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ABSTRACT: The role of the single diluents and mixed
diluents on the poly (vinylidene fluoride) (PVDF)/poly
(methyl methacrylate) (PMMA) blend membranes via
thermally induced phase separation (TIPS) process was inves-
tigated. The crystallization behaviors of PVDF in the diluted
samples were examined by differential scanning calorimetry.
The melting and crystallization temperatures of those diluted
PVDF blend were decreased with the enhanced interactions
between polymer chains and diluent molecules. The crystal-
linity of PVDF in the diluent was always higher than that
obtained in PVDF blend sample. This can be explained by the
dilution effects, which increased the average spatial separa-
tion distances between crystallizable chains. Thus, the PVDF

crystallization was favored. Additionally, solid-liquid (S-L)
phase separation occurred in the quenched samples. Illus-
trated by scanning electron microscopy, inter- and intraspher-
ulitic voids were formed in the ultimate membranes, which
related to the polymer/diluent interactions, the kinetics of
crystallization and diluent rejection from the growing crystal.
The porosity of the PVDF blend membranes obtained from
the mixed diluents was higher than those obtained from the
single diluent samples. © 2008 Wiley Periodicals, Inc. ] Appl Polym
Sci 111: 1235-1245, 2009
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INTRODUCTION

Nowadays, thermally induced phase separation
(TIPS) is one of the main techniques for the prepara-
tion of polymeric porous membranes by controlling
phase separation and it is gaining much interest for
the advantages over the conventional membrane
preparation technique."” This method can be appli-
cable to a wide range of polymers, including the
polymers that cannot be formed into membranes
because of the solubility problems, such as polypro-
pylene (PP),' poly (4-methyl-pentene) (TPX),® poly
(vinylidene fluoride) (PVDF),’ and poly (lactic
acid)."® In the TIPS process, the thermodynamics of
polymer/diluent system, especially for the thermo-
dynamic interaction between polymer and diluent in
their mixture during the phase separation process,
has been studied systematically."'™** The phase sepa-
ration dominating solid-liquid (S-L) or liquid-liquid
(L-L) phase separation with subsequent polymer
crystallization can be controlled through the appro-
priate choice of diluent,"*'* and significantly influ-
ence the crystallization morphologies of polymer
(crystalline or semicrystalline).*'?
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PVDF as a semicrystalline polymer has wide
applications because of its excellent physical and
chemical properties, as well as good thermal stabil-
ity.'® Especially, it is quite suitable for membrane
manufacture because of the chemical resistance.
Currently, the literature on the PVDF microporous
membrane via the TIPS method and the crystalliza-
tion behaviors of PVDF during the process has
attracted most attentions.”!”2° However, because of
the hydrophobic nature of the PVDF, its membranes
often suffer from low flux, changing the solute selec-
tivity with time, and surface fouling, during filtra-
tion of oil/protein containing solutions. Thus, a
number of efforts have been devoted to the chemical
and physical modification of PVDF to improve its
surface hydrophilicity. Surface treatment (including
physical and chemical methods) is one of the tradi-
tional and effective processes to improve the hydro-
philicity of PVDF membrane.”’ ™ An alternative
method, blending method, as a versatile, straightfor-
ward, and relatively inexpensive method, is an effi-
cient method to improve the hydropolicity of PVDF
membranes.”*? Until now, the literature on the
PVDF blend membrane via TIPS method is rare. In
our previous work, the crystallization behaviors and
hydrophilicity of PVDF/poly (methyl methacrylate)
(PMMA) polyblend has been studied. It has been
demonstrated that PVDF/PMMA with mass ratio of
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70/30 provides the good hydrophilicity®® and the
best balance of optical properties, solvent resistance,
hardness, mechanical strength, and weatherability.27
In this work, PVDF/PMMA blend with a mass
ratio of 70/30 along with a single or mixed diluent
was used to prepare hydrophilic PVDF blend mem-
brane via TIPS method. The effect of diluent types
and interactions of polymer/diluent on the crystalli-
zation behaviors of PVDF in the samples and mem-
brane cross-section morphology were investigated.

EXPERIMENTAL
Materials

PVDF powder (Kynar K-761, M, = 441,000) was
obtained from Elf Atochem of North America (USA).
PMMA resin (HR1000L) was obtained from Kuraray
(Japan). Dioctyl phthalate (DOP), dimethyl phthalate
(DMP), methyl salicylate (MS), and benzophenone
(BP) were purchased from Lingfeng Chemical Rea-
gent of China. Methyl benzoate (MB), diethyl malo-
nate (DEM), triethyl phosphate (TP), and dibutyl
sebacate (DBS) were purchased from Sinopharm
Chemical Reagent (China). Dibutyl phthalate (DBP)
was purchased from Yinxiang Biology (China). Dioc-
tyl adipate (DOA) and dioctyl-sebacate (DOS) were
supplied by Shandong Haihua Tianhe Organic
Chemical (China). The Soybean oil without antioxi-
dant was bought in the local supermarket. All of
these chemicals were used as the diluents without
further purification. Methanol, which was supplied
by Sinopharm Chemical Reagent (China), was used
for extracting the diluents.

Membrane preparation

First, the polymer blend of PVDF and PMMA with
mass ratio of 70/30 was prepared by melt blending
in a two-roll mixing mill operating at 180°C. Then,
4 g mixture of polymer blend/diluent (the concen-
tration of the polymer blend was always 25 wt %,
i.e., the PVDF composition was 17.5 wt %) were
weighed into a glass test tube. Homogeneous poly-
mer blend/diluent mixtures were obtained after the
tube was heated in an oil bath at 180°C for 4 h. Sub-
sequently, by removing from the oil bath, cooling at
the room temperature, and breaking the tube, a sol-
idified mixture was yielded.

To prevent the evaporating the diluent during the
membrane preparation, a tailor-made test tube (a
ram-type copper tube with inner and outer diame-
ters of 10 and 12 mm, respectively, sealed by a cop-
per plunger) was used. Thus, the sample retained its
initial composition throughout the TIPS process, and
each flat sheet sample was prepared with approxi-
mately the same thickness.
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The solid sample was chopped into small pieces,
and placed in a tailor-made test tube. After that, it
was heated in an oven at 180°C for 10 min. Then,
the sample was quenched to 30°C in the water bath
for 10 min from the melt and further solidified in
the ice water. After recovered from the tube, the
sample was immersed in methanol for 48 h to
extract the diluent and dried in a vacuum oven at
room temperature for 24 h. In the end, the micro-
porous PVDE/PMMA blend membrane was
obtained.

Differential scanning calorimetry analysis

The calorimetric measurements were made in a TA
Instruments Q-200 differential scanning calorimeter
in a dry nitrogen atmosphere. To erase the thermal
history of the samples, the solid polymer blend/dil-
uent mixtures (before extraction by methanol) (~ 10
mg) were heated from room temperature to 180°C at
a rate of 40°C/min. Maintained at 180°C for 5 min,
the mixtures were cooled down to 40°C at a rate of
5°C/min (the cooling run). After 1 min at 40°C, a
second heating was done upon to 180°C and the
sample was cooled down to 40°C at a rate of 40°C/
min. The crystallinity of PVDF (X.) was recorded
below, as in our previous work®?°;

AH¢/ &
Xe =
AH;

x 100% 1)

where AH; = 104.5 J/g*® is the melting enthalpy for
a 100% crystalline PVDF, AH; is the melting en-
thalpy of the mixtures measured in differential scan-
ning calorimetry (DSC), and ¢ is the weight fraction
of PVDF in the mixture (17.5 wt %).

The crystallization half-time (f;,,), which is de-
fined as the half-time of crystallization,”® was used
as a characteristic parameter of the crystallization
process.

Scanning electron microscopy observation

For scanning electron microscopy (SEM) observation,
the resulting PVDF/PMMA microporous mem-
branes were fractured in liquid nitrogen and coated
with platinum. The cross-section morphologies of
the membrane were taken on a Jeol JSM-5900 with
an accelerating voltage of 15-20 kV.

Porosity calculation of the membrane

The ultimate PVDF/PMMA blend membranes were
immersed in i-butanol for 24 h and weighed imme-
diately after the removal of i-butanol from the sur-
face. The porosity (Ax) was calculated as reported in
our previous work®?’:
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TABLE I

Solubility Parameters of PVDF, PMMA, and Diluents®!

Solubility of

parameters,

Materials 3 (J/cm?)!/2
Poly(vinylidene fluoride) PVDF 19.2
Poly(methyl methacrylate) PMMA 22.7
Dioctyl phthalate (DOP) 24.8
Dimethyl phthalate (DMP) 21.9
Methyl salicylate (MS) 21.7
Methyl benzoate (MB) 21.5
Benzophenone (BP) 21.3%
Diethyl malonate (DEM) 19.5%
Dibutyl phthalate (DBP) 19.0
Triethyl phosphate (TP) 18.6"
Dibutyl sebacate (DBS) 18.0
Dioctyl adipate (DOA) 17.8
Dioctyl-sebacate (DOS) 17.8

Soybean oil

2 Calculated by group contribution methods.'
—, Indefinite.

(W2 — Wh)py

Ay =
P W2 + (P2 — p1)Wh

x 100% )

where W is the initial membrane weight; W, is the
immersed membrane weight; p; is the estimated
density of the PVDF blend, which was taken as
1.552 g/ cm?; and p, is the density of i-butanol, taken
as 0.801 g/cm3.

RESULTS AND DISCUSSION

Effect of the single diluents on PVDF blend
crystallization and membrane structure

In contrast to the diluted sample in which only one
type of polymer exists, the change of the compatibil-
ity between the polymer and the diluent should be
considered first. According to a simple rule, the
compatibility of two components can be estimated
by the solubility parameter (8) of each component;
i.e., the closer the value of 5, the more compatible
for them when mixing.*" The solubility parameters
for PVDF, PMMA, and various diluents are sum-
marized in Table I. Although the difference of the
value & between PVDF and PMMA is 3.5 (J/cm®)'/?,
making PVDF/PMMA blends are not entirely misci-
ble actually, the interaction between the fluorine
atoms and carbonyl groups of the partner polymer
makes them highly compatible.”” According to the
literature, PVDF/PMMA is a miscible system over
the whole range of composition,26’33_3 which is
linked to the existence of a single phase, and to iso-
tropy. Therefore, PVDF/PMMA (70/30) blend used
in this work can be considered as a single phase.
The solubility parameter of this PVDF blend is at

1237

about 19.2-22.7 (J/cm®/?. Thus, DMP, MS, MB, BP,
DEM, and DBP can be used as diluent for PVDF
blend membrane preparation, because of the close
value & to PVDF blend. On the contrary, the large
difference between the PVDF blend and DOP, TP,
DBS, DOA, DOS, or soybean oil suggests that these
organic solvents are not suitable to be used as
diluents of PVDF blend. The experimental results
confirmed that PVDF blend and DOP, TP, DBS,
DOA, DOS, or soybean oil systems can not form ho-
mogeneous solution at the evaluated temperature.

Figure 1 shows the DSC crystallization curves of
PVDF blend and its mixtures with various diluents
when cooling from the melt at 5°C/min after remov-
ing the thermal history. It is obviously observed that
all the diluents induce a significant decrease in the
exothermic peak temperature (<120°C), compared
with the PVDF blend in which no diluent is added
(>120°C). The retardant effects to PVDF crystalliza-
tion temperature appears in the order of DEM >
DMP > MB > MS > DBP > BP when these diluents
mixed with PVDF blend. As reported, the addition
of diluent lowers the chemical potential of the mix-
ture. So the various diluents used here also can
lower the chemical potential of the mixture in differ-
ent changes, leading to the depression of the crystal-
lization temperature of PVDF diversely.'**

DEM

endo

DMP

MB

MS

Heat flow

DBP

BP

PVDF/PMMA (70/30) blend B
without dilqem o . S -

I e L L
60 80 100 120 140 160
Temperature('C)

Figure 1 DSC crystallization curves of PVDF blend and
its mixtures with diluents when cooling from the melt
after removing the thermal history.
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TABLE II
DSC Crystallization Results of PVDF Blend and its Mixtures with Diluents when Cooling from the Melt After
Removing the Thermal History

Various diluents

mixed with PVDF blend o (°C) T? (°C) Tt (°C) AT, (°C) AH. (J/g) ty /2 (min)
DEM 66.4 62.2 57.3 4.2 9.13 0.76
DMP 77.8 74.6 69.9 32 11.57 0.55
MB 88.9 86.0 81.4 29 12.54 0.50
MS 103.3 100.5 97.1 2.8 13.66 0.44
DBP 105.2 101.8 96.6 34 9.96 0.63
BP 118.7 1154 1124 3.3 15.28 0.46
PVDF blend with no diluent 130.5 124.9 119.9 5.6 27.90 0.64

To", onset crystallization temperature of PVDEF; TE, peak crystallization temperature of PVDEF; Tﬁ, final crystallization

c 7/

temperature of PVDF; AT, = Ti — T"; AH,, crystallization enthalpy of PVDF.

The data of the DSC crystallization results from
Figure 1 are summarized in Table II. The crystalliza-
tion temperatures and the value AH. (enthalpy of
crystallization) for PVDF in the mixtures depend
upon various diluent types. The onset crystallization
temperature T, peak crystallization temperature
T?, and final crystallization temperature T decrease
in comparison with the PVDF blend. As reported,
the lower crystallization temperature of the mixture
indicates a higher degree of supercooling or a larger
driving force needed for PVDF crystallization.>® This
suggests that the crystallization driven force needed
for PVDF in the diluted mixture is higher than that
with no diluent, and dramatically depends on the
diluent type under the cooling conditions (i.e., non-
isothermal process).

The difference between the onset and peak crystal-
lization temperature AT, obtained from each PVDF
blend/diluent system is listed in Table II. Beck and
Ledbetter”” suggested that the smaller the values AT,
the faster the overall crystallization rate, because the
free expansion of crystals occurs between the onset
and peak of crystallization temperatures.”® With
regard to the PVDF blend sample, the higher crystal-
lization temperatures, AT, (5.6°C) are observed, com-
pared with the diluted samples (2.8-4.2°C). This
indicates that the crystallization rate of PVDF is the
lowest in the PVDF blend sample. It has been demon-
strated that the crystallization of PVDF is reduced by
PMMA addition because of the trapped PMMA
chains in PVDF lamellar crystals.** However, adding
diluents to PVDF blend induces a decrease in half-
crystallization times (t;,2), except for DEM (Table II).
As reported,38’39 increased t;,, are correlated to lower
crystallization rates. The shorter the value t;,,, the
faster the crystallization rate, and vice versa. The
reduced value t;,, and AT, in the diluted samples
suggests that the crystallization rate of PVDF is pro-
moted by diluents except for DEM diluted sample.
This enhanced crystallization can be attributed to the
various dilution effects (changing the average spatial
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separation distances between crystallizable chains).
In addition, among these diluted samples, the value
AH, of those having a larger value of t;,,, is lower
than those having a small value of t;,. That is to say,
the sample having a comparative of high crystalliza-
tion rate will obtain the high crystallization ability.
The value AT, obtained in the diluted samples is far
smaller than that of the PVDF blend with no diluent,
which is due to the decrease of PVDF quantity in the
diluted samples (17.5 wt %) in comparison with the
PVDF blend (70 wt %).

Figure 2 shows the melting curves of PVDF
blend/diluent samples after cooling from the melt.

DEM
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5 )yw
o
=
= (M
a) =]
:: }_/
DBP
]
BP

PVDF/PMMA (70/30) blend

T T T T v T T T T T
60 80 100 120 140 160
Temperature(°C)

Figure 2 DSC melting curves of PVDF blend and its
mixtures with diluents during melting after the cooling
process.
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TABLE III
DSC Melting Results of PVDF Blend and its Mixtures with Diluents During Melting After the Cooling Process

Various diluents mixed

with PVDF blend To" (°C) TP (°C) Tt (°C) AT, (°C) AH,, (1/g) X (%)
DEM 89.0 100.9 114.9 259 11.62 63.5
DMP 102.4 110.3 122.2 19.8 11.62 635
MB 109.5 1165 128.0 185 12.60 68.9
MS 124.1 129.0 138.8 14.7 13.12 712
DBP 125.8 132.3 142.4 16.6 9.54 522
BP 131.7 136.9 140.2 85 14.98 81.9
PVDF blend with no diluent 152.7 162.7 168.1 15.4 26.39 36.1

To", onset melting temperature of PVDF; T?, peak melting temperature of PVDF; T' , final melting temperature of

m~’

PVDF; AT,, = Tfn — T2, AH,,, melting enthalpy; X, crystallinity of PVDEF.

It is observed that the melting temperature is
decreased as the diluents added into PVDF blend.
The melting peak observed in the melting curves for
the different diluted samples ranks DEM < DMP <
MB < MS < DBP < BP. As reported,®**° depression
of the melting points, because of a decrease in the
chemical potential of the crystalline polymer, can
provide the information on miscibility and strength
of intermolecular interactions in the mixture. The
higher depth of a depression of the melting points is
the stronger interaction between the components of
the mixture will be. So, it is suggested that the inter-
action between the PVDF blend and diluent in these
mixtures decreases in the order DEM > DMP > MB
> MS > DBP > BP.

In Figure 2, when the PVDF blend mixed with
DEM, DMP, MB, DBP, and MS, a high temperature
shoulder is observed. The appearance of the double
melting peaks has observed in many polymers. As
demonstrated,'”***! PVDF crystallizing from the
melt only forms into the o phase. Thus, the polymor-
phism or the crystal transformation can be excluded.
Other possible explanations can be assigned to the
melting-recrystallization process”®** and the melting
of a series of crystallite sizes.>* Herein, the melt-
ing-recrystallization process or the difference of
lamellar thickness and perfection of PVDF crystals
formation may be the most possible explanations for
the double melting peaks on the DSC melting
curves. Further identification that whether melting—
recrystallzation leads to the two endotherms in the
DSC curves will be studied in our future work. In
both melting—recrystallization process and the differ-
ence degree of crystallization, the appearance of the
lower temperature melting peak is due to the melt-
ing of small or imperfect crystals formed, while the
higher one is partially because of the melting of the
large or perfect crystals during the DSC heating
scans. Thus, the small or imperfect crystals melt first
and some large or perfect crystals melt at higher
temperature during the heating process. However,
as for the PVDF blend sample and the PVDF blend/

BP mixture, only one melting peak is observed on
the melting curves. This suggests that more homoge-
neous in PVDF crystal size or perfection is obtained
in these two samples than any other PVDF blend/
diluent mixtures. This can be attributed to the weak-
est interactions between PVDEF chains and BP mole-
cules, resulting in the similar melting behaviors of
PVDF to that of the PVDF blend sample.

Table III lists the data obtained from the melting
curves in Figure 2, and summarizes the influence of
the diluents on PVDF blend crystallization during
the heating. The onset of melting temperature (Tq),
the peak melting temperature (T%), and the final
melting temperature (T%)) of PVDF blend/diluent
samples are lower than those obtained in PVDF
blend. The degree of melting point depression in
PVDF blend/diluent samples is in the order DEM >
DMP > MB > MS > DBP > BP. This suggests the
reduced interaction between PVDF blend and dilu-
ent in the same order. The difference in value AT,
(AT, = T!, — T9") indicates that the different PVDF
crystal size may be formed in different diluents.
Therefore, the crystallinity of PVDF (in the PVDF
region of the samples) varies with the different dilu-
ent types. It seems that the stronger interaction
between PVDF blend and diluent, the lower crystal-
linity of PVDF will be obtained in these samples.
However, when DBP is chosen as the diluent, the
lowest crystallinity is obtained in the diluent sam-
ples. This may be caused by other factors that affect
the PVDF crystallization in this case.

An increased interaction between PVDF and
diluents reduced the PVDF melting and crystalliza-
tion temperatures, which has been analyzed by DSC
measurement above. This is consistent with the Su et
al’s work."'"® So the crystallization behavior of
PVDF blend in diluents will influence the ultimate
membrane structure via TIPS process.

The mixtures of PVDF blend and several diluents
with 25 wt % PVDF blend were melted at 180°C and
quenched in a 30°C water bath. After extraction by
methanol, the resulting membrane structure is

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 SEM micrographs of cross-sections of 25 wt % PVDF blend membranes from single diluent quenched from

180°C to 30°C: a-DEM; b-DMP; c-MB; d- MS; e-DBP; {-BP.

examined by SEM, as shown in Figure 3. The dis-
cernable spherulitic structure can be observed in the
quenched samples except the quenched BP sample,
because of PVDF crystallization during the quench-
ing. These spherulitic structures are attributed to the
S-L phase separation via nucleation and growth of
the polymer with accompanying rejection of the lig-
uid diluent*™ In a quenched sample, the PVDF
blend/diluent mixture is essentially frozen in time,
and the spherulitic structure is representative of
crystallization from a homogeneous mixture. The

Journal of Applied Polymer Science DOI 10.1002/app

difference in spherulitic surface structure is attrib-
uted to the kinetics of crystallization and diluent
rejection from the growing crystal.' Herein, the mor-
phologies of the membrane structures can be di-
vided into two types. One includes the quenched
DEM, DMP, MB, DBP samples. The surfaces of the
spherulites shown to be textured by branched lamel-
lae. This is due to the increased amount of rejected
diluent from the growing spherulite at the surface of
each spherulite.' Consequently, the interspherulitic
voids (the region between spherulites) is formed in
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Figure 4 Porosity of PVDF blend/diluent samples with
25 wt % PVDF blend: 1-DEM; 2-DMP; 3-MB; 4-DBP; 5-MS;
6-BP.

these samples. The other type includes MS and BP
samples, in which the interspherulitic voids are
not observed, but the intraspherulitic structure
(location between lamellae within the spherulite) is
predominant.

In previous work,” it reveals that the system pos-
sessing stronger interaction between polymer and
diluent can yield more discernable spherulitic struc-
ture because of the better compatibility of PVDF and
diluent. As analyzed in DSC results, the interactions
between PVDF blend and diluents rank in the order
DEM > DMP > MB > MS > DBP. Therefore, in the
quenched PVDF blend/DEM and PVDF blend/DMP
samples, the membrane cross-section clearly illus-
trates the numerous spherulites. On the contrary, in
the quenched MB, MS, and DBP samples, more con-
nections among spherulites are formed. As for the
quenched PVDF blend/BP sample, there are no dis-
cernable spherulites but small-size pores observed in
it [Fig. 3(f)]. The reason can be related to the L-L
phase separation before the crystallization of PVDF,
which restricts subsequent PVDF crystallization to
small isolated domains of limited PVDF supply and
limited growing space.” The further studies about
the thermal dynamic phase diagram will continue in
our group.

As shown in Figure 4, the value of porosity of the
above six PVDF blend/diluent samples ranges from
68% to 78%, which are higher than that obtained in
PVDF/diluent system.” This result suggests that the
PVDF blend/diluent system is better for preparing
higher porosity microporous membrane.

Effect of the mixed diluents on PVDF blend
crystallization and membrane structure

It has been demonstrated that the mixed diluents
can change the interactions between the polymer

and diluent by varying the composition of each
diluent.'”#*® Thus, the membrane structure can be
controlled by changing each diluent composition.
Analogously, using the proper composition of good
and poor diluents under the same thermal condi-
tions can control the membrane structure of the
resulting products. Herein, several suitable mixed
diluents were applied for preparing the PVDF blend
membranes, and simultaneously the crystallization
behavior of PVDF in these systems was studied.
Table IV lists the composed solubility parameter
(8.) of each mixed dilute which is estimated as our
previous work,* according to the equation is as

follows>!:

01 = 8191 + 320, 3)

where, 8;, 6, are the solubility parameters of each
diluent, and @i, @, are the volume fraction of each
component. By solving this equation with the values
of solubility parameter are listed in Table I, the cal-
culated solubility parameters for the mixed diluents
are given in Table IV. It can be seen that these val-
ues range from 19 to 23 (J/ cm®)!/2, which is very
close to that of PVDF blend. Therefore, these mixed
diluents are suitable for preparation of PVDF blend
membranes.

Figure 5 shows the DSC crystallization curves of
PVDF blend/mixed diluent systems during cooling
from the melt at 5°C/min after removing the ther-
mal history. A significant shift of the exothermic
peak to the low temperature is obvious in these sam-
ples in comparison with that of PVDF blend without
diluent (Fig. 1), because of the decreased chemical
potential of the mixture.'>*® When DMP/TP/ soy-
bean oil (7/2/1) used as the mixed diluent, the
greatest degree of crystallization depression is
observed. DMP/DOP (5/5), DMP/DOS (7/3),
DMP/DBS (5/5), and DMP/DOA (5/5) diluted sam-
ples have higher crystallization peak temperatuers
and they are very close. The DBP/DBS (4/6) sample
possesses the highest PVDF crystallization peak tem-
perature in these samples.

TABLE IV
Calculated Solubility Parameters of the Mixed Diluents
Calculated by Group Contribution Methods®'

Calculated solubility
of parameters

Mixed dilutes (J/cm?)/?
DMP/DOP (5/5) 23.4
DMP/DOS (7/3) 20.7
DMP/DBS (5/5) 20.0
DMP/DOA (5/5) 19.9
DMP/TP/soybean oil (7/2/1) >19.1
DBP/DBS (4/6) 18.4

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 DSC crystallization curves of PVDF blend/
mixed diluent systems when cooling from the melt after
removing the thermal history.

The data for the DSC crystallization results
obtained from Figure 5 are detailed in Table V. The
onset crystallization temperature TJ", peak crystalli-
zation temperature TF, and final crystallization tem-
perature Tﬁ are ranked in the order DMP/TP/
soybean oil (7/2/1) < DMP/DOS(7/3) < DMP/
DBS(5/5) < DMP/DOA(5/5) < DMP/DOP(5/5) <
DBP/DBS(4/6). This indicates that the need of
supercooling degree or driving force is ranked in the
inverse order. On the other hand, the difference
between the onset and peak crystallization tempera-
ture, and half-crystallization times (t;,5), which both
related to the overall crystallization rate,*® are listed

MA ET AL.

in Table V. The close values of AT, and t;,, obtained
from all of the mixed diluents indicate the approach-
ing crystallization rate of PVDF in these systems.
However, the value AH, of each sample has a small
change. Therefore, the crystallization temperature of
PVDF can be affected by changing the composition
of each component in the mixed diluents, as demon-
strated by the previous work."”*® Thus, the S-L
phase separation boundary can be controlled by
using the mixed diluents.

Figure 6 shows the melting traces of PVDF blend/
mixed diluent systems after cooling from the melt.
The results, similar to in PVDF blend/single diluent
systems, are obtained. The melting point depression
is occurred in these systems, in comparison with
PVDF blend in which no diluent is added. The melt-
ing peak temperature in different diluents ranks
DMP/TP/Soybean oil (7/2/1) < DMP/DOS(7/3) <
DMP/DBS(5/5) < DMP/DOA(/5) < DMP/
DOP(5/5) < DBP/DBS(4/6). The quantitative values
of Tor, TP , and Tfn are listed in Table VI. The melt-
ing point depression phenomenon is attributed to
the changes in the strength of intermolecular interac-
tions of the mixtures.>>* The higher this interaction
exists, the more the melting point will be depressed.
Therefore, the interaction between polymer and dilu-
ent in PVDF blend/DMP/TP/soybean oil (7/2/1)
system is the highest, while that in PVDF blend/
DBP/DBS(4/6) system is the lowest.

Additionally, the double melting peaks are
observed in each sample, which due to the different
degrees of perfection of PVDF crystals, as discussed
in PVDF blend/single diluent systems. The small or
imperfect crystals melt first and some large or per-
fect crystals melt at higher temperature during the
heating process. It is observed that when DBP/
DBS(4/6) mixed diluent is applied, the double melt-
ing peak is less obvious than others. It indicates that
the more perfect PVDF crystals are formed in this
sample than those formed in other mixed diluents.
As mentioned in “Conclusion”, in PVDF blend/BP
system, only one melting peak is observed, which
means perfect crystals are formed (Fig. 2).

TABLE V

DSC Crystallization Results of PVDF Blend/Mixed Diluent Systems when Cooling from the Melt After Removing the
Thermal History

Samples with various mixed diluents " (°C) T? (°C) Tﬁ °C) AT, (°C) AH. (J/g) t1 /2 (min)
DMP/TP/soybean oil (7/2/1) 72.2 68.4 62.6 3.8 9.85 0.70
DMP/DOS (7/3) 91.9 88.3 83.5 3.6 11.59 0.60
DMP/DBS (5/5) 95.5 92.4 87.5 3.1 10.68 0.58
DMP/DOA (5/5) 99.2 95.5 90.5 3.7 11.65 0.60
DMP/DOP (5/5) 100.0 96.5 91.8 3.5 13.27 0.58
DBP/DBS (4/6) 114.2 110.2 104.6 4.0 11.61 0.65

To", onset crystallization temperature of PVDF; TP, peak crystallization temperature of PVDF; Tf, final crystallization

temperature of PVDF; AT, = T" — T?; AH,, crystallization enthalpy of PVDF.
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Figure 6 DSC melting curves of PVDF blend /mixed dilu-
ent ststems during melting, after the cooling process.

In Table VI, the values of ATy, (AT, = Tfm - Tom),
the melting enthalpy AH,,, and the calculated crys-
tallinity of PVDF are illustrated. As discussed above,
the difference in value ATy, indicates that the differ-
ent PVDF crystal size may be formed in different
diluents. The PVDF blend/DMP/TP/Soybean oil
(7/2/1) system has the greatest value ATy, which
indicates the most inhomogeneity in PVDF crystals
size. In this system, the melting temperatures of
PVDF depresses most deeply in these mixed diluent
system, suggesting the strongest interactions
between molecules in DMP/TP/Soybean oil (7/2/1)
diluted system.’** So the retardance to PVDF crys-
tallization is most predominant, resulting in the

widest range of PVDF crystal size. The four systems,
in which DMP/DOS(7/3), DMP/DBS(5/5), DMP/
DOA(5/5), and DMP/DOP(5/5) are used as the
diluents, have the smaller values of AT, (18°C-
20°C) than the DMP/TP/soybean oil (7/2/1) sample
(24°C). This implies that more homogeneous PVDF
crystals are formed in these four samples. With
regard to DBP/DBS(4/6) sample, the smallest value
of ATy, (15°C) is obtained, suggesting that most ho-
mogeneous PVDF crystals are formed. The crystal-
linity of these six samples fluctuates with the
different types of the mixed diluents in the smaller
range (58%—-64%) than those obtained in the PVDF
blend/single diluent systems (52%-82%). To some
extent, this may be due to the difference in the mole-
cule interactions between PVDF and diluent.

Compared with the DSC results of PVDF blend/
DMP system, the melting and crystallization temper-
atures are decreased in PVDF blend/mixed diluent
(containing DMP), and other data also changed
more or less. This confirms that the melting behav-
iors of PVDF blend can be controlled by changing
the mixed diluent (including diluent type and com-
position of each component).

Figure 7 shows the cross sections of 25 wt %
PVDF blend membranes in PVDF blend /mixed dilu-
ent systems quenched from 180°C to 30°C. The
spherulitic structure is more discernable in DMP/
TP/soybean oil (7/2/1), DMP/DOS (7/3), and
DMP/DBS (5/5) quenched samples than that in the
other three samples. This is due to the better com-
patibility of PVDF blend with these three mixed
diluents, in which these systems have stronger inter-
actions between polymer chains and diluent mole-
cules.’ In these three systems, more dramatically S-L
phase separation occurs and the interspherulitic
voids are obvious, because of the kinetics of crys-
tallization and diluent rejection from the growing
crystal.'"'* As PVDF crystallized, the diluents are
rejected from the spherulitic regions and form the
interspherulitic voids (the region between spheru-
lites). The lack of discernible spherulites in the
DMP/DOA (5/5), DMP/DOP (5/5), and DBP/DBS

TABLE VI
DSC Melting Results of PVDF Blend/Mixed Diluent Systems During Melting After the Cooling Process
Samples with various mixed diluents o (°C) " (°C) Tt (°Q) AT (°C) AH,, (J/g) X (%)
DMP/TP/soybean oil (7/2/1) 95.8 106.1 119.8 24.0 10.24 56.0
DMP/DOS (7/3) 113.2 121.2 133.4 20.2 11.53 63.0
DMP/DBS (5/5) 116.7 123.9 135.8 19.1 10.59 57.9
DMP/DOA (5/5) 120.9 127.8 138.7 17.8 11.56 63.2
DMP/DOP (5/5) 120.7 128.3 139.9 19.2 13.07 71.5
DBP/DBS (4/6) 136.2 141.7 151.3 15.1 11.66 63.8

To", onset melting temperature of PVDF; TP, peak melting temperature of PVDF; T' , final melting temperature of

m’

PVDF; AT, = T, — T9; AH,,,, melting enthalpy; X,, crystallinity of PVDF.
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Figure 7 SEM micrographs of cross-sections of 25 wt % PVDF blend membranes from the mixed diluent systems
quenched from 180 to 30°C: a-DMP/TP/Soybean oil (7/2/1); b-DMP/DOS (7/3); c-DMP/DBS (5/5); d-DMP/DOA (5/5);

e-DMP/DOP (5/5); {-DBP/DBS (4/6).

(4/6) quenched samples is related to the L-L phase
separation before the crystallization of PVDF, during
which the phase separation restricts subsequent
PVDF crystallization to small isolated domains of
limited PVDF supply and limited growing space.’
This result is in agreement with that obtained in
PVDF blend/single diluent system.

The porosity of PVDF blend/mixed diluent sys-
tems is shown in Figure 8. They are very close,
which range from 76% to 79%. Compared with the

Journal of Applied Polymer Science DOI 10.1002/app

values obtained in PVDF blend/single diluent sys-
tems, the mixed diluent with proper ratio of each
component can be used to prepare PVDF blend
membrane with higher porosity.

CONCLUSIONS

This study reported that the different diluent types
had a remarkable effect on PVDF crystallization
behaviors and the resulting membrane structures.
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Figure 8 Porosity of PVDF blend/mixed diluent systems
with 25 wt % PVDF blend: 1-DMP/TP/soybean oil (7/2/
1); 2-DMP/DOS (7/3); 3-DMP/DBS (5/5); 4-DMP/DOA
(5/5); 5-DMP/DOP (5/5); 6-DBP/DBS (4/6).

The melting and crystallization temperatures of
those PVDF blend/diluent systems were depressed
with the enhanced interactions between polymer
chains and diluent molecules. The crystallinity of
PVDF in the diluent systems was always higher
than that obtained in PVDF blend sample. This can
be explained by the various dilution effects, which
increased the average spatial separation distances
between crystallizable chains. Thus, the PVDF crys-
tallization was favored. Additionally, S-L phase
separation occurred in the quenched samples. The
cross-section of the membranes illustrated the inter-
and intraspherulitic voids, depending on the poly-
mer/diluent interactions, the kinetics of crystalliza-
tion, and diluent rejection from the growing crystal.
The porosity of the PVDF blend membranes for the
mixed diluent system was higher than those
obtained in the single diluent systems.

It also revealed that the crystallization behavior
and membrane structure could be efficiently con-
trolled by changing the composition of the mixed
diluent.
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