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ABSTRACT: Melt-spinning and stretching (MS-S) meth-
od was proposed for preparing poly(vinylidene fluoride)
(PVDF) hollow fiber membranes with excellent mechanical
properties. The morphology and properties of PVDF fibers
and membranes were investigated by small angle X-ray
scattering (SAXS), differential scanning calorimeter (DSC),
field emission scanning electron microscope, mercury po-
rosimeter, and tensile experiment. SAXS results indicated
that the stacked lamellar structure aligned normal to the
fiber axis was separated and deformed when the fibers
were strained, and the long period of the strained fibers
increased accordingly. Factors affecting the membrane
properties were mainly spin-draw ratio, annealing temper-
ature, time, and stretching rate. Experimental results

showed that the average pore size, porosity, and N, per-
meation of the membranes all increased with the increas-
ing spin-draw ratios and annealing temperatures. Anneal-
ing the nascent PVDF hollow fibers at 145°C for 12 h
was suitable for attaining membranes with good perform-
ance. In addition, the amount and size of the micropores
of the membrane increased obviously with stretching rate.
Tensile experiment indicated PVDF hollow fiber mem-
branes made by MS-S process had excellent mechanical
properties. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 106:
1793-1799, 2007
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INTRODUCTION

Poly(vinylidene fluoride) (PVDF) is one of the
widely used fluoride-containing membrane materi-
als, because of its very useful combination of pro-
cessability, good mechanical strength, thermal and
chemical stability, and radiation resistance. PVDF
membranes as an important product have been
widely used in industrial separation field,"™* and
were usually prepared using thermally induced
phase separation (TIPS)*7 and solution phase inver-
sion methods.®'° However, the above two methods
all can result in a waste solvent problem, and the
mechanical properties of the membranes made by
these methods were relatively poor (especially for
the solution phase inversion method). Compared
with TIPS and phase inversion processes, the melt-
spinning and stretching (MS-S) process does not
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involve a large amount of organic solvent, and
should be developed to prepare PVDF membranes.

Recently, PVDF fibers made by melt spinning pro-
cess were extensively studied.""™* Samon et al.'’
studied the structure development of PVDF in the
early stages of the melt spinning process and found
that shish-kebob crystals aligned along the fiber and
the defective shish-kebob structure eventually trans-
forms into a well-defined lamellar structure. Wu
et al.'” studied the crystal development and mechan-
ical behavior of PVDF fibers under deformation.
They reported that crystallites linked by extended
amorphous chains along the fiber axis coexisted with
correlated microvoids. The tensile test indicated that
necked and unnecked regions were developed alter-
nately along the fiber after the yielding point at
about 5-10% strain. Du et al."® studied the hard elas-
ticity of PVDF fibers prepared by melt spinning and
annealing process and found that the stacked crystal-
line lamellae aligned normal to fiber axis existed in
the fibers, and the fibers also had a higher elastic re-
covery of 85% from 50% extension at the room tem-
perature. However, PVDF hollow fiber membranes
made by melt-spinning and stretching process have
seldom been reported.

In fact, MS-S method has been a standard process
for preparing the crystalline polymer membranes,
such as polypropylene (PP) and polyethylene (PE)



1794

membranes.'*'® For MS-S method, a pure polymer
melt is spun, and the micropores of the membranes
by MS-S process are formed by the mechanical force
acting on the membranes in the subsequent stretch-
ing step. This means that the MS-S process does not
involve any phase separation and its handling is rel-
atively easy. The mechanism of forming microvoids
is due to the stacked crystalline lamellae aligned
normal to the fiber axis. When the fiber is stretched,
the crystal lamellae are separated with the formation
of a large amount of interconnected voids. Thus, the
micropore structure is formed by the stress and then
it is completed during annealing.” So the crystal
structure was the most important factor to be consid-
ered before preparing PVDF membranes by the MS-
S process. In the former studies,''” we found that
PVDF fibers made by melt-spinning and annealing
process had stacked crystalline lamellae and higher
elastic recovery, which meant that PVDF may be
prepared into membranes through MS-S method just
as PP and PE.

In this paper, PVDF hollow fiber membranes were
prepared by MS-S process. The effects of melt-spin-
ning and stretching conditions such as spin-draw ra-
tio, annealing, and stretching rate on the morphol-
ogy and properties of PVDF hollow fibers and mem-
branes are the objectives of this study and are
discussed in detail later.

EXPERIMENTAL
Materials

Extrusion grade PVDEF (melting point 173°C), sup-
plied by Zhejiang Lantian Co (Hangzhou, China),
contains no nucleating agents. The melt flow index
is 1.9 g/10 min (230°C, 5 kg load). Its weight-average
molecular weight and polydispersity index M,/M,
are 3.3 X 10° and 1.99, respectively.

Preparation of PVDF hollow fiber membranes

A single screw extruder were used for melt spin-
ning; it has four zones with a temperature of zone 1
at 160-190°C, zone 2 at 200-230°C, zone 3 at 230-
250°C, and zone 4 at 220-240°C. A tube-in orifice
spinneret with inner and outer diameters of 15 and
22 mm was used. First, PVDF melts were extruded
out of the spinneret at 210-240°C by using nitrogen
as bore gas. Then, the hollow fibers were taken up at
a spin-draw ratio of 900-1600 and then annealed. If
no special explanation, the annealing temperature
and time were chosen as 145°C and 12 h. Subse-
quently, the hollow fibers were strained to 10-30%
extension at temperatures lower than 40°C and then
to 120% extension at temperatures higher than 80°C.
At last, the hollow fibers were heat-set at 150°C for
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30 min. The preparation can be described as shown
in Scheme 1.

Degree of Crystallinity from DSC

A Perkin-Elmer Pyris-1 DSC was used to measure
the crystallinity (X.) of the sample at a heating rate
of 10°C/min. The crystallinity was defined as:

A
X.(%) = ATI;) x 100 1)

where AH is the measured heat of fusion for the

sample, and AH? is the theoretical heat of fusion for
the pure PVDF crystal (taken as 104.7 J/g).'®"

Morphologies and crystal structure of the samples

The morphology of the samples was examined by
using a FEI SIRION field emission scanning electron
microscope. The surfaces of the samples were coated
with gold prior to examination. The crystal structure
of the samples was investigated by a small-angel X-
ray scattering (SAXS) (Bucker D8 Discover GADDS)
with Cr radiation (A = 0.229 nm). The SAXS mea-
surement was performed on a small bundle of PVDF
hollow fibers and the direction of X-ray was perpen-
dicular to the fiber axis.

N, Permeation

The N, permeation was measured by a laboratory
made gas permeation device, the nitrogen pressure
was controlled as 0.6 MPa. The N, permeation (Jny2)
was calculated according to the following equation®:

VN

- )

]NZZAxth

where Vy, is the nitrogen volume that permeates
through the membrane, A is the membrane area that
is calculated on the basis of the inner diameter of
the hollow fiber membrane, P is the nitrogen pres-
sure between the upside and downside of the mem-
brane, and t is the time when nitrogen permeates
through the membrane.

My
PVDF l

material _“_'.‘l MEH"SPm HCOO“HE I —FIM

Hard elastic

— —-" PVDF fibers — * |Cold-stretching

PVDF holl
—| Hot-stretching | —p| Heat setting | G:ES

Scheme 1 Preparation process of PVDF hollow fiber
membranes.
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Figure 1 SAXS patterns and curves for PVDF fibers. (a)
unstrained fibers; (b) strained fibers.

Porosity

The porosity and average pore size of the mem-
branes were measured using a mercury porosimeter
(Micrometrics Autopore IV 9510).

Mechanical testing

Mechanical properties of PVDF hollow fibers were
measured by an electronic tensile tester (AG-1, Ja-
pan). All the tests were conducted at 20°C and 60%
relative humidity. Elastic recovery was determined
along stretched direction of the fiber under the first
cycle of loading and unloading at a deformation rate
of 120% min~".The percent elastic recovery of the
fiber can be calculated according to our former
repor’t.13

RESULTS AND DISCUSSION
Crystal structure

The crystal structure of strained PVDF samples was
examined by SAXS measurement as shown in Figure
1. The pattern of unstrained PVDF hollow fibers
[Fig. 1(a)] showed a two-point pattern, which indi-
cated that the crystals existed in the form of crystal-
line lamellae and the lamellar planes were perpen-
dicular to the fiber axis."*!” The corresponding dif-
fraction intensity curve of the unstrained fibers
indicates a primary scattering peak at 20 = 0.78° as
shown in Figure 1(c), curve a, which corresponded
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to a d-spacing of 16.8 nm. Compared to unstrained
PVDF hollow fibers, the two-point pattern cannot be
distinguished clearly, as shown in the SAXS pattern
of strained PVDF samples [Fig. 1(b)]. The scattering
curve for strained PVDF fibers showed a primary
scattering peak at 26 = 0.46°, which corresponded to
a long period of 28.5 nm [curve b in Fig. 1(c)]. It was
indicated that the long period of the fibers increased
distinctly when compared to the unstrained fibers.
The morphological properties of the strained PVDF
samples suggested that the crystalline lamellae were
separated and deformed in the direction of stretch-
ing under the stress, thus the pore structures in the
fiber wall were formed.*' The pore structures of the
samples were affected by many factors such as spin-
draw ratio, annealing process, and stretching rate,
which will be examined in the following studies.

Effect of spin-draw ratio

The effect of spin-draw ratio on the resulting hollow
fiber properties was investigated and the results are
exhibited in Figure 2 and Table I. Figure 2 shows
that the crystallinity of PVDF hollow fibers increases
greatly with increasing spin-draw ratios. The spin-
draw ratio also had great influences on the elastic re-
covery of the fibers. When the spin-draw ratio was
below 1400, the elastic recovery increased with the
spin-draw ratios, and then it decreased with the
increasing spin-draw ratio, as shown in Figure 2. In
addition, the average pore sizes, porosity, and N
permeations of the PVDF hollow fiber membranes
all increased with increasing spin-draw ratios, as
exhibited in Table 1.

The explanation for the phenomena might be that
higher spin-draw ratio can increase the orientation
of the fibers and stimulate the formation of more
perfect row-nucleated crystals, which increased the

56
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Figure 2 Effects of spin-draw ratios on crystallinity and
elastic recovery of PVDF hollow fibers.
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TABLE I
Properties of PVDF Hollow Fiber Membranes with Different Spin-Draw Ratio
Inner Thickness Average JINA

Spin-draw diameter of the membrane Pore diameter Porosity (cm®/cm?® s

ratio (um) (um) (nm) (%) cmHg)

1099 260 78 17.2 17.5 1.16 X 10°°

1400 245 65 21.4 22.6 1.12 X 107°

1550 240 60 23.6 25.3 1.53 X 10°°

crystallinity of PVDF hollow fibers. The elastic recov-
ery was related with the crystallinity and the mobil-
ity of noncrystalline regions of the fibers.'> When the
spin-draw ratio was below 1400, the orientation of
the crystalline and noncrystalline region all increased
with the spin-draw ratio, which would result in the
increases of the crystallinity and the mobility of the
noncrystalline region of the fibers. Thus, the elastic
recovery of the fibers increased with the spin-draw
ratio. When the spin-draw ratio was above 1400, fur-
ther increase of the crystallinity can decrease the mo-
bility of noncrystalline region of the fibers, which
would result in a little decrease of the elastic recov-
ery. So, the choice of proper spin-draw ratio was im-
portant for the elastic recovery. Besides, with the
increasing crstallinity, more perfect crystalline lamel-
lae were in favor of the formation of more and large

pores in the fiber wall, which increased the porosity
and gas permeation of the membranes. The SEM
micrographs of the resulting hollow fiber mem-
branes spun with spin-draw ratios of 1099, 1400, and
1550 are exhibited in Figure 3. It was indicated that
the micropores of the hollow fiber spun with spin-
draw ratio of 1550 were more and larger than those
of the hollow fiber spun with spin-draw ratio of
1099. These results further indicated that the spin-
draw ratios have great effects on the membrane
structure and performances.

Effect of annealing

The annealing temperature and time all have great
influences on the structure and performance of the
resulting hollow fibers, as shown in Table II. It was

Figure 3 SEM photographs of inner surface of PVDF hollow fiber membranes with different spin-draw ratios. (a) 1099;
(b) 1400; (c) 1550, the stretching rate is 120 mm/min (the arrow indicates the extrusion direction).
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TABLE II
Properties of PVDF Hollow Fibers Annealed at Different Temperature for 12 h, the Spin-Draw
Ratio of the Fiber is 1400

Hollow fibers before straining

Hollow fibers after straining

Annealing temperature (°C) Er (%) Crystallinity (%) N, permeation® Porosity (%)
No annealing 61 49.6 - -
110 75 50.8 - 12.5
120 80 52.3 0.15 X 107° 16.1
130 86 53.7 0.96 x 107° 20.3
150 92 56.5 1.18 X 10°° 22.7

2 Unit of N, permeation is cm®/cm? s cmHg,.

indicated that the elastic recoveries of the annealed
PVDF hollow fibers enhanced to a great extent in
contrast to the unannealed fibers. Besides, the crys-
tallinity of the unstrained hollow fibers increased
with increasing annealing temperatures. This might
be that higher annealing temperature was in favor of
the rearranging of imperfect crystals, which were
formed by the stress-induced crystallization in the
melt spinning process. As a result of improved elas-
ticity, the micropores in the fiber wall formed more
easily when the hollow fiber was strained, the poros-
ity and N, permeation of the hollow fiber membrane
both increased with increasing annealing tempera-
ture. In addition, the effect of annealing time on the
unstrained hollow fibers was examined in this study.
Figure 4 showed that the crystallinity and elastic re-
covery of the hollow fibers increased with increasing
annealing time in about 12 h. However, more
annealing time had almost no influence on the elas-
tic recovery and crystallinity of the hollow fiber. The
explanation might be that the reordering of the mo-
lecular chains in the fiber wall was a dynamic pro-
cess, which needed some time to fulfill. Once the
process was mostly completed, increasing the
annealing time further had no effect.*® On the basis
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Figure 4 Effects of annealing time on crystallinity and
elastic recovery of PVDF hollow fibers, the annealing tem-
perature is 145°C.

of the results, it was indicated that about 12 h of
annealing was proper for obtaining PVDF hollow
fibers with good performances.

Effect of stretching rate

The effects of stretching rate on the morphology of
PVDF hollow fiber membranes were examined in
this study. Figures 5 and 3(b) showed the SEM pho-
tographs of inner surface of PVDF hollow fiber
membranes at different strain rate. It was indicated
that no pore structure was found in the unstretched
fiber wall [Fig. 5(a)]. As for the stretched samples,
the amount of the pores in the fiber wall was rela-
tively small at lower strain rate, and then it
increased obviously with increasing strain rate.
Besides, the pore size increased with increasing
strain rate and the distribution of the pore become
more uniform. These results might be explained by
the fact that at a faster strain rate, the relaxation of
molecular chains was inhibited, thus more defects
were formed, which resulted in more micropores
formation in the fiber wall. Moreover, the faster
strain rate can destroy the skin structure, stimulating
the formation of cracked pore structure in the fiber
wall. Thus, the amount and size of the micropores
increased with the increasing strain rate.

In the study, the pore size and N, permeation of
the membranes was relatively small, but it indicated
the possibility of using MS-S method to prepare
PVDF hollow fiber membranes.

Mechanical properties

The stress—strain curves of PVDF hollow fibers and
membranes are shown in Figure 6, the spin-draw ra-
tio of the samples is 1400, and the membrane sample
was the same as that in Figure 3(b). It was indicated
that PVDF membranes [Fig. 6(b)] had excellent me-
chanical properties, its breaking strength reached 213
MPa, and its breaking strain was about 20% at the
room-temperature stretching conditions. Compared
to PVDF membranes, the breaking strength and

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 SEM photographs of inner surface of PVDF hollow fiber membranes at different stretching rates (mm/min): (a)
0; (b) 30; and (c) 90. The arrow indicates the extrusion direction, the spin-draw ratio is 1400.

strain of PVDF fibers [Fig. 6(a)] were 123 MPa and
80%, respectively. The mechanical properties indi-
cated that PVDF hollow fiber membranes prepared
by MS-S method had excellent breaking strength,
which was much higher than that of the membranes
made by solution phase inversion and TIPS method,
their breaking strength were in the range of 0-10
MPa and 7-20 MPa, respectively.®
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Figure 6 Stress—strain curves of PVDF hollow fiber (a)
and membrane (b), the extension rate is 120% min .
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CONCLUSIONS

PVDF hollow fiber membranes were prepared by
melt-spinning and stretching process. The results
indicated that the stacked lamellar structure aligned
in the direction normal to the fiber axis was sepa-
rated and deformed when the fibers were strained,
and the long period of the strained fibers increased
accordingly. With the spin-draw ratio increasing, the
average pore sizes and N, permeations of the mem-
branes increased, and they reached 23.6 nm and
1.53 X 107° cm®/cm? s cmHg, respectively. Anneal-
ing the nascent PVDF hollow fibers at 145°C for 12 h
was suitable for attaining membranes with good per-
formance, and higher annealing temperature also
increased the porosity and N, permeations of the
membranes. Moreover, the amount and size of the
micropores in the fiber wall increased with stretch-
ing rate. PVDF hollow fiber membranes exhibited
excellent mechanical properties, its breaking strength
reached 213 MPa, which was much higher than that
of the membranes made by solution phase inversion
and TIPS method.
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