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ABSTRACT: Polyvinylidene fluoride (PVDF) membranes
were prepared via a thermally induced phase separation
method with a mixed diluent (dibutylphthalate/dioctyl phthal-
ate). The effects of PVDF concentration and cooling bath tem-
perature (CBT) on the structure and properties of the
membranes were investigated. Scanning electron microscopy
photos showed that the cross-section of all the membranes,
regardless of PVDF concentration and CBT, presented a bi-con-
tinuous structure with the spherulitic pattern; moreover, the
spherulitic patterns became clear gradually from the top sur-
face to the bottom surface, and the top surface was denser than
the bottom surface. As a result, all the membranes exhibited an

asymmetric structure. The membrane property measurement
indicated that, as PVDF concentration increased from 25 to 35
wt %, the pure water flux (PWF) decreased from 342 to 80 L
m 2 h™", and the porosity decreased slightly, whereas the min-
imum bubble point pressure (BPP) increased, which indicates
maximum pore size decreased. In addition, with the increase
in CBT, the PWF increased, but, the minimum BPP and po-
rosity decreased. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
114:1213-1219, 2009
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INTRODUCTION

More studies are focusing on preparing polyvinyli-
dene fluoride (PVDF) membrane via a thermally
induced phase separation (TIPS) due to the excellent
physical and chemical properties of PVDF and the
various advantages of TIPS method."™ However,
these jobs, other than some patents, are still in the
earlier stage of membrane preparation and have not
touched on the membrane properties. It is very diffi-
cult to prepare PVDF membrane with good proper-
ties by using the TIPS method because few kinds of
solvents in industrial products can be selected as the
diluent. In our previous work,” bi-continuous mor-
phology was obtained by using a kind of mixed dil-
uent (MD)—dibutyl phthalate (DBP) and dioctyl
phthalate (DOP); however, the practical properties
were not presented because of the membrane sam-
ples were too small.
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In this article, the proper membrane samples were
cast by employing a kind of MD under an elevated
temperature environment. The structure and proper-
ties of the membranes were characterized by scan-
ning electron microscopy, pure water flux (PWF),
minimum bubble point pressure (BPP), and porosity.

MATERIALS AND METHODS
Materials

PVDF (solef1010, melt flow index 2 at 2.16 kg) was
supplied by Solvay (Tavaux, France). Both DBP
(density, 1.046 g/cm?; boiling point, 340°C) and
DOP (density, 0.985 g/cm?; boiling point, 370°C) are
analytical grade (Tianjin Yongda Chemical Reagent,
Tianjin, China). Ethanol is industrial product.

Membrane preparation

PVDF/MD mixtures were shaken in flasks at 220°C
under nitrogen until forming a homogeneous solu-
tion, kept still 2-4 h to degas, and then transferred
to a stainless steel trough to form film by drawknife
in an elevated temperature environment. The film
was solidified by quenching in the water bath at a
specific temperature and then put into the industrial
grade ethanol bath to extract MD. The ethanol bath
was changed three times once every 12 h and then



1214

Figure 1 Asymmetric structure of membrane cross-
section (a, 25%; b, 35%; 20°C cooling temperature).

the membrane samples were prepared and kept in
ethanol bath for further characterization. The ratio of
DBP/DOP in MD is 5/5. Both PVDF concentrations
and diluent composition are presented in weight
percentage (wt %).

Membrane characterization

Structure

Membranes were taken out from ethanol, dried nat-
urally at room temperature, fractured in liquid nitro-
gen, and coated with gold. The surface and cross-
sectional morphologies were observed by using a
scanning electron microscopy (Quanta 200, Nether-
lands FEI).

Pure water flux

The pre-wet membranes were prepared by putting
ethanol-saturated membrane into pure water enough
times (over 24 h). The PWF of the pre-wet mem-
brane was measured with a stainless cell (effective
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area, 11.9 cm? at a transmembrane pressure of
0.1 MPa and a constant feed flow rate. After running
15 min, the flux was calculated according to the time
of collecting 10 mL water.

Minimum bubble point pressure

The minimum BPP was used for characterizing the
maximum pore size, which was measured by using
pure ethanol by nitrogen pressure (minimum BPP is
inversely responded to maximum pore size). By
slowly increasing nitrogen pressure, the pressure of
the first bubble was recorded for minimum BPP.

Porosity

The membrane porosity (¢) is defined as the pores
volume divided by the total volume of the porous
membrane. It can be determined by gravimetric
method:

_ (Ww — Wa)/pw o
E = Wa— Wo) Jow + Wafps ~ 100% @

where W, and W, are the weights of the wet and
dry membranes, respectively. py is the water den-
sity, and pp is the polymer density (1.78 g/cm?) that
comes from PVDF material density. The wet mem-
brane is the water-saturated membrane, and the dry
membrane originates from the wet membrane,
which is fully dried.

Differential scanning calorimetry

About 10 mg samples were measured by DSC (Per-
kin-Elmer, DSC-7, Wellesley, MA) from room tem-
perature to 200°C at 10°C/min heat rate.
Crystallization heat AH. was determined from the
exothermic peak area. The degree of crystallinity
was evaluated by

®psc = AH,,,/AH100

AHqp0 = 104.7 ] /g is the melting enthalpy for a 100%
crystalline sample of PVDFE.™

RESULTS AND DISCUSSION

Effect of concentration on the
structure and properties

The structure of membranes is shown in Figures 1-3.
It can be seen from Figures 1 and 2 that the mem-
branes present an asymmetric structure. Specifically,
the cross-sections of the membranes (Fig. 3) exhibit a
bi-continuous structure with spherulitic pattern for
all the PVDF concentrations. Furthermore, the
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Figure 2 Effect of concentration on the top- and bottom-surface structure (a, 25%; b, 30%; ¢, 35%, 1, top surface; 2,

bottom surface; 20°C cooling temperature).

spherulitic patterns are hardly discernible near the
top surface of membrane but gradually become
more prominent and larger near the bottom surface.
Because there is no clear boundaries among spheru-
lites, but there are still some faint patterns of spher-
ulites, especially near the bottom surface, the

membranes are considered bi-continuous structures
with a spherulitic pattern.

Comparing the top surface and bottom surface of
the same membrane reveals significant differences in
the structure. The bottom surface presents a porous,
lacy structure, and the top surface is denser and
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Figure 3 Effect of concentration on the cross-section
structure (a, 25%; b, 30%; ¢, 35%; 20°C cooling

temperature).
TABLE I
Effect of Concentration on the Minimum BPP (MPa)
PVDF concentration (wt %) 25 30 35
Minimum BPP (MPa) 0.31 0.40 >0.50
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Figure 4 Effect of concentration on PWEF.

smoother. Moreover, with the increase of concentra-
tion, the porosity of the whole membrane decreases.
By contrast, the membrane in our previous work’
presented an isotropic structure. This results from
the different membrane casting processes. In the pre-
vious study,” the membrane was formed between
two glass slices clipped by two alloyed plates, and
thus, the diluent was not easy to evaporate; more-
over, the cooling conditions of the top and bottom
surface were the same. As a result, the whole body
of membrane presented a symmetric morphology. In
this study, however, the top surface is nakedly
exposed to an elevated temperature environment in
the casting process. This is favorable to the MD
evaporation, which tends to result in a denser sur-
face. Still, the difference of cooling rates between the
top and bottom surface (the cooling rate of the top
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Figure 5 Effect of concentration on the porosity.
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Figure 6 Effect of CBT on the structure (a, 20°C; b, 30°C; ¢, 50°C; 1, top surface; 2, cross-section).

surface is higher than that of the bottom surface) is
another reason of an asymmetric structure.

As shown in Figure 3, with the concentration
increasing, the change of spherulitic pattern is slight.
It displays that the effect of the concentration on the
cross-section structure is insignificant.

The minimum BPP, PWEF, and porosity of the
membrane are shown in Table I and Figures 4

and 5, respectively. The PWF of the membrane
decreases from 342 to 80 L m > h™! as PVDF concen-
tration increases from 25 to 35%, and the porosity also
decreases correspondingly, whereas the minimum BPP
increases (the maximum pore size decreases).

This development trend with the concentration is
a normal phenomenon, because the membrane pore
mainly comes from the space occupied by the
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TABLE II
Effect of CBT on the Minimum BPP (MPa)
CBT (°C) 20 30 50
Minimum BPP (MPa) 0.40 0.30 0.27

diluent, while the content of diluent decreases with
the increase of PVDF concentration, and then the po-
rosity and PWF decrease.

Effect of cooling bath temperature
on the structure and properties

Figure 6 indicates the surface and cross-section mor-
phology of membrane in the case of 30% PVDF con-
centration. Bi-continuous structure with a spherulitic
pattern still characterizes the body of membrane and
had no clear change when CBT enhanced.

The effects of CBT on the properties of PVDF
membrane were studied in the case of 30% PVDF
concentration. As shown in Table II, Figures 7 and 8,
with CBT enhancing, PWF increases, and the mini-
mum BPP and porosity decrease, which shows maxi-
mum pore size increases (Fig. 8). The above results
were also presented in some literature.””'® The
membrane structure is related to the coarsening pro-
cess after liquid-liquid phase separation. The
detailed discussion can refer to the literature.'”'® Tn
all cases, the coarsening often results in a reduction
in the number of droplets and an increase in the
droplet size. The coarsening process will be pro-
longed with the quenching temperature increasing,
that is to say, there are more times for the develop-
ment of droplet size. Therefore, maximum pore size
and PWF increase with the increase of CBT.
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Figure 7 Effect of CBT on PWF.
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Figure 8 Effect of CBT on the porosity.

The crystallization of the membrane was investi-
gated by DSC to find the reasons the porosity
decreases with CBT increasing. As a result, it was
found that the melt heat increased from 65.96 to
68.44 J/g with increasing the cooling bath tempera-
ture from 20 to 50°C, which shows crystallinity
enhances slightly. It may be a reason influencing the
porosity. It is well known that higher temperature is
favorable to the crystallization of polymer. This
would influence the microstructure of membrane,
that is to say, more or bigger crystallites would push
more diluent outside of membrane, thus decreasing
the porosity of the membrane.

In contrast with the previous work,” DSC curves
shown in Figure 9 still display the multiple melt
peaks. However, there is no obvious change in peak
temperature site and shape as CBT increases.
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Figure 9 DSC curves of membrane from the different
CBTs.
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CONCLUSION

The cross-section of all the membranes exhibited a
bi-continuous structure with the spherulitic pattern;
moreover, the spherulitic pattern near the top sur-
face was smaller (even illegible) than that near the
bottom surface, and the skin of the top surface was
denser than that of the bottom surface. Hence, the
membranes presented an asymmetric structure. The
properties of membrane were tested by PWF, mini-
mum BPP, and porosity. As PVDF concentration
increased, the PWF and porosity of membrane
decreased, and the minimum BPP increased, which
revealed that the maximum pore size decreased.
When CBT increased, the porosity and minimum
BPP decreased slightly, which led to the increase of
PWF.
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