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1. Introduction 

The applicability of a membrane technique to
a separation process strongly depends on
whether the membrane possessing suitable sepa-
ration performance can be successfully pre-
pared. Among the methods for preparation of
membranes, the most widely used one is the
phase inversion method [1]. There are several
methods to induce phase separation during
membrane forming, such as thermally induced
phase separation (TIPS), nonsolvent induced
phase separation (NIPS), and vapor-induced phase
separation (VIPS) [1]. 

Although the role of VIPS in the formation
of flat-sheet membranes was widely studied
[2,3], few articles identified the importance of
VIPS in the preparation of hollow fiber mem-
branes. In the present work, we fabricated
polysulfone (PSf) hollow fiber membranes via
the dry/wet spinning process, changing the
ambient humidity to demonstrate the effect of
VIPS on membrane morphology. Our focus is on

how VIPS affects the formation of macrovoids
near the outer surface of hollow fibers and the
pervaporation performance of 90w% aqueous
isopropanol solution through VIPS fabricated
PSf hollow fiber membranes. 

2. Results and discussion 

2.1. Effect of air gap on the morphology of PSf 
hollow fiber membranes 

Fig. 1 depicts the morphology of the hollow
fiber fabricated by varying the air gap, when the
relative humidity was kept at 90%. The results
indicate that the length of air gap affects dramati-
cally the morphology of hollow fibers: macrovoids
were clearly seen with no air gap, but totally dis-
appeared with an air gap of 5cm, reappeared when
the air gap increased to 10cm, and could no longer
be seen when the gap was more than 30cm.
Table 1 reveals the relationship between macro-
voids and air gap under different relative humidity.
It shows that with higher relative humidity in
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the air gap, the disappearance and reappearance
of macrovoids occurred at a shorter air gap. 

One possible reason for the disappearance of
macrovoids is an increase in the solution vis-
cosity due to water intake in the air gap.
Another possible mechanism is the gelation of
the polymer-rich phase after VIPS. The forma-
tion of a gel layer in the air gap can inhibit the
fast exchange of solvent and nonsolvent in the
coagulation bath and suppress the macrovoids.
However, with a longer air gap, the macrovoids
reappeared because the phase separated region
was no longer gelled after enough time was
given for polymer relaxation. The macrovoids
totally disappeared when the air gap was long

enough to allow phase separation, before the
dope reached the coagulation bath. 

2.2. Effect of VIPS on the separation 
performances of PSf hollow fiber membranes 

The morphology of hollow fiber membrane
can affect the separation performances. Fig. 2
reveals the pervaporation performances of 90 w%
aqueous isopropanol solution through 90% relative
humidity spun PSf hollow fiber membranes under
various air gap. It shows that the water content in
permeate increases, then decreases, and increases

(a) (b) (c) (d)

(e) (f) (g)

Fig. 1. Cross-sectional membrane morphology of the polysulfone (PSf) hollow fiber prepared with an ambient relative
humidity of 90%. Air gap: (a) 0 cm, (b) 2.5 cm, (c) 5 cm, (d) 7.5 cm, (e) 10 cm, (f) 20 cm, (g) 30 cm. 

Table 1
The relationship between macrovoids and air gap under
different relative humidity

Relative
humidity

Macrovoids first 
suppression 
(cm)

Macrovoids 
reappeared 
(cm)

Macrovoids 
resuppression 
(cm) 

30% 10 20 50
70% 10 20 40
90% 5 10 30

Fig. 2.  Effect of air gap on the pervaporation perfor-
mance of polysulfone (PSf) hollow fiber membrane. (m)
flux, (d) water content in permeate.
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again while the flux decreases, then increases, and
decreases again as the air gap increases. Fig. 3
depicts the porosity and water content in permeate
under various air gap. It shows that the porosity of
hollow fiber membranes decreases as the air gap
increases to 7.5 cm. It increased again as the air
gap increased to 10 cm and then leveled off. 

3. Conclusions 

PSf hollow fiber membranes were fabricated
by a dry/wet spinning process. The morphology
and separation performances of the fibers were

found to be strongly affected by air gap and
ambient humidity. Macrovoids in the membranes
disappeared, reappeared, and redisappeared with
increasing air gap. The air gap required for the
suppression and resuppression of macrovoids
decreased with increasing ambient humidity. 
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Fig. 3.  Effect of air gap on the porosity (m) and water
content in permeate (d) of polysulfone (PSf) hollow
fiber membrane.
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