrument Co.,
LTD) was used to determine the strength and elongation
of PVDF membranes. Filtration experiments were carried
out to study the permeability of membranes under a pres-
sure difference of 0.1 MPa. With the buffer of Na,HPO,
and KH,PO, solution (PH = 7.4), the membrane’s rejec-
tion (R) to 1 g/L BSA solution was determined. The per-
tinent equation is
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R%=(1—C,/Cy) x 100%

where C, and Cy represent the concentrations of filtrate
and feed, respectively.

Membranes were repeatedly washed at 60°C to invest-
igate the stability of ACPS polymers in blend membranes.

3 Results and discussion
3.1 Forming kinetics and morphology of membranes

Different ACPS/PVDF mass ratios of 0:100, 5:95, 10:90,
20:80 and 30:70 were used for membrane preparation.
Light transmission and delayed precipitation time are pre-
sented in Fig. 2. ¢ represents the length of time needed for
a liquid membrane to exhibit a sharp decrease of light
transmission in the coagulation bath. It was found that
when the ACPS content increased, the delayed precipita-
tion time increased too and this indicates that the phase
separation process of the casting solution shifts from
instantaneous demixing to delayed demixing. At the same
time, the coagulation and precipitation rate decrease.
Combining these results with membrane micro-morpho-
logy in Fig. 3, it could be concluded that instantaneous
demixing results in the formation of “finger-like’” macro-
voids in the sublayer whereas delayed demixing yields
“sponge-like” sublayers and decreases the mean diameter
of the membrane pores. There are no significant changes
on the membrane surface. The porosity of membranes is
listed in Table 1. A decrease in membrane porosity is
observed when the ACPS concentration increases (see
SEM photograph).

a: 0:100, =5.04 s
b: 5:95, =991s
c:10:90, =13.25 s
d: 20:80, =15.20 s
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Fig. 2 Light transmission during the precipitation of casting
solutions with different ACPS/PVDF ratios 0/100; b) 5/95; ¢)
10/90; d) 20/80; e) 30/70

The PEG/PVDF system followed the same phase inver-
sion behavior as the ACPS/PVDF system showing
delayed precipitation in the membrane forming process,
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too. However, there are some differences between the two
systems. The PEG/PVDF system shows high porosity,
larger “finger-like” pores and much more spherical crys-
tals on the membrane surface layer. All of these result in
the poorer mechanical properties of PEG/PVDF mem-
branes as compared with that of ACPS/PVDF mem-
branes.

3.2 Crystallization and mechanical properties

There are five crystal phases for PVDF — « (II), b (1), y
(IIT), 6 (IV) and ¢ [29] — according to the XRD results.
Among the five, the « (II) phase is the most popular one
having trans-chain form with atoms H and F alternating
on the two sides of the main chain. Usually, o (II) PVDF is
obtained in the membranes prepared via the P-S process.
Table 2 presents the crystallinity data from XRD and
DSC corresponding to the surface layer crystallinity and
bulk crystallinity (total crystallinity), respectively. There
are two characteristics in these data. First, the bulk crys-
tallinity is much higher than the surface layer crystallinity
and second, both increase when the ACPS content
increases.

The reason for a lower surface layer crystallinity is
given as follows. When a liquid membrane meets the
coagulation liquid, the demixing of casting solutions in
the surface layer occurs instantaneously leaving no time
for PVDF to crystallize in this region. At the same time,
the formation of a crystalline surface layer may prevent
the exchange of the solvent in the sublayer of the mem-
brane and the non-solvent of the coagulation bath. As a
result, the precipitation and phase inversion of the sub-
layer casting solution are much slower than those in the
surface layer and PVDF molecules in the sublayer may
have sufficient time to adjust their conformation for crys-
tallization. The crystallinity trend of the blend membranes
is presented in Fig. 2 where it can be seen that the delayed
precipitation time increases when the ACPS content
increases.

Compared with ACPS/PVDF systems, membranes pre-
pared from the PEG/PVDF system have higher crystallin-
ity of PVDF both in the surface layer and the sublayer.
This might be related with the longer delayed precipita-
tion time for PEG system or, some special depression
effect of linear PEG chains on PVDF crystallization.

Table 2 also lists the mechanical properties of blend
PVDF membranes in detail. In principle, membranes with
“sponge-like” pores have better mechanical properties
than membranes with “finger-like” pores. The addition
of ACPS increases the mechanical properties because of
the control of “fingerlike” pores and development of
“sponge-like” pores as shown in Fig. 3. In addition, the
higher bulk crystallinity contributes to the increase of
membrane strength.

For the PEG/PVDF membrane, strength at break
increases because of the “sponge-like” pores and higher
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Fig. 3 SEM images of membranes prepared from the casting solutions with ACPS/PVDF mass ratios of (a) 0/100, (b) 5/95, (c) 10/90,
(d) 20/80 and (e) 30/70, and from the reference solution of (f) PEG/PVDF (20/80)
(1) Cross section, (2) top surface, (3) bottom surface
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Table 1
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Porosity of blend membranes prepared from different casting solutions

casting solution mass ratio of ACPS/PVDF

reference with PEG/PVDF = 20/80

0/100 5/95 10/90

20/80

30/70

Porosity/% 73 68.2 68.3

60.7

58.5 69.0

Table 2 Crystallization and mechanical properties of the blend membranes prepared from different casting solutions

casting solution

mass ratio of ACPS/PVDF

reference with PEG/PVDF = 20/80

0/100 5195 10/90 20/80 30/70
crystallinity (DSC, %) 37.2 42.5 443 43.1 43.0 46.3
crystallinity (XRD, %) 16.9 16.3 19.8 19.8 20.0 259
strength at break/MPa 10.1 12.6 11.3 13.9 15.6 11.9
elongation/% 210 294 293 297 300 181

crystallinity but the elongation is smaller than that of the
ACPS/PVDF membrane and even the pure PVDF mem-
brane. So, ACPS is more effective than linear PEG in
improving the mechanical properties of PVDF mem-
branes.

3.3 Chemical composition and hydrophilicity of
membrane matrix/surface

ACPS is water soluble and can be lost from the blend
system in the membrane-forming process. So, the ACPS
content in solid membranes is not clear. The bulk com-
position of membranes was characterized by elemental
analysis. It is revealed that the O/F ratio of bulk mem-
brane (O/F =0.25 for ACPS/PVDF = 30:70 membrane)
was almost the same as that of the corresponding casting
solution (O/F = 0.27 for corresponding system) indicating
arather good reservation of ACPS in the membrane form-
ing process. This reservation should come from the
intense entanglement between polysiloxane segments
and PVDF segments.

Table 3 Comparison of O/F atomic ratio on the surface and bulk
of the membranes prepared from the casting solution with ACPS/
PVDF ratio of 30/70

O/F ratio
casting membrane membrane
solution® matrix® surface®
pure PVDF membrane 0 0 0
blend membrane 0.27 0.25 0.34

Calculated from ACPS/PVDF ratio in casting solution; ® Elemental ana-
lysis; < XPS

On the other hand, membrane performance is affected
greatly by the chemical composition of the membrane sur-
face. The instability of surface composition should be ser-
iously considered. XPS data (Fig. 4), which measured the
surface element composition, showed major emission peaks
at 284.7 eV for C (1s), 685.3 ¢V for F (1s), 534.2 ¢V for O

(1s) and 101.3 eV for Si (2p), respectively. From the peak
integral, the O/F ratio is calculated as 0.34, larger than that
of the the bulk (0.25) or the casting solution (0.27). This
indicates the enrichment of ACPS on the surface.
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Fig. 4 XPS curve of membrane prepared from casting solu-
tion with ACPS/PVDF ratio of 30/70

In the phase inversion process, hydrophilic poly(ethyl-
ene oxide) segments move to the interface of the mem-
brane and extend outwards to the coagulation bath
while the polysiloxane bone chains twist with the PVDF
chains resulting in difficulty in separating ACPS mole-
cules from the PVDF membrane into coagulation bath.
Thus, the membranes have a hydrophilic surface (not only
the membrane surface but also the inside-wall of pores)
due to the enrichment of PEO segments. Water soluble
PEG or linear amphiphilic polymers have difficulty form-
ing structures as shown in Fig. 5 and this provides the
surface improved hydrophilicity modification through

water

Fig. 5 Schematic illustration of ACPS in the membranes
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blending with comb-like ACPS. The modification effect is
directly expressed in the results of contact angle measure-
ments given in Fig. 6.
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Fig. 6 Water contact angles for the blend membrane pre-
pared from casting solutions with different ACPS/PVDF ratios

The hydrophilicity of blend membranes increases shar-
ply via blending with ACPS as indicated by measurement
of the surface contact angle. The sample with ACPS/
PVDF ratio of 30/70 can be wetted thoroughly in a very
short time while linear PEG hardly influence the original
contact angle or osmosis indicating little effect on hydro-
philicity modification. This is due to bad reservation in
membranes during the membrane forming process and
later applications [18-19,30]. These results show the
rationality of ACPS modification while the feasibility
should be proved by filtration properties and performance
stability as discussed below.

3.4 Membrane filtration property and its stability

Pure water flux and BSA rejection were tested to study the
filtration and rejection properties. PVDF membranes and
PEG/PVDF membranes with similar surfaces allowed no
water to pass through under a pressure difference of
0.1 MPa indicating the total hydrophobicity of both
membranes. Their water flux increased to 12.5 and
31.4 L/h-m?, respectively, after ethanol treatment while
the BSA rejection of both membranes was 90% and
81.7%, respectively. Nevertheless, the water flux of
PVDF membranes modified with ACPS increased with
increasing ACPS content. The data, shown in Fig. 7, illus-
trates the effect of ACPS modification on membrane
hydrophilicity and filtration. ACPS/PVDF membranes
exhibited consistently high rejection to BSA (greater than
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90%). All of the results reveal good separation perform-
ance of ACPS/PVDF blending membranes and the ration-
ality of using ACPS for preparation of PVDF membranes
with super hydrophilicity via a one step P-S process is
demonstrated.
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Fig. 7 Pure water flux and BSA rejection of the blend mem-
branes prepared from the casting solutions with different
ACPS/PVDF ratios

The rejection of pure PVDF membrane was measured
after treatment with alcohol.

Stability of application properties over a long time per-
iod is crucial to all of the membranes but this aspect is
easily neglected by most of the researchers. In this paper,
various blend membranes were immersed and repeatedly
washed in water at 60°C (a more rough condition for
application) to investigate the performance stability of
membranes. Original water contact angle and water flux
data of membranes with ACPS/PVDF ratio of 30/70 after
experiments are listed in Fig. 8. Unlike in the linear modi-
fication system [31-34], the hydrophilicity of ACPS/
PVDF blend membranes increases and then stabilizes at
a certain level. These data indicate the enrichment of PEO
segments on membrane surface during the washing pro-
cess. The water flux increases during the experiment,
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Fig. 8 Changes of pure water flux and initial contact angle
with leaching time for the blend membrane prepared from the
casting solution with ACPS/PVDF ratio of 30:70
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responding to the surface enrichment of PEO segments
and the hydrophilicity increase of membranes.

4 Conclusion

It is possible to introduce amphiphilic comb-like polysi-
loxane to prepare PVDF membranes with ultra-hydro-
philic, anti-fouling and high flux properties via phase
inversion process. The addition of ACPS would lead to
the delayed demixing between casting solution and coagu-
lating water during the phase inversion process. The
instantaneous demixing resulted in the formation of mem-
branes with “finger-like” macrovoids in the sublayer,
whereas the delayed demixing yielded membrane struc-
tures containing a ‘‘sponge-like” pore sublayer.
Solidified PVDF membranes with larger pore size were
obtained with increasing PVDF content of the casting
solution. The introduction of ACPS into the membrane
system increased the PVDF crystallinity due to the
delayed demixing. The O/F ratio of bulk membrane was
almost the same as that of the corresponding casting solu-
tion indicating high reservation of ACPS in the membrane
formation process. The fact that the O/F ratio in mem-
brane surface layer was much higher than that in the bulk
membrane proved the enrichment of ACPS on the sur-
face. Such enrichment was fully proven by measurements
of the water contact angle. As the ACPS molecules were
tightly entangled with the PVDF chains, ACPS could be
reserved in the membrane stably and thus, resulted in the
reliable hydrophilic stability for PVDF membranes. This
stability was also proved through continuous shake tests
(in 60°C water) simulating the application process.
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