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ABSTRACT: Poly(4-methyl-1-pentene) (PMP) hollow fi-
bers were prepared and fabricated into gas separation or
microporous membranes by the melt-spun and cold-
stretched method. PMP resin was melt-extruded into hollow
fibers with cold air as the cooling medium. The effects of
take-up speed and thermotreatment on the mechanical be-
havior and morphology of the fibers were investigated.
Scanning electronic microscope (SEM) photos were used to
reveal the geometric structure of the section and surface of
the hollow fibers. It was found that the original fiber had an
asymmetric structure. A “sandwich” mode was used to
describe the formation of this special fine structure. And a
series of PMP hollow-fiber membranes were prepared by

subsequent drawing, and it was found that there was a
“skin—core” structure on the cross section of these hollow-
fiber membranes. Asymmetric or microporous PMP hollow-
fiber membranes could be obtained by controlling posttreat-
ment conditions. The morphology of these membranes were
characterized by SEM, and the gas (oxygen, nitrogen, and
carbon dioxide) permeation properties of the membranes
was measured. The results indicate that the annealing time
of the original fiber and the stretching ratio were the key
factors influencing the structure of the resulting membrane.
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INTRODUCTION

Semicrystalline polymers such as polypropylene and
polyethylene were used for the preparation of micro-
porous membranes by methods including the thermo-
induced phase separation (TIPS)"™* melt-spun and
cold-stretched (MSCS),>® and filling-stretching (FS)°
methods. Membranes possessing microporous mor-
phologies have found a wide variety of commercial
applications in, for example, microfiltration, blood ox-
ygenation, dialysis, reciprocator membranes, and
membrane contactors.’* To fabricate such micro-
porous materials, a number of methods have been
proposed. These range from the swelling of a semic-
rystalline material followed by later stretching and
removal of the swelling solvent'>'¢; stretching (uniax-
ially and/or biaxially) of a polymer matrix containing
filler particles that have poor adhesion to the matrix,
leading to cavitation of the matrix upon deforma-
tion;*!” to fibrillation by biaxial stretching such as
those methods based on polytetrafluroethylene.'® The
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melt-spun method is the most economical for hollow-
fiber membrane production. It is also a very ecological
method, as no wastewater or harmful byproducts are
involved. Of all the thermoplastic polymers that can
be processed by melt spinning, polyolefins have been
found to be most suitable for making hollow-fiber
membranes. The melt-spun approach has three key
stages that occur in the following order: fiber melt
extrusion, annealing, and stretching of the annealed
film/fiber parallel to the spinning direction. This pro-
cess method has led to commercialization of micro-
porous materials based on high-density polyethylene
(HDPE) and isotactic polypropylene (iPP). To achieve
a microporous membrane by this approach, it is first
necessary to develop a precursor film/hollow fiber
made by the spinning extrusion process that possesses
a planar-stacked lamellar semicrystalline texture.
Crystallization under higher stress is thus essential,
according to the Keller and Machin model,'**" to pro-
duce this morphology. This important and well-recog-
nized morphological model suggests that an axial-
directed stress in the melt, as controlled by the pro-
cessing conditions, is essential for fibril nucleation.
Accordingly, low extrusion stress during crystalliza-
tion produces a twisted lamellar morphology that nu-
cleates from a central fibril nucleus to form winding
ribbon structures. It was suggested®' that the criteria
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Figure 1 Flow chart of the preparation of PMP hollow-fiber membranes with MSCS.

or prerequisites that a semicrystalline polymer must
fulfill to form a “quality” microporous membrane via
the three-stage MSCS process are: (1) “fast” crystalli-
zation kinetics, (2) a highly planar lamellae morphol-
ogy for the extruded precursor, (3) “high” orientation
of the crystalline phase in the precursor, (4) proper
film thickness (1 mil) and quenching rate to facilitate
rapid heat transfer of the film, and (5) presence of a _c
relaxation.

One polymer of semicrystalline polymer, poly(4-
methyl-1-pentene) (PMP), has shown particularly de-
sirable gas permeation properties.”**> As PMP is eas-
ily processable, it is currently regarded as the best
material for homogeneous membranes for gas separa-
tion.** The potential application of a polymer as a
separation membrane depends on both the possible
throughput and the purity of the product. This means
that both the permeation rate for the gas that is trans-
ported more rapidly and the selectivity should be as
large as possible. For a given polymer material such as
PMP, to fabricate asymmetric and /or composite mem-
branes with a thin selective layer is a suitable choice
for increasing the gas permeation rate.”>>” Matthew et
al.?! investigated a three-stage process (melt-extru-
sion/annealing/uniaxial stretching) to produce iso-
tactic poly(4-methyl-1-pentene) microporous films. It
is well known that hollow-fiber membranes are the
most advantageous form of membranes used in the
processes of separation. The mechanism of the forma-
tion of melt-spun asymmetric PMP hollow-fiber mem-
branes has been discussed in the literature®*; however,
no information is available about characterization of
hollow fibers/membranes, especially the develop-
ment of the pore structure of PMP hollow fibers from
asymmetric to microporous. In the present study,
PMP hollow fibers/membranes were prepared by the
MSCS method. Formation of the morphology of the
original hollow fibers and development of the textile
pores of the membranes were especially emphasized.

EXPERIMENTAL
Materials

The original hollow fibers were formed from a melt of
poly(4-methyl-1-pentene) supplied by Mitsui Petro-
chemical Ind. (Tokyo, Japan), under the commercial
name of TPX type RT-18, with a melt flow index of 26
g/10 rain. Figure 1 shows the flow chart for the prep-

aration of PMP hollow fibers by the MSCS process.
The PMP was extruded and spun to form hollow
fibers on a single-screw extruder with a single-hole
tube-in orifice-type spinneret (Fig. 2). The PMP hollow
fibers then were stretched to a certain drawn ratio at
120°C and annealed at 180°C for desired time.

Crystallinity

DSC measurement was performed with a Perkin-
Elmer DSC-7 operating at a cooling rate of 10°C/min
utilizing sample weights of about 5 mg. The raw resin
temperature was raised to 280°C for 10 min followed
by cooling to follow crystallization. The samples were
then reheated to 280°C for 15 min followed by a sec-
ond crystallization. The results of both cooling scans
were analogous. All DSC scans were performed under
an N, atmosphere. Heating scans of the hollow fibers
were also conducted using a heating rate of 10°C/min
from room temperature to 280°C with a sample
weight of approximately 5 mg. The mass fraction of
crystallinity was calculated from the following mass
fraction relationship
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Figure 2 Subspinneret zone of extruder spinning machine:
spinneret with warm keeper. (1) heating jacket; (2) polymer
gear pump; (3) spinneret; (4) heat insulator; (5) hollow fiber.
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TABLE 1
Geometrical Sizes of the Fiber and Crystallinity with Different Take-up Speed
(polymer pump: 25r/min, spun temp. 270°C)
No. 1 2 3 4 5 6
Take-up speed (m/min) 150 200 226 250 300 350
D, (um) 272 265 267 260 240 230
Thickness (um) 60 50 48 46 45 45
Xe (%) 33.26 33.52 33.42 33.30 33.51 —

X.(%) = AH/AH® X 100

where AH; is the measured heat of fusion per gram
from the area under the melting endotherm and AH; is
the enthalpy of fusion per gram of a 100% crystalline
sample. For i-PMP, several values AH; have been re-
ported, ranging from 65.4 to 118.9 J/ g.28 A AH; value
of 65.4]/g was chosen and used throughout this study
for no other reason than to have a consistent value for
calculating the crystallinity. To determine the crystal-
linity, the area under the melting endotherm for a
sample was calculated using the standard supplied
Perkin-Elmer software at a heating rate of 10°C/min.

Mechanical property

The stress—strain behavior of the hollow fibers was
tested using a XL-250A tensile testing machine
(Guangzhou Test Instrument Factory).

Fiber morphology

The morphology of the samples was examined using a
Hitachi S-570 scanning electron microscopy (SEM) at
an accelerating voltage of 20 kV. The surfaces of the
samples were coated with a thin film of gold to pre-
vent charging prior to the SEM examinations.

Characterization of membrane
Porosity

The porosity (P) of the hollow-fiber membrane was
determined using a density method. A certain length
of hollow fiber was weighed. The outer and inner
diameters of the hollow fiber were determined by
averaging the diameters of 10 samples measured us-
ing a microscope. Then the density (p) of the hollow
fiber was defined as

_ 1%
P~ m(R = )l

where W is the weight of the hollow fiber, R and r are
the outer and inner diameters, respectively, and [ is
the length of the hollow fiber.

Thus, the porosity of the hollow-fiber membrane
was defined as

P(%) = (po = p1)/ po X 100

where p, and p; are the density of the hollow fiber
before and after straining, respectively.

Gas permeation

About 10 hollow-fiber membranes were bundled in
a U shape, and their open ends were fastened with
epoxy resin to fabricate a module. Every hollow-fiber
membrane was about 10 cm in length. Then, a gas
(gas, oxygen, or carbon dioxide) pressure of 0.1 MPa
was applied to the inside of the hollow-fiber mem-
brane at 25°C, and the amount of nitrogen that per-
meated through the membrane was determined. The
gas permeation (/) was calculated according to the
following equation

Vgas
J= A%
AXPXt

where V. is the gas volume that permeates through

the membrane, A is the membrane area calculated on

the basis of the inner diameter of the hollow-fiber

membrane, P is the gas pressure difference between

the upside and downside of the membrane, and t is

the time when gas permeates through the membrane.
1

The gas separation selectivity/factor, «j, was deter-

mined by J;/]; where i and j are CO,, O,, or N,.

RESULTS AND DISCUSSION

Effect of extrusion and annealing conditions on
hollow fibers

As described in the literatures, the melt-spun temper-
ature of the spinneret, extrude velocity, surrounding
(cooling) temperature, take-up speed, and spinneret
size greatly influenced the final morphologies of the
spun hollow fibers. According to the calculations, the
polyolefin hollow fiber was formed at a spinning dis-
tance almost within 0.5 m.* This indicates that the
well-controlled temperature in this area was the most
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Figure 3 DSC analysis of PMP hollow fibers annealed for
different times at 185°C.

important factor in achieving a high-stress field in the
melt, which was favorable to a macromolecular chain
orientation.

Take-up speed

PMP hollow fibers with different draw ratios were
prepared by changing the take-up speed while the
extrusion rate of the melt polymer solution remained
constant. As shown in Table I, the inner diameter and
thickness of the hollow fiber were reduced as take-up
speed increased from 150 to 350 m/min. A previous
study reported that the stretching stress of melts poly-
mer increased with draw ratio, benefiting linear nu-
cleation, molecular chain orientation, and lamellae for-
mation. However, in the present study, processing
conditions such as take-up speed had little influence
on the crystallinity (X,) of the original fibers (see Table
I). Almost all X, values were slightly higher than 33%,
which was less than the X (49.2%) of the PMP pellet.
This may have been a result of the high melt-spun
temperature and the quick freezing of the polymer
melt.

Annealing condition (temperature and period)

After the hollow fibers have been spun from the spin-
neret and taken up, they should be annealed below the
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melting point of PMP to increase the X, of the hollow
fiber. Then the micropores can be more readily formed
in the fiber wall during the straining process. In the
annealing process, annealing temperature and time
are the two key factors influencing the structure and
properties of the hollow-fiber membranes. After the
hollow fibers were extruded from the spinneret, they
underwent stress crystallization rapidly, and hence
row-nucleated crystals formed. However, the process
was so short that there were many molecular chains
that aligned irregularly in lamellae. Thus, many de-
fects existed after the hollow fibers were taken up.
Upon being annealed under the proper conditions,
these unstable defects would reorder to form more
perfect structures. The result was a reduction in de-
fects and the formation of more stable crystals. More-
over, the density of the hollow fibers showed some
increase because of higher crystallinity, as reported by
Kim et al.” for the preparation of polypropylene hol-
low-fiber membranes.

DSC analysis of the original hollow fibers showed
that the melt peak of the fibers occurred at about
230°C and that the melt scale ranged from 210°C to
235°C (see Fig. 3). Thus, a temperature of 185°C was
selected as the annealing temperature, which was
25°C below the temperature of the onset of the melt of
the fiber.

Table II shows the effect of annealing time on the X,
and melt peak of the annealed hollow fibers at 185°C
for a certain time. Crystallinity increased from 33% to
47% with increasing annealing time and finally almost
equaled that of the original resin pellet. But it seemed
that this polymer chain perfection took much longer
than that reported for polypropylene and polyethyl-
ene hollow fibers in other studies. Nearly 12 h was
needed to achieve crystallization equilibrium. That
was quite different from the situation of PP and PE
hollow fibers, for which annealing times of 2 and 1 h,
respectively,®**! were sufficient to allow polymer
chain reorder and touch balance, respectively. A pos-
sible explanation for this is that the polymer with
more soft molecular chains needed less annealing time
regardless of annealing temperature. Clearly, the melt
peaks of the thermo-treated fibers moved higher as
annealing time was prolonged (see Fig. 3 and Table II).

The typical force—strain curves of the original and
annealed hollow fibers are shown in Figure 4. It can be

TABLE 1I
Effect of Annealing Time at 185°C on Crystallinity and Melting Peak of PMP Hollow Fibers
(spun temperature 270°C; take-up speed, 300 m/min)

Sample 1 2 3 4 5 6
Annealing time (h) 0 1 4 8 12 24
X, (%) 33.0 35.0 42.7 43.8 46.8 47.0
Peak T,, (°C) 231.0 231.9 231.8 232.0 232.1 232.2
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Figure 4 Force-strain curves of PMP hollow fibers (fiber
length: 250 mm; stretching velocity: 500 mm/min at 20°C).

seen that the broken strain of the original PMP fiber
was about 10% and that the annealed one (12 and 24 h)
increased less than 25%, however. The stretching be-
havior of this annealed PMP hollow fiber did not
show any apparent so-called hard elasticity unlike
with PP or PE hollow fibers prepared by the MSCS
method and annealed.

Morphologies of hollow fibers

Many crystal spheres, which ranged in size from
about 1 to 2 um, could be observed in the SEM picture
of the outer surface of the hollow fiber [Fig. 5(b)]. Also,
this original PMP hollow fiber had quite different
inner and outer surfaces (see Fig. 5).

The temperature difference between inner and outer
surfaces can be explained and described by Figure 6.
As the polymer melt-spun from the spinneret, the
outer surface of the hollow fiber contacted directly
with the cooling air and solidified more quickly than
did the polymer melt radical along its radius. Further-
more, the inner surface contacted with warm nitrogen,
which was heated by the spinneret. The relatively low
strain on the hollow-tube polymer melt was more
beneficial to spherical crystallization. In fact, whether
solidification of the polymer melt results in the forma-
tion of more spherical crystals or more lamellae under
spinning and drawn stress is a competitive process.

After annealing, the number of “spherulites” on the
outer surfaces of the hollow fibers decreased, and
traces along the extruded direction could be found
[see Fig. 5(d)]. This means that more crystals formed
and that part of the spherical crystallization changed
into the more stable lamellae state.

In addition to the already-mentioned observed dif-
ference between the outer and inner surfaces of the
original and annealed hollow fibers, additional con-
trasts in morphology along the radius of the fiber cross
section also were defined (see Fig. 7). From the inside
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Figure 5 Scanning electronic microscope (SEM) photos of
(a)/(b) original hollow fiber and (c)/(d) annealed hollow
fiber (spinning temperature 270°C, mass extruding 15 g/m,
take-up speed 200 m/min).

to the outside of the hollow fibers, there were three
kinds of macromolecular coagulation; the interlayers
especially showed a regular piled structure, which
indicated the presence of more perfect lamellae. We
named these layers (see Fig. 8), going from the inside
boundary to outer side of the section, the loose lamella
layer, the lamella layer, and the spherical crystal layer.
The thicknesses of these layers, shown in Figure 7,
were approximately 9, 30, and 6 um, respectively,
evaluated from the cross section of the resulting hol-
low fiber. The morphology of this hollow-fiber cross
section depended on variations in the cooling speed
and the stress field along the fiber section. This three-

Figure 6 Schematic of temperature difference along the
radial of hollow fiber.



2136

Figure 7 SEM photo of the section of unannealed PMP
hollow fiber (spinning temperature 260°C, take-up speed
300 m/min).

layer model can be used to explain qualitatively the
macromorphology of PMP hollow fibers formed in the
spinning and take-up processes.

Effect of annealing and stretching conditions on
hollow-fiber membranes

Effect of annealing time

The annealed hollow fibers were further stretched to
form hollow-fiber membranes with a certain stretch-

. <’\. . Spherical Crystal Layer

Loose Lamella Layer \ |
] |

Figure 8 Model of the section morphology of PMP hollow
fiber. The section is composed of outer surface and three
layers: a loose lamella layer, lamella layer, and a spherical
crystal layer.
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Figure 9 Gas permeation properties of PMP hollow-fiber
membranes with different annealing times (spinneret tem-
perature 270°C, polymer extruding 15 g/min, take-up speed
300 m/min, stretching ratio 120%).

ing ratio. The influence of annealing time on the gas
permeation rate, J, and the separation factor, «, of the
resulting membrane is shown in Figure 9. The oxygen
permeation rate, |, , of the final membrane (stretching
ratio, 120%) increased slightly from 1.0 X 10~° to 1.28
X 107%cm® cm 2 s~ ! emHg !, and the corresponding
aﬂﬁz was 3.7, 3.3, and 3.2, with a thermo-treatment
time of 2, 10, and 60 min, respectively. That these
stretched hollow fibers possessed gas separation abil-
ity indicated there was a dense polymer layer that
took action on gas selectivity. The gas permeation rate,
moreover, increased dramatically, finally, to 2.0
X 107* cm® cm™? s7! cm as annealing time increased
from 300 to 1000 min. This implied that an increasing
number of pores in the membranes and defects in the
dense layer were formed as the hollow fibers were
stretched.

Effect of stretching ratio on properties of membranes

To obtain PMP hollow-fiber membranes that had a
greater gas permeation rate and higher separation
selectivity, hollow fibers (annealed for 1 h) were
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Figure 10 Relationship between gas permeation and
stretching ratio (spinning temperature 270°C, take-up speed
300 m/min, annealing time 60 min).

stretched under different stretching ratios. Figures 10
and 11 display the effects of the stretching ratio on the
gas separation properties of PMP hollow-fiber mem-
branes. ], increased from 1.28 X 107° to 4.7 X 10°°
cm® em™?s™' emHg !, [ increased from 0.34 X 107°
to 148 X 107® cm® em™* 5! cmHg ™!, and ], in-
creased from 5.67 X 107 °to 1.14 X 10> cm® cm ™ *s™!
cmHg~'. Meanwhile, the selectivity factor of the mem-
branes decreased and o decreased from 16 to 6.4.
This means that the selective layer became thinner
because of the plastic deformation of the skin polymer
along the stretching direction. Inevitably, there were
more and more defects, which induced the decrease in
selectivity that appeared during this process.

The morphologies of membranes modified with dif-
ferent stretching ratios are shown in Figure 12. Some
micropores appeared on the inner surface of sample A
[stretching ratio is 120%, see Fig. 12(a)], and the sec-
tion of A showed a sandwich structure [see Fig. 12(a)].
There were, however, no pores on the outer surface of
the same hollow-fiber membrane. This morphology
can be explained by the so-called sandwich model,
described in previous structural descriptions of hol-
low fibers.
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Figure 11 Effect of stretching ratio on the separation fac-
tors.
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A: PMP hollow fiber annealing | hr a1 185°C and strewching ratio 120%. ALl Inner

surface; A2 Vertical sec on; A3 Vertical section near outer surface; A 4 outer surface

R: PMP hollow fiber annealing 1 hr at 185°C, and streiching ratio 220%. B.1 Inner

surface; B.2 Vertical section; B.3 Vertical section near outer surface; B4 outer surlsee

Figure 12 SEM photos of PMP hollow-fiber membranes
with stretching ratios of (a) 120% and (b) 220% (origin hol-
low fiber: spun temperature 270°C, take-up speed: 250
m/min, annealed 1 h at 185°C).

Sample B was prepared with a larger stretching
ratio [220%, see Fig. 12(b)]. It can be seen that when
the hollow fiber was stretched many more pores ap-
peared on the inner surface of the membrane than on
that of sample A [Fig. 12(b)1]. However, the pore
distribution across the section was not uniform, espe-
cially at the outside boundary. The SEM photos of the
outer and inner surfaces also show this [Fig. 12(b)1,4].
On the outer surface of the fiber only parallel trails,
which were caused by stretching, can be observed.

Table III shows the variation in the porosity of the
PMP hollow-fiber membranes. Using the same stretch-
ing ratio, the membrane prepared from the fiber with
a longer annealing time had larger porosity. For in-
stance, as shown in Table III, the porosities of PMP
hollow-fiber membranes prepared by stretching (ratio
120%) hollow fiber annealed for 1 and 24 h were 10%
and 27%, respectively. Simultaneously, the diameters
of the stretched fibers decreased with the stretching

TABLE III
Porosity of PMP Hollow-Fiber Membranes

Stretching ratio (%)

P, (%) 120 180 200 250
Annealing time (h)

1 10.6 — — —

4 17.1 — — —

8 195 — 40.5 —

11 24.0 — — —

24 26.7 38.3 422 48
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Figure 13 Outer diameters of PMP hollow-fiber membrane
changed with stretching ratios.

ratio, with the diameter of the fiber with less annealing
time decreasing more sharply (see Fig. 13). It is be-
lieved that plastic deformation of the polymer matrix
will induce a large deformation, whereas hard elastic
deformation induces less change in the diameter of
hollow fibers. It was also found that the differences in
deformation between PMP hollow fibers and other
annealed polyolefin hollow fibers, such as hard elastic
polyethylene and polypropylene, were quite appar-
ent.

The dense thickness of hollow-fiber membranes can
be evaluated by the formula

P=]Xx

where Péioc =20 X 1077 cm® cm cm?® s cmHg ™, the
permeation coefficient of oxygen, and J3 © were used
to calculated the thickness, x. The results calculated
according to the data in Figure 10 are listed in Table
IV. On the basis of the above analysis, it can be con-
cluded that annealing time almost dominated the gas
permeation properties of hollow-fiber membranes fab-
ricated by poststretching. The hollow-fiber membrane
prepared under conditions of low stretching ratio and
short annealing time (less than 3 h) had good gas
separation selectivity. In contrast, the gas selectivity of
the membrane drawn from original fibers annealed
4-6 h was reduced dramatically with an increase in
the stretching ratio. The membrane stretched by hol-
low fibers annealed 24 h (in Fig. 9) lost its ability to
separate gas and had a nitrogen permeation rate of

TABLE IV
Calculated Effective Thickness of PMP Hollow Fibers
with Different Stretching Ratios

Stretching ratio (%) 120 180 220 280

Jo, (X 10°m® em 2 s~ cm Hg) ™! 1.28 20 41 47
x (wm) 156 100 49 43
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Figure 14 Relationship between gas permeation and
stretching ratio (spun temperature 270°C, take-up speed 300
m/min, —¥— annealing time of 24 h, —M— annealing time
of 12 h, all at 185°C).

107* cm® em ™% s~ ! cmHg !, even with a low stretch-

ing ratio (120%). So it can be concluded the annealing
time and stretching ratio are the key factors that in-
fluence the gas permeation performance of the result-
ing membrane. Figure 14 shows gas permeation of a
stretched membrane derived from hollow fibers with
relatively longer annealing times of 12 and 24 h, re-
spectively. As the stretching ratio increased from 120%
to 280%, the nitrogen permeation rate of the stretched
fiber (annealed 24 h) increased from 1.79 X 10~ * to
2.25 times; 1072 cm® cm ™2 s~ ! emHg ! and that of the
fiber (annealed 12 h) increased from 1.79 X 10~ * to
1.51 X 10° em®* em ™% s~ ! ecmHg %

Morphologies of PMP hollow-fiber membranes

The morphology of PMP hollow-fiber membranes fab-
ricated under various conditions was examined by
SEM in order to be able to directly observe the fine
structure. Figure 15(a—h) shows the SEM photos of the
inner and outer surfaces of the series of membranes
whose stretching ratio was 200% and whose fiber an-
nealing times were 1, 4, 8, 12, and 14 h, respectively. It
can be seen that a longer annealing time resulted in
more micropores on the surfaces of the hollow fibers,
which was consistent with the variation in the gas
permeation rate and separation selectivity of the re-
spective membranes. It was clearly shown in the
present study that PMP hollow fibers developed grad-
ually from asymmetric gas separation membranes into
microporous membranes when annealing time was
longer than 11 h [shown in Fig. 15(c-h)]. There is no
doubt about the perfect annealing of the lamella struc-
ture of the original fiber, which was the network back-
bone of the porous membrane. This perfection not
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C Inner surface D Outer surface

(Annealing 8 hrs) {Annealing 8 hrs)

E Inner surface F Outer surface

(Annealing 11 hrs) (Annealing 11 hrs)

Figure 15 SEM photos of PMP hollow-fiber membranes at different annealing times (spinneret temperature 270°C, take-up

speed: 300 m/min, stretching ratio 200%).

only increased the number of lamellae in the fiber, but
also induced spherulite transfer into lamellae in a
strain annealing state. The final results were that the
lamella layer along the section of the fiber increased

and the thickness of the outside spherulite layer de-
creased, so that the longer annealed fiber was drawn
relatively easily in order to expose the deeper inner
textile structure [as shown in Fig. 15(f,h)]. These pho-
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Figure 16 SEM photos of PMP hollow-fiber membranes
annealing for 24 h at 185°C, with a take-up speed of 300
m/min and a stretching ratio of 280%.

tos clearly show the surface layer trail along the drawn
direction. Although the annealing time was 24 h, the
outer surface displayed the morphology of a typical
microporous membrane manufactured by the melt-
spun and cold-stretching method. Synchronously, the
inner-surface layer clearly developed high porosity
becoming large pore networks. The average pore size
in the inner surface was almost 10 times that of the
inner surface estimated from the photos.

The surface morphology of the membrane with an
annealing time of 24 h and a stretching ratio of 280%
is shown in Figure 16. Compared with the membrane
with an annealing time of 24 h and a stretching ratio of
200% [Fig. 15(g-h)], the network was more regular
and the pore sizes were larger. It was clearly seen that
the outer surface of the resulting membrane was com-
posed of skin and microfiber, which formed slitlike
micropores. In this situation, the texture of the outer
surface was similar to that of PP and PE hollow-fiber
membranes.

Water permeation

The water permeation of a series of hollow-fiber mem-
branes prepared in various conditions (annealing time

WANG, XU, AND XU

and stretching ratio) was tested, and the results are
listed in Table V. First, the permeation performance of
the original membranes was tested to confirm that no
water permeated the membranes. The results indi-
cated that PMP was a good hydrophobic material.
After immersion in alcohol, the membranes prepared
from hollow fibers with a longer annealing time and a
larger stretching ratio were found to have much larger
water flux, results consistent with those for the gas
permeation measurement.

CONCLUSIONS

Melt-spun PMP hollow fibers using air as a cooling
medium showed an apparently asymmetric structure.
Take-up speed directly influenced diameter size but
had little effect on the crystallinity of the hollow fibers.
More than 12 h of annealing at 180°C was needed to
achieve balanced crystallization. A three-layer model
was used to describe the morphology and formation
of asymmetric structure of PMP hollow fibers. Various
PMP hollow-fiber membranes were prepared by the
MSCS method. Posttreatment conditions, especially
annealing time and stretching ratio, were investigated.
The results revealed that the original PMP hollow
fibers were easily modified to become hollow-fiber
membranes. The annealing time of the hollow fibers
and the stretching ratio were the key factors that in-
fluenced the physical structure and gas separation
properties of the stretched membrane. The original
fibers that had been annealed for less than 4 h could be
easily stretched into an asymmetric membrane that
had the ability to separate the gas pairs oxygen/nitro-
gen and oxygen/carbon dioxide. The hollow-fiber
membrane had a special radial structure: a large-pore
layer on the inner surface, a regular lamella network
layer in the middle structure, and a relatively compact
layer on the outer surface. Water flux tests were car-
ried out with the resulting microporous PMP mem-
branes with and without soaking in ethanol.

The authors thank SRF for ROCS and SEM.

TABLE V
Pure Water Flux Measurement of PMP Hollow-Fiber
Membranes, Dead-End Filtration under 0.1 Mpa All
Membranes Made Hydrophilic with Alcohol

Water flux (L m2 Stretching ratio (%)

hr! kg’l) 120 180 200 250
Annealing time (h)
4 None None None None
8 None None None None
11 None 0.8 6.9 5.2
24 0.3 1.1 2.3 6.3
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