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Polysulfone hollow fiber membranes were fabricated by a dry/wet spinning process, with N-methyl pyrrolidinone (NMP) and water as solvent
nd coagulant, respectively. The results indicate that air-gap length and ambient humidity have dramatic effect on the membrane morphology.
acrovoids in the membranes disappeared, reappeared, and redisappeared with increasing air-gap length. Evidence was obtained showing that,

ecause of the high affinity of NMP for water, water vapor was drawn to the dope to induce phase separation, resulting in a nascent structure in
he dope before it was immersed in the coagulation bath. We proposed that, shortly after the onset of its phase separation in the air gap, the dope
ehaved as a transient gel, which can reasonably explain the disappearance and reappearance of macrovoids. On the other hand, when the air gap
as long enough to allow phase separation of the entire dope before it reached the coagulation bath, macrovoids redisappeared. In addition, we
bserved that the air-gap length required for the disappearance and redisappearance of macrovoids decreased with increasing ambient humidity,
hich can be well reasoned by the decreasing contact time with the humid air needed to bring about phase separation of the dope in the air gap.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Membrane processes, with the advantages of easy operation
nd energy saving, have many applications in separation of mix-
ures. The applicability of a membrane technique to a separation
rocess strongly depends on if the membrane possessing suitable
eparation performance can be successfully prepared. Therefore,
any researches have concentrated on developing techniques to

repare membranes and to tailor their separation performance.
mong the methods for preparation of polymeric membranes,

he most widely used one is the phase inversion method [1]. In
his method, the phase separation and subsequent solidification
gelation) of the cast polymer solution determine the final mem-
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brane morphology and the associated separation performance.
There are several methods to induce phase separation during
membrane forming: change in the solution temperature, the so-
called thermally induced phase separation (TIPS), exchange of
solvent with nonsolvent (coagulant), the so-called immersion
precipitation or nonsolvent induced phase separation (NIPS),
and intake of nonsolvent vapor, the so-called vapor induced
phase separation (VIPS) [2,3].

With a dry stage for solvent evaporation and a wet stage
for exchange of solvent with nonsolvent, the dry/wet phase
inversion process produces membranes with various kinds of
structure [1]. It is well known that the solvent evaporation in
the dry stage affects dramatically the final membrane structure.
Less attention has been paid to another phenomenon that can
also occur in the dry stage: water vapor in the humid air is
drawn to the cast film and thus brings about phase separation
(VIPS). In particular, when the polymer solvent used possesses
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low volatility but high affinity for water, in the dry stage the
intake of water vapor might prevail over the solvent evapora-
tion. Therefore, to fully understand the forming of polymeric
membranes in a dry/wet process, knowledge of VIPS is essen-
tial.

Many researches have focused on the VIPS process for
preparation of flat-sheet membranes [3–10]. Han and Bhat-
tacharyya [4] prepared polysulfone (PSf) flat-sheet membranes
by simply sitting the cast film in humid air, which lead to a
liquid–liquid phase separation with nucleation of the polymer-
poor phase. Park et al. [3] also adopted the process to fabricate
membranes and showed that phase separation only occurred
when the relative humidity in air was higher than about 65%.
In addition, they observed that the pore size of the resulted
membrane was strongly affected by the relative humidity in
air. Furthermore, Matsuyama et al. [5,6] showed that, with an
increase in relative humidity, they could change the morphology
of poly(vinylidenefluoride) (PVDF) membranes from dense to
lacy-like, which was believed to be related to the mass increase
of the cast film at higher relative humidity. Kang et al. [7,8]
also obtained evidence indicating that ambient humidity is an
important factor in determining the pore size of membranes.
Quantitative analysis of VIPS was conducted as well. Caquineau
et al. [9] measured the mass change of cast film during membrane
forming and proposed a phenomenological model to explain the
morphology evolution caused by VIPS. Khare et al. [10] have
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ogy formed in the VIPS stage with the final one, to shed light on
the interplay between VIPS and the final morphology of hollow
fibers.

2. Experimental

2.1. Materials

Polysulfone (PSf) (Udel P-3500) was purchased from the
AMOCO Performance Products Inc. (Ridgefield, CT, USA). N-
methyl pyrrolidinone (NMP) of reagent grade, without further
purification, was used as the solvent for PSf, and distilled water
was used as its coagulant. In addition, methanol of reagent grade
was used to extract the frozen NMP after the dope was injected
into liquid nitrogen to luck up the nascent morphology.

2.2. Spinning of PSf hollow fiber membranes

PSf chips and NMP were mixed in a flask under agitation
to form a homogenous polymer solution with 26 wt.% of PSf,
which was then sit still for at least one day. Next, the homoge-
nous polymer solution was poured into a dope tank and kept
there overnight for eliminating the air bubbles formed during
the stages of agitation and pouring.

The degassed homogeneous solution was used to fabricate
PSf hollow fiber membranes with the dry/wet spinning process.
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eveloped recently a mathematical model to describe the com-
osition change in the cast film in association with the VIPS
rocess. Another important issue about VIPS is the accompa-
ying phase separation mechanism. Using time-resolved small
ngle light scattering and phase contrast optical microscopy, Lee
t al. [11] were able to show that VIPS actually takes place via
pinodal decomposition.

Although the role of VIPS in the forming of flat-sheet mem-
ranes was widely studied, as discussed in the preceding para-
raph, few articles identified the importance of VIPS in the
reparation of hollow fiber membranes. A wet spinning pro-
ess with an air gap is actually a dry/wet process since both
vaporation of solvent and intake of water vapor can occur in
he air gap. Therefore, it is reasonable to expect that VIPS occur
n the air gap and affect the final morphology of hollow fibers,
specially when the polymer solvent has low volatility but high
ater affinity. However, the role of VIPS in determining the mor-
hology of hollow fibers has yet been investigated. Only some
eports [12–15] pointed out that ambient humidity might have
nfluences on membrane morphology. Investigation on the inter-
lay between VIPS and membrane morphology is still needed,
o get insight into the morphology control of hollow fibers.

In the present work, we fabricated polysulfone hollow fiber
embranes via the dry/wet spinning process, changing the

ength of air gap and the ambient humidity to demonstrate the
ffect of VIPS on membrane morphology. Our focus is on how
IPS affects the forming of macrovoids near the outer surface
f hollow fibers. A special feature of this work is to lock up the
ascent fiber morphology formed in the air gap, by injecting the
ope into a bath of liquid nitrogen immediately after the end of
he air gap zone. With this method we can compare the morphol-
ubject to a pressure of 2 atm, the polymer solution was extruded
hrough a spinneret, with an outside diameter of 0.83 mm and
n inside one of 0.25 mm, to a coagulation bath of water with
n adjustable air gap between the spinneret and the water bath.
he whole spinning line, from the spinneret to the coagulation
ath, was placed in a humidity-and-temperature controlled cab-
net (Jwo Ruey Technical Co., Ltd., Taiwan, Model TH-1000),
o that the humidity and temperature in the air gap were fixed
nd could be adjusted during the spinning process. The bore
iquid (70/30 NMP/water) was delivered using a syringe pump
500D from ISCO Inc., USA), and there was no external elon-
ation stress except gravity applied to the nascent hollow fiber
embranes. After solidification, the fibers were removed from

he coagulation bath and put in distilled water for at least three
ays and then in methanol for 2 h to remove the residual solvent,
hich was followed by an air drying stage of about 24 h at room

emperature.
For some experiments, a bath of liquid nitrogen was used

nstead of the water bath to lock up the nascent morphology that
as formed in the air gap due to VIPS. The dope was injected

nto the liquid nitrogen bath immediately after it passed through
he air gap, so that the formed structure in the air gap could be
xed because of fast quenching. In order to examine the lock-
p morphology by SEM, the NMP contained in the quenched
ope had been removed to prevent it from redissolving PSf and
estructing the quenched structure when the samples were taken
ut for drying from the bath of liquid nitrogen. The quenched
ope was immersed in methanol at −90 ◦C for 9 h, −85 ◦C for
.5 h, −60 ◦C for 0.5 h, and −30 ◦C for another 0.5 h to extract
ut the frozen NMP. After which, the resulted membrane was
ir dried for further examination of the structure by SEM.
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Fig. 1. Schematic representation of the spinning process.

The experimental setup and details of the spinning conditions
are shown in Fig. 1 and Table 1, respectively.

2.3. In situ measurement of the mass variation of a cast film
during VIPS

The degassed 26 wt.% PSf/NMP solution was cast on a glass
plate with a thickness of 300 �m. The resulted film was then put
on an electronic balance that was placed in the cabinet where
temperature and humidity were well controlled. The cast film
was thus brought into contact with humid air and its mass vari-
ation during the contact period was obtained by recording the
readings from the balance. The data can be used to estimate the
water flux into the cast film during VIPS.

2.4. Characterization of the morphology of hollow fibers by
SEM

The morphology of the PSf hollow fiber membranes were
characterized by a scanning electron microscope (Hitachi,
Model: S-3000N and S-4100). Specimens of fiber membranes
for SEM were prepared by fracturing the membrane samples in
liquid nitrogen. The specimens were covered with a thin layer
of Pt by sputter coating before they were sent for SEM analysis.
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3. Results and discussion

3.1. Effect of air-gap length on the morphology of PSf
hollow fiber membranes

The major aim of the present work is to investigate the effect
of water vapor in the air gap on the morphology of hollow fiber
membranes. It should be noted first that the morphology around
the inner surface of fibers is not supposed to be affected by
the water vapor in the air gap because it is dominated by the
exchange of the polymer solvent with the bore liquid, not like
the morphology near the outer surface which can be affected by
the water intake from the outer surface of the dope. Therefore,
we only concentrated on examining the morphology around the
outer surface of hollow fibers, where the effect of water vapor
was clearly seen.

Fig. 2(A) shows the SEM of the PSf hollow fiber membrane
prepared with no air gap, i.e., the spinneret was in direct con-
tact with the water bath. Obviously, the membrane possessed
macrovoids beneath the outer skin. A magnified picture is given
in Fig. 2(B) to display more clearly the morphology near the
outer surface. Fig. 3 depicts the morphology of the hollow fiber
membranes fabricated by varying the length of air gap from 0 to
60 cm, when the relative humidity in the air gap was kept at 30%.
The results indicate that the length of air gap affects dramati-
cally the morphology near the outer surface of hollow fibers:
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able 1
pinning conditions for preparation of PSf hollow fibers

ondition Value

ope solution PSf/NMP (26 wt.%)
ore liquid (wt.%) NMP/H2O = 70/30
xternal coagulant H2O or liquid nitrogen
ope extrusion pressure 2 atm (volume flow rate = 0.259 ml/min)
ore liquid flow rate (ml/min) 0.15
ir gap (cm) 0–100
pinneret diameter (mm) OD/ID = 0.83/0.25
emperature (◦C) 25
elative humidity (%) 30–90
acrovoids were clearly seen with no air gap, but totally disap-
eared with an air gap of 10 cm, reappeared when the air gap
ncreased to 20 cm, became smaller with an air gap longer than
0 cm, and could no longer be seen when the gap was more than
0 cm. Complete suppression of the macrovoids near the outer
urface first occurred when the air gap was 10 cm and took place
gain when the air gap was longer than 50 cm. From now on, we
all the two stages of complete suppression of macrovoids the
rst suppression and the resuppression, respectively.

A possible reason accounting for the above observation is
hat the water vapor in the air gap was drawn to the dope. If
his is correct, with higher relative humidity in the air gap, we
hould be able to obtain similar results, but with the disappear-
nce and reappearance of macrovoids occurring at a shorter air
ap. Therefore, we adjusted the relative humidity in the air gap
o 70% and 90% and prepared hollow fiber membranes with
ifferent length of air gap. The results are presented below.

.2. Effect of the relative humidity in the air gap on the
orphology of hollow fiber membranes

Shown in Fig. 4 are the morphologies of PSf hollow fiber
embranes spun with the air gaps from 10 to 60 cm, when the

elative humidity in the air gap was kept at 70%. For the case of
o air gap (0 cm), it should be noted that the humidity in the air
ap did not affect membrane morphology at all, since the dope
ad no chance to contact water vapor. Therefore, one can always
efer to Fig. 2 for the membrane morphology in the case of no air
ap. As expected, the trend shown in Fig. 4 is similar to that in
ig. 3. The macrovoids occurred, disappeared, reappeared, and
edisappeared as the air-gap length increased from 0 to 60 cm.
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Fig. 2. Cross-sectional membrane morphology of the PSf hollow fiber prepared with no air gap. Magnification: (A) 500 and (B) 30,000×.

The major difference between Figs. 3 and 4 is the air-gap length
required for the resuppression of macrovoids: 40 cm in the case
of 70% relative humidity but 50 cm in the case of 30%, indicating
that the higher humidity in the air gap shortens the air-gap length
required for the resuppression.

The dependence of membrane morphology on air-gap length
was also investigated when the relative humidity in the air gap
was raised to 90%. The results are presented in Fig. 5. Similarly,
with increasing air-gap length, the macrovoids occurred, disap-
peared, reappeared, and redisappeared. With a relative humidity
of 90%, the air-gap length required for the resuppression of
macrovoids is shorter compared with the two previous cases:

30 cm versus 40 cm (70%) and 50 cm (30%). Moreover, the air-
gap length required for the first suppression is also shorter: 5 cm
versus 10 cm. The results show that the higher humidity in the
air gap shortens the air-gap length required for suppression of
macrovoids, for both the first suppression and the resuppression.
For clarity the air-gap length needed to completely suppress
macrovoids is listed in Table 2.

3.3. Microstructure of hollow fibers near the outer surface

To further evaluate the effect of air-gap length and ambi-
ent humidity on the morphology of the prepared hollow

F
(

ig. 3. Cross-sectional membrane morphology of the PSf hollow fiber prepared with
D) 30 cm, (E) 40 cm, (F) 50 cm, and (G) 60 cm.
an ambient relative humidity of 30%. Air gap: (A) 0 cm, (B) 10 cm, (C) 20 cm,
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Fig. 4. Cross-sectional membrane morphology of the PSf hollow fiber prepared with an ambient relative humidity of 70%. Air gap: (A) 10 cm, (B) 20 cm, (C) 30 cm,
(D) 40 cm, (E) 50 cm, and (F) 60 cm.

fibers, we examined the microstructure near the outer sur-
face of the fibers. The results are presented in Figs. 6–8.
The relative humidity in the air gap was 30% for the results
shown in Fig. 6, 70% in Fig. 7, and 90% in Fig. 8. In all
the three cases, similar trends were obtained responding to
an increase in air-gap length. A dense layer near the outer

surface was observed, accompanied with macrovoids, when
there was no air gap. The structure became bicontinuous
when the air-gap length increased to a value corresponding
to the first suppression of macrovoids. Then, the bicontinuous
structure turned into the cellular one when macrovoids reap-
peared.

F
(

ig. 5. Cross-sectional membrane morphology of the PSf hollow fiber prepared with a
D) 10 cm, (E) 20 cm, (F) 30 cm, (G) 40 cm, (H) 50 cm, and (I) 60 cm.
n ambient relative humidity of 90%. Air gap: (A) 2.5 cm, (B) 5 cm, (C) 7.5 cm,
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Fig. 6. Morphology near the outer surface of the hollow fibers prepared with a relative humidity of 30%. Air gap: (A) 0 cm, (B) 10 cm, (C) 20 cm, (D) 30 cm, (E)
40 cm, (F) 50 cm, and (G) 60 cm.

The occurrence of a dense layer in association with
macrovoids has been widely discussed in the literature [1]. It
is believed by many that the fast exchange of solvent with
nonsolvent, responsible for the occurrence of macrovoids, also
generates a region with high polymer concentration near the
interface between solvent and nonsolvent, which then develops
into the dense layer. Obviously, the fast exchange of solvent
with nonsolvent in the coagulation bath must be disturbed by
something happened in the air gap, which will be shown later
to be the phase separation induced by the intake of water vapor
in the air gap. The relationship between the phase separation in
the air gap and the bicontinuous and cellular structures shown
in Figs. 6–8 will be discussed in detail in later sections.

3.4. Water intake in the air gap

According to the above results, the water vapor in the air
gap plays an important role in determining the final morphology
of the prepared fibers. In the air gap, solvent evaporation and

Table 2
The air gap length needed to completely suppress macrovoids

Suppression (cm) Resuppression (cm)

30% RH 10 50
70% RH 10 40
9

water intake can both occur and affect the final morphology.
However, because of the low volatility of the solvent we used
(NMP, boiling point 202 ◦C), solvent evaporation would not be
as important as water intake. One method to demonstrate the
importance of water intake is to measure the change in the weight
of cast film [9,16]. Nonetheless, it is very difficult to detect the
mass variation of the dope in the air gap. Therefore, we measured
the mass variation of a flat-sheet cast film (PSf/NMP) during its
contact with humid air, to obtain qualitative understanding about
the mass variation in the air gap.

Fig. 9 depicts the mass variation of the flat-sheet cast film
when it was in contact with air with different humidity. The
results indicate that water intake dominated over solvent evapo-
ration in the initial period, hence resulting in an increase in mass.
After some time in the humid air, the film surface was saturated
with water; therefore, the mass began to decrease because sol-
vent evaporation now prevailed water intake [16]. In the case of
preparation of hollow fibers, because the residence time of the
dope in the air gap was very short (about 20 s with a 60-cm air
gap), water intake should dominate over solvent evaporation,
as in the initial stage shown in Fig. 9. With the initial slopes
of the curves in Fig. 9, the initial fluxes of mass intake were
calculated to be 4.4 × 10−7 g/cm2 s for 30% relative humidity,
2.5 × 10−6 g/cm2 s for 70%, and 4.8 × 10−6 g/cm2 s for 90%.
These values are the differences between the fluxes of water
intake and solvent evaporation. Since the solvent evaporation
r

0% RH 5 30

ate is small because of its low volatility, the above values are
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Fig. 7. Morphology near the outer surface of the hollow fibers prepared with a relative humidity of 70%. Air gap: (A), (B) 10 cm, (C) 20 cm, (D) 30 cm, (E) 40 cm,
(F) 50 cm, and (G) 60 cm.

reasonable estimates of the initial fluxes of water intake. With
the above values, it was found that the amount of water intake
was about 5 × 10−5 g/cm2 after a 20-s contact with the humid
air with a relative humidity of 70%. It was reported [11] that
5 wt.% of water is enough to bring about the phase separation of
PSf/NMP solution. A water intake of 5 × 10−5 g/cm2 can thus
make 1 × 10−3 g solution phase separate per square centimeter
of the film, corresponding to a region with a thickness of about
10 �m.

It should be noted that the water intake rate in the air gap
is supposed to be higher than the above values, which were
measured by sitting a cast film in a chamber, because there is a
relative velocity between the dope and the air, which can enhance
the mass transfer from the air to the dope. On the basis of the
above discussion, we believe that, with a 60-cm air gap and a
relative humidity of 70%, the water intake from the air gap is
enough to generate a phase separation region in the dope with a
thickness of several times of 10 �m.

3.5. Phase separation in the air gap

As discussed in the preceding section, the water intake from
the surrounding humid air in the air gap was enough to generate
phase separation of the dope. Therefore, due to the phase sepa-
ration, structure might already occur in the dope after it passed
through the air gap zone. To examine the structure formed in the
a

diately after it passed through the air gap, using fast quenching
to lock up the nascent structure formed in the air gap. Shown
in Fig. 10 are the results obtained when the relative humidity
in the air gap was kept at 70%. Obviously, phase separation of
the dope did occur in the air gap, evidenced by the structures
shown in Fig. 10. In the cases that the air gap was 10 or 20 cm,
the structure cannot be clearly seen. But, in the cases that the air
gap was longer than 20 cm, the structures generated in the air
gap can be clearly recognized.

Fig. 10 provides evidence showing that the dope did contain
structure after it passed the air gap and the structure changed with
the length of the air gap. Bicontinuous structure was generated
with an air gap of 30 cm, which further evolved to cellular one
when the air gap was prolonged to 100 cm. Since the bicontinu-
ous structure is a characteristic of spinodal decomposition, our
results support that the phase separation mechanism of VIPS
is spinodal, as suggested in the work of Lee et al. [11]. The
bicontinuous structure developed into the cellular structure if the
air gap was long enough for the coarsening process to proceed.
Surely, the structure formed in the air gap by VIPS near the outer
surface would affect the subsequent mass transfer and structure
evolution in the coagulation tank, which we believe is the reason
why the air-gap length and ambient humidity can have dramatic
effect on the final membrane morphology (Figs. 4 and 7).

Another interesting phenomenon, which is also indicated in
Fig. 10, is that the macrovoids near the inner surface actually
f
ir gap, we injected the dope into a liquid nitrogen bath imme-
 ormed in the air gap. The dope was in contact with the bore
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Fig. 8. Morphology near the outer surface of the hollow fibers prepared with a relative humidity of 90%. Air gap: (A) 2.5 cm, (B) 5 cm, (C) 7.5 cm, (D) 10 cm, (E)
20 cm, (F) 30 cm, (G) 40 cm, (H) 50 cm, and (I) 60 cm.

liquid even in the air gap; therefore, fast exchange of the solvent
in the dope with the nonsolvent in the bore liquid can occur and
result in macrovoids near the inner surface. On the other hand,
in the air gap the outer surface of the dope was in contact with
air; fast exchange of solvent and nonsolvent cannot take place
to generate macrovoids near the outer surface. Therefore, the
marcovoids near the outer surface must form in the coagulation
bath, but not in the air gap.

Fig. 9. Mass variation of a flat sheet cast film during its contact with humid
a
7

3.6. Suppression of macrovoids

In the present work, the dope extruded from the spinneret was
first in contact with water vapor in the air gap and then immersed
in the coagulation bath of water. The preceding section showed
that in the air gap VIPS occurred and generated structure in
the dope. The structure formed in the air gap would then further
develop into its final form in the coagulation bath. By comparing
the structure formed in the air gap (Fig. 10) and the final fiber
structure (Figs. 4 and 7), we shall be able to get insight into the
mechanism of the suppression of macrovoids.

Fig. 4(A) indicates that the macrovoids near the outer sur-
face were completely suppressed with an air gap of 10 cm
when the ambient humidity was kept at 70%. Obviously, the
water intake in the 10 cm air gap has a dramatic effect on
the following mass transfer and morphology evolution in the
coagulation bath. It was reported that the addition of water
in the polymer solution could bring about an increase in the
solution viscosity [17]. Thus, one possible reason for the dis-
appearance of macrovoids is an increase in the solution vis-
cosity due to the water intake in the air gap. However, when
we raised the solution viscosity by increasing polymer con-
centration, macrovoids still occurred even when the solution
had a viscosity much higher than the one that can be reached
with water addition. Therefore, it seems that the increase in
viscosity is not a suitable mechanism to account for what we
o

ir. Polymer solution: 26 wt.% of PSf in NMP. Relative humidity: (A) 30%, (B)
0%, and (C) 90%.
 bserved.
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Fig. 10. The nascent structure formed in the air gap, obtained by quenching the dope in liquid nitrogen. Air gap: (A), (B) 10 cm; (C), (D) 20 cm; (E), (F) 30 cm; (G),
(H) 60 cm; (I), (J) 100 cm. Magnification: (A), (C), (E), (G), and (I) 1000×; (B), (D), (F), (H), and (J) 10,000×.

Another possible mechanism is the gelation of the polymer-
rich phase after VIPS. The formation of a gel layer in the air
gap can explain the disappearance of macrovoids because the
gel layer can inhibit the fast exchange of solvent and nonsolvent
in the coagulation bath. The mechanism can also account for
why the bicontinuous structure was always observed accompa-
nying with the first suppression of macrovoids. The gelation of
the polymer-rich phase cannot only reduce the exchange rate
of solvent and nonsolvent but can also inhibit the subsequent
coarsening process of the phase-separated solution. We believe,
because of the gelation, the bicontinuous structure formed in the
air gap was kept since the subsequent coarsening in the coag-
ulation bath was inhibited. Therefore, the first suppression of
macrovoids and the occurrence of bicontinuous structure always
took place simultaneously.

One might suspect if phase separation can occur with such
a short air gap. According to the calculation based on Fig. 9,

a 60-cm air gap can generate a phase separation region with a
thickness several times larger than 10 �m, indicating that the
phase separation region corresponding to a 10-cm air gap has
a thickness several times larger than 1.6 �m. In other words,
a layer of phase separation region with a thickness of several
�m could occur in a 10-cm air gap. Although not very clear,
Fig. 10(B) gives evidence to support that phase separation can
occur with a 10-cm air gap.

The above mechanism is not complete because it cannot
explain why macrovoids reappeared with a longer air gap.
When phase separation and gelation can occur in a 10-cm
air gap, they should also occur in a 20-cm air gap, implying
that macrovoids should also be suppressed with a 20-cm air
gap. However, macrovoids reappeared when the air gap was
prolonged to 20 cm, as shown in Fig. 4(B). The idea of transient
gel would make the above mechanism more reasonable. Tanaka
[18] studied the thermally induced phase separation and
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found that, in a short time period after phase separation, the
phase-separated solution became a gel because of the elasticity
of the polymer-rich phase, resulting in a time period in which
coarsening was inhibited. However, after this short period,
coarsening was no longer inhibited because the elasticity
is important only in a time period shorter than the polymer
relaxation time. Therefore, the phase-separated solution was
gelled for only a short time period, so he called it “transient
gel.” The idea of transient gel can well explain why macrovoids
were suppressed first but reappeared with an increasing air gap.
When phase separation occurred in the air gap due to water
intake, a thin gel layer formed which reduced the exchange
rate of solvent and nonsolvent in the coagulation bath and thus
inhibited the formation of macrovoids. However, because the
gel was only transient but not permanent, with a longer air gap,
macrovoids reappeared because the phase-separated region
was no longer gelled after enough time was given for polymer
relaxation. The mechanism of “transient gel” also explains why
the reappearance of macrovoids was always associated with
larger cells near the outer surface of fibers, compared with the
structure formed when the macrovoids were suppressed (first
suppression): the subsequent coarsening process was no longer
inhibited because the phase-separated region was no longer
gelled.

The reappeared macrovoids were getting smaller with an
increase in air-gap length. The observation can be well reasoned
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4. Conclusions

Polysulfone hollow fiber membranes were fabricated by a
dry/wet spinning process. The morphology of the fibers was
found to be strongly affected by air-gap length and ambient
humidity. Macrovoids in the membranes disappeared, reap-
peared, and redisappeared with increasing air-gap length. The
air-gap length required for the suppression and resuppression of
macrovoids decreased with increasing relative humidity. Mech-
anisms were proposed to account for the results observed: the
disappearance and reappearance of macrovoids were related
to the so-called transient gel formed in a short time after the
phase separation induced by the water vapor in the air gap,
and the redisappearance was resulted from the phase sepa-
ration of the entire dope before it reached the coagulation
bath.
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