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ABSTRACT: Polyvinylidene fluoride (PVDF) micropo-
rous flat membranes were cast with different kinds of
PVDFs and four mixed solvents [trimethyl phosphate
(TMP)–N,N-dimethylacetamide (DMAc), triethyl phosphate
(TEP)–DMAc, tricresyl phosphate (TCP)–DMAc, and tri-n-
butyl phosphate (TBP)–DMAc]. The effects of different com-
mercial PVDFs (SolefV

R

1015, FR 904, Kynar 761, Kynar 741,
Kynar 2801) on membrane morphologies and membrane
performances of PVDF/TEP–DMAc/PEG200 system were
investigated. The membrane morphologies were examined
by scanning electron microscopy (SEM). The membrane per-
formances in terms of pure water flux, rejection, porosity,
and mean pore radius were measured. The membrane had
the high flux of 143.0 � 0.9 L m�2 h�1 when the content of
TMP in the TMP–DMAc mixed solvent reached 60 wt %,
which was 2.89 times that of the membrane cast with DMAc
as single solvent and was 3.36 times that of the membrane
cast with TMP as single solvent. Using mixed solvent with
different solvent solubility parameters, different morpholo-

gies of PVDF microporous membranes were obtained.
TMP–DMAc mixed solvent and TEP–DMAc mixed solvent
indicated the stronger solvent power to PVDF due to the
lower solubility parameter difference of 1.45 MPa1/2 and the
prepared membranes showed the faster precipitation rate and
the higher flux. The less macrovoids of the membrane pre-
pared with TEP (60 wt %)–DMAc (40 wt %) as mixed solvent
contributed to the higher elongation ratio of 96.61% � 0.41%.
Therefore, using TEP(60 wt %)–DMAc (40 wt %) as mixed sol-
vent, the casting solution had the better solvent power to
PVDF, and the membrane possessed the excellent mechanical
property. The microporous membranes prepared from cast-
ing solutions with different commercial PVDFs exhibited
similar morphology, but the water flux increased with the in-
crement of polymer solution viscosity. VC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 115: 2277–2287, 2010
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INTRODUCTION

Membrane techniques have been extensively used in
separation facilities to separate liquid/liquid or liq-
uid/solid mixture.1 Polyvinylidene fluoride (PVDF)
is regarded as one of the most attractive polymer
materials in microporous membrane industry. The
molecular structure of PVDF homopolymer with
alternating CH2 and CF2 groups along the polymer
chain forms a unique polymer with some of the best
characteristic of polyethylene combined with per-
formance approaching polytetrafluoroethylene.2 It
provides extraordinary mechanical properties, high
chemical resistance, good thermal stability and excel-
lent biocompatibility.3 Therefore, PVDF is a suitable
material to make membrane, which has been applied

in lithiumion batteries, piezoelectric sensors, perva-
poration or film filtration, protein purification, bacte-
ria filtration, water-treatment applications, gas sepa-
ration, petrochemical industry, and so on.4–9

PVDF microporous flat membranes are frequently
prepared via nonsolvent inversion separation
(NIPS), that is, casting solution is immersed into a
nonsolvent coagulation bath to induce a series of liq-
uid–solid and/or liquid–liquid phase separation
events.10 However, as one of the semicrystalline pol-
ymers, PVDF has been reported to exhibit more
complicated phase separation behavior than amor-
phous polymers in this process, which actually pro-
vides more freedom to optimize membrane proper-
ties.11 Many formation parameters affect polymer
precipitation and ultimately the morphology of the
formed PVDF microporous membranes. In fact, the
amount of solvent in the polymeric membrane
greatly influences the membrane morphology. Yeow
et al.12 compared the morphology of PVDF mem-
branes with different solvent systems, including 1-
methyl-2-pyrrolidone (NMP), N,N-dimethylforma-
mide (DMF), N,N-dimethylacetamide (DMAc), and
triethyl phosphate (TEP). The results revealed the
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distinctive influences of various solvents on mem-
brane structures, indicating the importance of the
solvent. Applying a two-phase flow consisting of a
solvent and a dope solution in the air gap region of
spinning through a NIPS process, Bonyadi and
Chung13 fabricated highly porous and macrovoid-free
PVDF hollow fiber membranes. Besides, The effect of
PVDF concentration on membrane morphology and
crystal forms was discussed by Buonomenna.14

Recently, Zhang showed that higher PVDF concentra-
tion in casting solution yielded the membrane with
higher crystallinity and higher b/a phase ratio in the
surface layers.3 In fact, with the proper selection, a
desired membrane structure and satisfactory mem-
brane separation performance can be anticipated.15–23

DMAc and phosphates [trimethyl phosphate
(TMP) and TEP] are good solvents for PVDF, and
DMAc demonstrates a stronger solvent power to
PVDF. When TMP or DMAc is used as solvent,
PVDF membrane exhibits the finger-like structure.
Nevertheless, the flat sheet membranes cast with TEP
as solvent exhibits symmetry sponge structure.
Therefore, using phosphate–DMAc mixture as sol-
vent, the solvent power to PVDF membrane can be
improved, as well as membrane morphology can be
controlled. On the other hand, it is impossible that all
commercial PVDFs possess identical properties. The
chemical and physical properties of different PVDFs
also influence the membrane performances. How-
ever, the phosphate–DMAc mixed solvent has been
rarely used in the casting solution, and few studies
have focused on comparing the effects of different
commercial PVDFs. The purpose of this study was to
systematically investigate the effects of four different
mixed solvents [TMP–DMAc, TEP–DMAc, tricresyl
phosphate (TCP)–DMAc and tri-n-butyl phosphate
(TBP)–DMAc] and different PVDFs (SolefV

R

1015, FR
904, Kynar 761, Kynar 741, Kynar 2801) on the mem-
brane morphologies and performances. The perform-
ances of PVDF (SolefV

R

1015) microporous membranes
cast with different content of TMP in the mixed sol-
vent (TMP–DMAc) were compared. An improved
self-made transmittance device was used to test the
precipitation rate during the immersion process. The
morphologies of the membranes were investigated
by scanning electron microscopy (SEM).

EXPERIMENTAL

Materials

SolefV
R

1015 PVDF and FR 904 PVDF were purchased
from Solvay Advanced Polymers, L.L.C. (Alpharetta,
GA, USA) and Shanghai 3F New Materials (PR
China), respectively. Kynar 761 PVDF, Kynar 741
PVDF and Kynar 2801 PVDF were purchased from
Arkema (France). DMAc and TBP produced by

Shanghai Lingfeng Chemical Reagent Corporation
(PR China). TMP, TEP, TCP, and polyethylene glycol
(PEG200) purchased from Sinopharm Chemical Rea-
gent (PR China).

Determination of coagulation value

Coagulation value (CV) can be used as a measure-
ment of the thermodynamic stability of the casting
solution system. 100 g of PVDF (15 wt %)/mixed
solvent/PEG200 (5 wt %) casting solution was kept
at 25�C and H2O as the nonsolvent was slowly
added dropwise. Every drop caused local coagula-
tion and further addition was carried out only after
the casting solution became homogeneous again.
When the addition solution caused remarkable coag-
ulation and the coagulation was not dissolved at
25�C in 24 h, CV is designed by the addition amount
of H2O in grams required to make 100 g polymer
solution turbid.

Light transmittance measurement

Light transmittance measurement experiment was
carried by a self-made device as described by Li
et al.1 A collimated laser was directed on the glass
plate immersed in the coagulation bath. The light in-
tensity information was captured by the light detec-
tor and then recorded in the computer. The precipi-
tation rate of the casting solution in the coagulation
bath could be characterized by the curve of light
transmittance to immersion time.

Membrane casting

The microporous flat PVDF membranes were pre-
pared via NIPS process. PVDF powders (15 wt %)
and the additive (5 wt % PEG200) were added to the
mixed solvent (TMP–DMAc, TEP–DMAc, TCP–
DMAc, TBP–DMAc) in a triangle beaker, and the sol-
utions were mechanically stirred for at least 24 h to
guarantee complete dissolution of the polymer at 70–
90�C. The casting solutions were cast onto a glass
plate at 25�C and 60% � 5% relative humidity by
means of a casting knife with a gap of 380 lm, and
then were immersed into a coagulation bath (deion-
ized water at 25�C) after 30 s of evaporation time. Af-
ter complete coagulation, the membranes were trans-
ferred into a fresh water bath, which was refreshed
frequently, to remove the traces of the residual sol-
vent, and then the prepared membranes were kept in
deionized water until used. The components for vari-
ous membranes are summarized in Table I.

Membrane characterization

PVDF microporous membranes were characterized
by determination of pure water flux (J), rejection (R),
porosity (e), and mean pore radius (rm).
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A self-made dead end stirred-cell was used to
measure the pure water flux of the PVDF mem-
branes and the rejection test was carried out with an
aqueous solution of bovine serum albumin (BSA,
MW ¼ 67000, 300 mg L�1). All experiments were
conducted at room temperature (25�C) and at a con-
stant operation pressure of 0.1 MPa. The pure water
flux and the rejection are defined as formulae (1)
and (2), respectively.

J ¼ Q

A� T
(1)

R ¼ 1� CP

CF

� �
� 100% (2)

where J is the water flux (L h�1 m�2), Q is the vol-
ume of the permeate pure water (L), A is the effec-
tive area of the membrane (m2), and T is the
permeation time (h). R is the rejection to BSA (%),
CP and CF are the permeate and feed concentration,
respectively (wt %).

The membrane porosity e (%) is defined as the
volume of the pores divided by the total volume of
the microporous membrane. It can usually be deter-
mined by gravimetric method, determining the
weight of liquid (here, pure water) contained in the
membrane pores.24

e ¼ ðm1 �m2Þ=qw
ðm1 �m2Þ=qw þm2=qp

(3)

where m1 is the weight of the wet membrane (g); m2

is the weight of the dry membrane (g); qw is the
water density (0.998 g cm�3) and qp is the polymer
density (1.778 g cm�3).

The membrane thickness was determined by an
electronic digital caliper (Shanghai, Shenhan). The
mean pore radius is determined by filtration velocity

method. According to Guerout-Elford-Ferry equa-
tion, rm (lm) can be calculated:25

rm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2:9� 1:75eÞ � 8glq

e� A� DP

r
(4)

where g is water viscosity (8.9 � 10�4 Pa s); l is the
membrane thickness (m); q is the volume of the per-
meate water per unit time (m3 s�1), A is the effective
area of the membrane (m2), and DP is the operation
pressure (0.1 MPa).
All the data are presented with the standard

deviation.

Measurement of solution viscosity

Viscosities of PVDF solutions with different mixed
solvents and different PVDF types were measured
using a Rheometer Measuring System (Physica
MCR101) at 25�C. This equipment uses the ramp
stress test method, whereby a gradually increasing
ramped stress was applied onto the sample solution,
and the induced shear rate was continuously moni-
tored. The viscosity of the sample solution was cal-
culated, based on the ratio of the two parameters
(i.e., shear stress versus shear rate). The report data
was the viscosity at a shear rate of 10 s�1.

Mechanical property

Tensile strength (MPa) and elongation ratio (%)
were measured by material test-machine (Zwick
Z010, Germany) at a loading velocity of 50 mm
min�1. The report data were the average value of
five experimental runs.

Morphology observation

The morphologies of the top surface (defined as the
surface contacting with the coagulation bath), the

TABLE I
Membranes Cast with Different Components

Membrane Polymer (PVDF)

Solvent (wt %)

DMAc TMP TEP TCP TBP

MTMP0 Solef 1015 100 0 – – –
MTMP20 Solef 1015 80 20 – – –
MTMP40 Solef 1015 60 40 – – –
MTMP60 Solef 1015 40 60 – – –
MTMP80 Solef 1015 20 80 – – –
MTMP100 Solef 1015 0 100 – – –
MTEP60 Solef 1015 40 – 60 – –
MTCP60 Solef 1015 40 – – 60 –
MTBP60 Solef 1015 40 – – – 60
MTEP60-A FR 904 40 – 60 – –
MTEP60-B Kynar 761 40 – 60 – –
MTEP60-C Kynar 741 40 – 60 – –
MTEP60-D Kynar 2801 40 – 60 – –
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bottom surface (the surface contacting with the glass
plate), and the cross-section of the sample mem-
branes were examined by SEM using a JEOL Model
JSM-6360LV SEM (Tokyo, Japan). Before experi-
ments, all the samples of the membranes were fro-
zen in liquid nitrogen, then broken and deposited
on a copper holder. Cross-section and surface of the
membranes were sputtered with gold and then
transferred to the microscope.

Calculation of solubility parameters

The basis of Hansen solubility parameters is a divi-
sion of the cohesion energy of volatile liquids into
three parts: dd, dp, and dh. All of the cohesive bonds
holding the liquid together were broken when it
evaporated. The three Hansen solubility parameters
quantitatively represent the nonpolar (atomic) bond-
ing (d), the permanent dipole–permanent dipole
(molecular) bonding (p), and the hydrogen (molecu-
lar) bonding (h), respectively.26–31

d2t ¼ d2d þ d2p þ d2h (5)

where dd, dp, and dh are the Hansen solubility pa-
rameters (MPa1/2). dd is found from corresponding
states principles at 25�C, dp is found with the aid of
dipole moments and other parameters, and dh is
usually found by what is left over in eq. (5) or by
group contributions.

The solubility parameter of additive-solvent is giv-
ing by the following equation.32

di;s ¼ X1V1di;1 þ X2V2di;2
X1V1 þ X2V2

; i ¼ d; p; h (6)

where X is the molar fraction, V is the molar volume
(cm3 mol�1), subscript 1 is the solvent and 2 is the
additive, d, p, h are ditto.

And the difference of solubility parameters
between additive-solvent and polymer can be
described as:32

Dds-p ¼ ðdd;s � dd;pÞ2 þ ðdp;s � dp;pÞ2 þ ðdh;s � dh;pÞ2
h i0:5

(7)

where di,s(i¼d,p,h) are the Hansen solubility parame-
ters of additive-solvent; di,p(i¼d,p,h) are the Hansen
solubility parameters of polymer,33 which are listed
in Table II.

RESULTS AND DISCUSSION

Effect of TMP content in the mixed solvent on
membrane performance

Solvent plays an important role in preparing poly-
mer membranes via NIPS process. It highly influen-
ces whether the polymer solution can remain uni-
form or stable. DMAc is a good solvent for PVDF.12

By mixing TMP and DMAc as solvent, PEG200 used
as additive, the effects of TMP content in the mixed
solvent on the membrane morphologies and per-
formances were investigated.
The light transmittance curves of the casting solu-

tion are shown in Figure 1, which illustrated that the
precipitation process includes two stages at lower
TMP content (MTMP0, MTMP20, and MTMP40), in
the first stage, the light transmittance decreases
slowly; in the second stage, the light transmittance
decreases quickly at first and then reduces slowly
till changeless at last. At 0, 20, and 40 wt %, the first
stage lasts about 45, 35, and 30s, respectively; the

TABLE II
Solubility Parameters of Polymer, Solvents, and Additive

Components dd (Mpa1/2) dp (MPa1/2) dh (MPa1/2) dt (MPa1/2) q (g cm�3) M (g mol�1) V (cm3 mol�1)

PVDF 17.2 12.5 9.2 23.17 – – –
DMAc 16.8 11.5 10.2 22.77 0.94 87.12 92.40
TMP 16.8 16.0 10.2 25.34 1.97 140.08 71.11
TEP 16.8 11.5 9.2 22.34 1.07 182.15 170.23
TCP 19.0 12.3 4.5 23.08 1.17 368.00 314.53
TBP 16.4 6.3 4.3 18.09 0.98 266.32 271.76

PEG200 16.7 7.6 14.5 23.39 1.13 200.00 177.78

Figure 1 Light transmittance during immersion of casting
solutions with different TMP content in the TMP–DMAc
mixed solvent.
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period of the first stage finally decreases as the con-
tent of TMP in the mixed solvent increases from 0 to
40 wt %. For the membrane with higher TMP con-
tent (MTMP60, MTMP80, and MTMP100), the light
transmittance decreases quickly in a few seconds af-
ter the membrane was immersed into the coagula-
tion bath, and the precipitation rate decreases with
the increase of TMP content from 60 to 100 wt %.
Therefore, the precipitation rate is the fastest during
immersion process with 60 wt % TMP in the mixed
solvent, which favors the formation of a finger-like
membrane structure.

Figure 2 shows that underneath the skin is a
region composed of parallel finger-like macrovoids
and finally the lower part of the membrane cross-
section shows cellular pores at lower TMP content
(MTMP0, MTMP20, MTMP40). In fact, these finger-
like voids lengthened with the increase of TMP con-
tent from 0 to 60 wt % (MTMP0 to MTMP60) but
then shortened as the content of TMP further
increased from 60 to 100 wt % (MTMP60 to
MTMP100). That is, due to the faster rate of precipi-
tation, adding 60 wt % of TMP to the mixed solvent,
the macrovoids, which are larger elongated pores,
extend over the entire membrane thickness and
become longest.

It has been generally accepted that the morphology
of microporous membrane affected by the precipita-
tion rate influences the performances of the mem-
brane. As shown in Table III, the flux and the poros-
ity of the membrane cast with TMP (60 wt %)–DMAc
(40 wt %) (MTMP60) are maximized, which are 143.0
� 0.9 L m�2 h�1 and 81.8% � 0.2%, respectively. The
flux of the membrane prepared with using TMP
(60 wt %)–DMAc (40 wt %) as solvent (MTMP60) is
2.89 times that of the membrane cast with DMAc as
single solvent (MTMP0) and is 3.36 times that of the
membrane cast with TMP as single solvent
(MTMP100). According to the aforementioned ex-
periment results, the growing of macrovoids
decreases permeation resistance and leads to the
higher flux and porosity. However, the rejection of
MTMP60 is approaching to that of others (MTMP0,
MTMP20, MTMP40, MTMP80, and MTMP100), all
around 75%; this result can be explained by the exis-
tence of macrovoids beneath the skin layer in all of
the cross-section morphologies.
Therefore, the addition of 60 wt % of phosphate in

the mixed solvent is used in our further investiga-
tion on the effects of different mixed solvent on the
membrane morphology and performances, as dis-
cussed in the following investigations.

Figure 2 SEM pictures of the cross-section morphologies of PVDF microporous membranes prepared by casting solu-
tions with different TMP content in the TMP–DMAc mixed solvent.
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Effect of different phosphates in the mixed solvent
on membrane performance

Using water as coagulant and PEG200 as additive,
four phosphate solvents (TMP, TEP, TCP, and TBP)
of 60 wt % were mixed with DMAc of 40 wt %
respectively, to study the morphologies of PVDF
microporous flat membranes prepared by NIPS
process.

If the solubility parameter of polymer is consistent
with that of a solvent, the solvent demonstrates the
strong solvent power to polymer in theory.27 There-
fore, the low solubility parameter difference between
additive-solvent system and PVDF (Dds-p < 2MPa1/2)

indicates the strong solvent power of additive-sol-
vent system to PVDF. As shown in Table IV, for
MTMP60 and MTEP60, the solvent showed the
stronger power to PVDF due to the lower solubility
parameter difference of 1.45 MPa1/2. And the TBP–
DMAc (MTBP60) is the poorest solvent because of
the highest solubility parameter difference (Dds-p
¼ 4.66 MPa1/2). On the other hand, the substituent
size in four phosphate molecule follows the order of
TMP < TEP < TCP < TBP. Due to the steric effect
and molecular interaction,34 the solvent power of
four solvents to PVDF follows the order of TMP
> TEP > TCP > TBP.

TABLE IV
Properties of Different Casting Solutions and the Prepared Membranes

Membrane Phosphate molecular structure Dds-p (MPa1/2) Coagulation value (g) Viscosity (cp) Thickness (lm)

MTMP60 1.45 3.90 � 0.08 6780 � 50 330 � 0.5

MTEP60 1.45 3.53 � 0.06 7310 � 46 297 � 0.6

MTCP60 2.02 2.69 � 0.04 16200 � 62 280 � 0.4

MTBP60 4.66 1.93 � 0.05 24300 � 85 235 � 0.6

TABLE III
Performances of PVDF Microporous Membranes

Membrane J (L m�2 h�1) R (%) e (%) rm (lm)

MTMP0 49.5 � 0.2 75.7 � 0.2 76.3 � 0.2 0.022 � 0.001
MTMP20 51.5 � 0.3 76.2 � 0.3 79.9 � 0.3 0.025 � 0.001
MTMP40 67.2 � 0.5 76.9 � 0.1 80.5 � 0.1 0.027 � 0.001
MTMP60 143.0 � 0.9 73.8 � 0.3 81.8 � 0.2 0.040 � 0.002
MTMP80 69.5 � 0.5 77.2 � 0.2 80.5 � 0.2 0.028 � 0.001
MTMP100 42.5 � 0.3 78.0 � 0.2 79.6 � 0.1 0.022 � 0.001
MTEP60 64.6 � 0.2 90.1 � 0.4 76.1 � 0.2 0.026 � 0.001
MTCP60 42.7 � 0.4 80.2 � 0.1 67.2 � 0.2 0.024 � 0.001
MTBP60 19.1 � 0.3 78.5 � 0.2 47.4 � 0.1 0.020 � 0.001
MTEP60-A 28.3 � 0.2 90.6 � 0.1 77.2 � 0.3 0.019 � 0.001
MTEP60-B 23.4 � 0.3 90.5 � 0.1 80.1 � 0.2 0.017 � 0.001
MTEP60-C 21.8 � 0.4 91.4 � 0.1 81.4 � 0.2 0.016 � 0.001
MTEP60-D 14.9 � 0.2 91.2 � 0.1 82.2 � 0.3 0.014 � 0.001
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In addition, CV was used to measure the thermo-
dynamic stability of different casting solutions. The
results are listed in Table IV. The CV follows the
trend of MTMP60 (3.90 � 0.08 g) > MTEP60 (3.53
� 0.06 g) > MTCP60 (2.69 � 0.04 g) > MTBP60 (1.93
� 0.05 g). It means that the casting solution of
MTCP60 and MTBP60 were thermodynamically less
stable. It is well agreed with the prediction by the
solubility parameters.

Viscosity has a strong influence on the interdiffu-
sion of solvent and nonsolvent during the immer-
sion precipitation process, which then controls the
kinetic aspect of membrane formation process,
including both skin formation and substructure mor-
phology.34 As shown in Table IV, the viscosities of
15 wt % PVDF casting solutions prepared with dif-
ferent mixed solvent, TMP–DMAc (MTMP60), TEP–
DMAc (MTEP60), TCP–DMAc (MTCP60), TBP–
DMAc (MTBP60), follow the order of MTBP60
> MTCP60 > MTEP60 > MTMP60, which is consist-
ent with the trend followed by the solubility param-
eter difference. That is, the weaker solvent power
due to the higher solubility parameter difference
between additive-solvent system and PVDF results
in the higher viscosity.

The light transmittance curves shown in Figure 3
reveal that the precipitation rate follows the trend of
MTMP60 > MTEP60 > MTCP60 > MTBP60, which
is inversely proportional to the casting solution vis-
cosity (MTBP60 > MTCP60 > MTEP60 > MTMP60).
In the case of TBP–DMAc (MTBP60), due to the
poor solvent power, the precipitation process shows
a delayed demixing, including two stages; moreover,
the first stage lasts as long as 240 s; this indicates a
quite slow precipitation process in the cross-section,
which hinders the development of finger-like voids.
Compared to MTBP60, the precipitation processes of

MTCP60 and MTEP60 are slightly faster. The phase
inversion process of the casting solution using TMP-
DMAc as mixed solvent (MTMP60) is the fastest of
the four, and therefore, the finger-like voids can de-
velop completely.
Figure 4 shows that PVDF microporous mem-

branes cast with TBP–DMAc (MTBP60) and TCP–
DMAc (MTCP60) exhibit a similar sponge structure
through the whole thickness with a dense and wiz-
ened surface. Because of the weak solvent power,
which has been mentioned earlier, the minority pres-
ence of the nonsolvent (water) is sufficient to induce
the phase inversion of the polymer solution; there-
fore, the macrovoids cannot develop. The membrane
with TEP–DMAc as solvent (MTEP60) shows a short
finger-like structure with sponge substrates, which
suggests the formation of a skin layer at an early
stage; this favors the formation of a finger-like mem-
brane structure. In the case of TMP–DMAc as sol-
vents (MTMP60), long finger-like voids extending to-
ward the bottom region are observed beneath the
skin layer. This structure indicates a fast precipita-
tion rate during the immersion process, which
agrees with the result of light transmittance experi-
ment. In addition, the bottom surface of MTEP60 is
slightly less porous than that of MTMP60, but com-
pared to MTCP60 and MTBP60, the membrane
MTEP60 has a much more porous surface.
On the other hand, as a basis parameter in mem-

brane formation process, viscosity also influences
the thickness of the prepared flat membranes.35 In
this study, all microporous membranes were cast
with the same casting knife, that is, with a gap
of 380 lm. However, as shown in Table IV, the
membrane thicknesses, which are inversely propor-
tional to the viscosities of PVDF casting solutions
follow the trend of MTMP60 > MTEP60 > MTCP60
> MTBP60. A membrane with a thickness of
235 � 0.6 lm, obtained with TBP–DMAc as a solvent
(MTBP60), is the thinnest of the four. In this case,
because of the weak solvent power and the high so-
lution viscosity, much solvent is solidified in the
three dimensional polymer chains fibriform network
of gelation, and during the evaporation process
(30 s), the solvent solidified in the membrane will
volatilize to the air, the polymer chains of fibriform
network shrinks for the action of flexibility shrink-
age energy; this causes the serious shrinkage of the
prepared membrane. The serious shrinkage of the
prepared membrane results in dense and wizened
surface.18 The thickness of the membrane cast with
TCP–DMAc as a solvent is 280 � 0.4 lm, and the
other two membranes cast with TEP–DMAc and
TMP–DMAc as solvent are 297 � 0.6 lm and 330
� 0.5 lm thick, respectively. Less shrinkage is
caused by a smaller lost of the solvent before phase
inversion is completed.

Figure 3 Light transmittance during immersion of casting
solutions with different phosphate–DMAc mixed solvent.
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The performances of the PVDF microporous mem-
branes cast with different mixed solvent in terms of
pure water flux, porosity, and mean pore radius are
also listed in Table III. They are all found to follow
the trend of MTMP60 > MTEP60 > MTCP60
> MTBP60. In a word, the weaker solvent power of
solvent TCP and TBP leads to a larger shrinkage of

Figure 4 SEM pictures of PVDF microporous membranes prepared by casting solutions with different phosphate–DMAc
mixed solvent; 1 (cross-section), 2 (top surface), 3 (bottom surface); a (SEM pictures of MTMP60 and MTEP60), b (SEM
pictures of MTCP60 and MTBP60).

TABLE V
Mechanical Strength of MTMP60 and MTEP60

Membrane
Tensile

strength (MPa)
Elongation
ratio (%)

MTMP60 0.47 � 0.11 10.26 � 0.46
MTEP60 1.33 � 0.13 96.61 � 0.41
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the membrane, resulting in a denser and wizened
surface and decreasing the membrane mean pore
size; the higher viscosities of casting solution with
TCP and TBP as solvent, which decrease the precipi-
tation rate during immersion process, impede the
growing of macrovoids. Therefore, for MTCP60 and
MTBP60, the porosity and the membrane flux
decrease significantly. In addition, although the flux
of MTEP60 is lower than that of MTMP60, the rejec-
tion of the former (90.1% � 0.4%) is much higher
than that of the latter (73.8% � 0.3%) due to the
decrease in the macrovoids and the increase in the
denseness of membrane surface.

As mentioned earlier, of the four solvents, TMP
(60 wt %)–DMAc (40 wt %) (MTMP60) and TEP
(60 wt %)–DMAc (40 wt %) (MTEP60) demonstrate
the stronger solvent power to PVDF, and the shrink-
age of these prepared membranes is less. However,
a great difference of mechanical property between
the two membranes can be obtained due to the dis-
tinct morphologies of two membranes. In general,
macrovoids are undesirable, because they cause me-
chanical weaknesses in the membrane.36 The tensile
strength and elongation ratio of two membranes are
listed in Table V. For MTEP60, the tensile strength
and elongation ratio are much higher (1.33 � 0.13
MPa and 96.61% � 0.41%, respectively) than those
of MTMP60 (0.47 � 0.11 MPa and 10.26% � 0.46%,
respectively). Compared to MTMP60, the macro-
voids in the cross-section of MTEP60 are quite
shorter, therefore, the mechanical strength of
MTEP60 is improved greatly.

That is, MTMP60 and MTEP60 demonstrate stron-
ger solvent power to PVDF and better membrane
performances in comparison to MTCP60 and
MTBP60. And compared with MTMP60, MTEP60
shows the higher rejection and the better membrane
strength. Therefore, TEP (60 wt %)–DMAc (40 wt %)
is used as solvent in the next section.

Effect of different kinds of PVDFs
on membrane performance

The properties of different commercial PVDFs influ-
ence the membrane formation and the membrane

performances. Using TEP(60 wt %)–DMAc(40 wt %)
as solvent, PVDF microporous membranes prepared
by using different commercial polymers.
As listed in Table VI, the polymer of MTEP60-D is

PVDF-HFP copolymer while the other four are
PVDF homopolymers. And the measured viscosities
of PVDF solutions follow the trend of MTEP60
> MTEP60-A > MTEP60-B > MTEP60-C > MTEP60-
D. That is, the melt viscosities of PVDF homopoly-
mers, which follow the older of MTEP60 >MTEP60-A
> MTEP60-B > MTEP60-C, lead to the decreasing in
the viscosities of PVDF solutions. And the copolymer
(MTEP60-D) results in the lower viscosity of PVDF so-
lution due to the lowermelting point.
The light transmittance curves (Fig. 5) reveal that

the precipitation rate increases as the viscosity of
PVDF solution decreases, following the trend of
MTEP60-D > MTEP60-C > MTEP60-B > MTEP60-A
> MTEP60. That is, the decrease of PVDF solution
viscosity accelerates the liquid–liquid demixing
process, which contributes to the formation of
macrovoids.
The SEM pictures (Figs. 4 and 6) indicate that the

membranes prepared with different PVDFs exhibit
similar cross-section morphology, characterized by a
finger-like structure with sponge substrate. Whereas,

TABLE VI
Properties of Different Commercial PVDFs

Membrane Polymer type
PVDF
Mw

PVDF
Mn

PVDF melt
viscosity
(�10�5 cp)

PVDF
density
(g/cm3)

PVDF
melting
point
(�C)

PVDF
water

absorption
(%)

Casting
solution
viscosity

(cp)

MTEP60 Homopolymer 243,000 79,000 29 1.78 172 0.04 7310 � 46
MTEP60-A Homopolymer 600,000 380,000 28 1.77 172 0.04 4700 � 40
MTEP60-B Homopolymer 370,000 150,000 26 1.78 172 0.04 920 � 33
MTEP60-C Homopolymer 250,000 136,000 19 1.78 168 0.03 900 � 35
MTEP60-D PVDF-HFP Copolymer 470,000 155,000 25 1.78 142 0.03 660 � 34

Figure 5 Light transmittance during immersion of casting
solutions with different PVDFs.
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decreasing viscosity of polymer solution results in a
tendency toward larger macrovoids beneath the sur-
face, and the density of the membrane surface
increases, which decreases the pore interconnectivity
of the membrane; this leads to the decrease of water
flux, which is shown in Table III. It should be
pointed out that the porosity of the membrane

increases as the polymer solution viscosity
decreases, following the trend of MTEP60-D (82.2%
� 0.3%) > MTEP60-C (81.4% � 0.2%) > MTEP60-B
(80.1% � 0.2%) > MTEP60-A (77.2% � 0.3%)
> MTEP60 (76.1% � 0.2%). For the membrane with
lower PVDF solution viscosity (e.g. MTEP60-D in
Fig. 6), longer finger-like voids extend toward the

Figure 6 SEM pictures of PVDF microporous membranes prepared with different PVDFs; 1 (cross-section), 2 (top sur-
face), 3 (bottom surface); a (SEM pictures of MTEP60-A and MTEP60-B), b (SEM pictures of MTEP60-C and MTEP60-D).
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bottom region but the pores at bottom surfaces
become much smaller. Though the macrovoid struc-
ture contributes lot to the overall porosity, those
dense membrane surfaces greatly lower the mem-
brane flux.

CONCLUSIONS

The mixed solvent, TMP–DMAc, affected the per-
formances of the PVDF microporous membranes
prepared by NIPS process. As the content of TMP in
the mixed solvent reached 60 wt %, the fast precipi-
tation rate was obtained and the resulting membrane
had the high water flux of 143.0 � 0.9 L m�2 h�1.
The morphologies and performances of PVDF micro-
porous membranes with different mixed solvent sys-
tems, including TMP (60 wt %)–DMAc (40 wt %),
TEP (60 wt %)–DMAc (40 wt %), TCP (60 wt %)–
DMAc (40 wt %), and TBP (60 wt %)–DMAc (40 wt
%) was investigated. The results showed that, the
stronger solvent power of TMP–DMAc and TEP–
DMAc resulted in the faster precipitation rate and
the less shrinkage of the membrane; consequently,
the prepared membranes demonstrated the higher
flux. In addition, compared to the membrane pre-
pared by TMP–DMAc system, the microporous
membrane cast with TEP–DMAc as mixed solvent
showed much shorter macrovoids beneath the skin
layer, contributing to the higher rejection of 90.1%
� 0.4% and the much better mechanical properties
of 1.33 � 0.13 MPa tensile strength and 96.61%
� 0.41% elongation ratio. The properties of PVDFs
slightly influenced the cross-section morphology
while greatly affected the viscosity of the PVDF cast-
ing solution. The decreasing in the melt viscosities
of PVDF homopolymers decreased the viscosities of
the casting solutions. Precipitation rate increased
due to the decrease of PVDF solution viscosity. The
formation of longer finger-like voids, which was
caused by the faster precipitation process, contrib-
uted to the higher porosity, but the denser mem-
brane surfaces obtained lowered the membrane flux.
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