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Abstract

In this work, the formation of macrovoids in two membrane formation systems was investigated. The polymer and the
coagulant used in these two systems were the same: PMMA and water, but the solvents used to dissolve PMMA were different
— NMP for one system (system A) and acetone/Tween 80 solution for the other (system B). According to SEM and AFM
analyses, it was found that, although the macrostructures of the membranes fabricated by systems A and B are similar, the
microstructures are different. On the basis of optical observation of the growth of macrovoids, it is proposed that the difference
in the microstructure can be explained by the difference in the growth mechanism of macrovoids: the growth of macrovoids is
by convection for system A and by diffusion for system B. The difference in the growth mechanism of macrovoids can also
account for some other differences between systems A and B: system B is more sensitive to the casting thickness than system
A, and the addition of salt in the coagulation bath can effectively inhibit the growth of macrovoids in system B but not in
system A. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Macrovoids, large elongated pores, can often be
observed in the asymmetric polymeric membranes
prepared by the phase inversion method [1]. The
existence of macrovoids could jeopardize the mechan-
ical integrity of membranes and result in compaction
or collapse of membranes when being applied to high
pressure processes [2]. On the other hand, the macro-
void structure is suitable for ultrafiltration process and
can be employed as support layers for composite
membranes [1]. Recent researches indicate that mem-
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branes with macrovoid structure are useful in osmotic
drug delivery and transdermal delivery systems [3,4].
Therefore, the formation mechanism of macrovoids
has drawn a lot of research attentions [1,2,5-13]. For
more detailed review of the development in this field,
one can refer to the works of Smolders et al. [1] and
Paulsen et al. [13].

Some researchers proposed that the growth of
macrovoids during membrane formation is due to
the convective flow induced by surface tension gra-
dient [6] or by shrinkage of polymer matrix [2,5].
Others believed that the diffusional flow of solvent
from the polymer solution surrounding the initiated
macrovoids is responsible for the growth of macro-
voids [1,9-12]. The main purpose of this work is to
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add new information in this respect. The data which
will be shown below indicate that both convective and
diffusional flows could result in the growth of macro-
voids.

Poly(methyl methacrylate) (PMMA) was chosen as
the model polymer because it is amorphous, which can
prevent the membrane formation being complicated
by crystallization. It was reported [14] that the mem-
brane fabricated by immersing PMMA/NMP solution
in water bath possessed macrovoid structure. Besides,
it was shown that membranes with macrovoids can be
obtained by adding Tween 80 (a hydrophilic surfac-
tant) into the PMMA/acetone solution and immersing
the resulted solution in a water bath [15]. In this work,
the formation of macrovoids in these two membrane
formation systems is studied. It will be shown that,
although the macrostructures of the membranes fab-
ricated by these two systems are similar, the micro-
structures, including the membrane surface structure
and the structure of the wall of macrovoids, are
different. A possible explanation for this observation
will also be discussed: the difference in microstructure
could be accounted for by the difference in the growth
mechanism of macrovoids: one system is due to
diffusion and the other is convection.

2. Experimental
2.1. Materials

Poly(methyl methacrylate) (PMMA) used in this
study was supplied by Aldrich. The number averaged
molecular weight is 140000 g/mol (measured by
GPC) and the DSC test was performed to confirm
that the PMMA used is amorphous. The nonsolvents
and solvents were of reagent grade and used without
further purification. Distilled water was used through-
out this study.

2.2. Membrane preparation

Two membrane formation systems were used to
fabricated asymmetric PMMA membranes. In one
system, PMMA was dissolved in NMP to form
12.5 vol% casting solutions at room temperature. In
the other system, the polymer solvent used was a
solution of Tween 80 (18 vol%) in acetone instead

Table 1
Comparison between systems A and B

Polymer Solvent Coagulant
System A PMMA* NMP Water
System B PMMA* Acetone+Tween 80° Water

“Polymer composition in the casting solution is 12.5 vol%.
°18 vol% of Tween 80.

of NMP, and the PMMA concentration in the casting
solution was also maintained at 12.5 vol%. The poly-
mer solutions were cast on a glass plate to a prede-
termined thickness of 300 pm with a Gardner knife,
and then immersed into a water bath for 10 min. After
precipitation, the membranes were peeled off and
dried in air. For simplicity, from now on, the mem-
brane formation system PMMA/NMP/water is
denoted by system A and the other system, PMMA/
acetone+Tween 80/water, by system B. The differ-
ence between these two systems is summarized in
Table 1.

2.3. Determination of cloud-point curves

Cloud-point curves were obtained by a simple
titration method. Homogeneous PMMA casting solu-
tions for systems A and B were prepared and water
was then added slowly till the onset of turbidity.
During titration, the solution was well stirred. The
composition at the onset of turbidity, the so-called
cloud point, represents the transition concentration
between the one-phase and two-phase regions. The
cloud-point curve can be interpreted as the envelope of
the demixing region.

2.4. SEM analysis

The membrane structures were examined by a
Hitachi (Model S570) scanning electron microscope
(SEM). In SEM studies, membrane samples were
fracturgd in liquid nitrogen and coated with gold to
~150 A.

2.5. AFM analysis
The microstructure of membrane surface was exam-

ined using a Digital Instrument (Model DI 5000)
atomic force microscope (AFM).
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2.6. Optical microscope studies

The method used for the observation of macrovoid
formation was similar to that developed by Strath-
mann et al. [5]. A drop of casting solution was placed
between two microscope slides and a drop of coagu-
lant (water), dyed with rhodamine B, was then intro-
duced by a syringe. It should be noted that the dye,
rhodamine B, was soluble in the solvents used in this
study (NMP and acetone). The penetration fronts of
water and rhodamine B into the casting solution were
observed and videotaped under an Olympus BHT-M-
113D optical microscope. The videotape was analyzed
by a image processing software (Optimas 5.1, Bio-
scan) to determine the time dependence of the pene-
tration distance of water.

3. Results and discussion

3.1. Structures of the membranes prepared by
systems A and B

The scanning electron micrographs of the mem-
branes prepared by systems A and B are presented in
Fig. 1(A) and (B). It can be seen that the membranes
fabricated by these two systems possess similar
macrostructures. Both membranes contain macro-

voids extending over the whole cross-section. It was
proposed that the formation of macrovoids is strongly
related to the miscibility between the polymer solvent
and the coagulant [10]. Our experimental results
confirm this proposal: when n-hexane, less miscible
with NMP and Tween 80, was used as the coagulant
instead of water, macrovoids were obviously sup-
pressed as shown in Fig. 2(A) and (B).

Although the membrane macrostructures shown in
Fig. 1(A) and (B) are alike, the microstructures for
systems A and B, which will be presented in the
following are in fact different. The microstructure
of the membrane surface was examined using AFM
and the results are shown in Fig. 3(A) and (B). It can
be seen that, for both systems, the membrane surface is
not smooth but consists of a lot of small bumps, which
is believed to be polymer aggregates. Obviously, the
number of bumps for system B is much less than that
for system A but the size of bumps is much larger,
indicating that the small bumps (polymer aggregates)
on the membrane surface for system B can coalesce
more tightly than that for system A. In addition, the
microstructure of the wall of macrovoids was exam-
ined by SEM. The scanning electron micrographs of
the wall of macrovoids in the middle of membranes for
systems A and B are presented in Fig. 4(A) and (C),
and the microstructures of the wall of macrovoids near
the bottom of membranes are illustrated in Fig. 4(B)

(b)

Fig. 1. SEM’s of the membranes fabricated by systems A and B: (A) system A; (B) system B.
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(b)

Fig. 2. SEM’s of the membranes fabricated by systems A and B, but the coagulant water is replaced by n-hexane: (A) system A; (B) system B.

and (D). For system A, the wall of the macrovoids is
composed of nodules (Fig. 4(A) and (B)). For system
B, the wall of macrovoids is smoother as shown in
Fig. 4(C) and (D). An interesting point which should
be noted is that open pores can be observed on the
bottom wall of macrovoids for system B (Fig. 4(D))
but not for system A (Fig. 4(B)).

On basis of the above discussion, it is known that,
although macrovoids can be observed for both systems
A and B and the macrostructures are similar, the
microstructures surrounding the macrovoids are in
fact quite different. In the following sections, inves-
tigations will be presented which were carried out to
account for the difference in microstructure between
systems A and B.

3.2. Thermodynamic and kinetic studies of the two
membrane formation systems

To understand the difference in microstructure
between systems A and B, the difference in the
formation of macrovoids between these two systems
was investigated. It is known that the formation of
macrovoids is strongly related to the thermodynamic
and kinetic behaviors of the membrane formation
system [1]; therefore, thermodynamic and kinetic
studies of these two systems were performed.

It was reported [1] that the behavior of liquid-liquid
demixing plays an important role in membrane form-
ation. The position of the binodal curve in a ternary
phase diagram can be used to describe the liquid—
liquid demixing region. Larger demixing region indi-
cates that the polymer solution is easier to phase
separate [17]. In the present work, cloud-point curves
were determined to represent the binodal curves. The
measured cloud-point curves for systems A and B are
depicted in Fig. 5. It can be seen that the two curves
almost overlap, indicating that the two systems have
similar demixing regions. Therefore, it seems that the
difference in microstructures between the two systems
cannot be explained by the difference in the demixing
region.

It should be noted that, for polydisperse polymer
systems, the cloud-point curve might not coincide
with the binodal curve [18,19]. The PMMA used in
this work is polydisperse polymer. Therefore, the
cloud-point curves presented in Fig. 5 might differ
from the binodal curves. However, the error caused by
the negligence of the effect of polydispersity is
roughly the same for systems A and B, because, the
polymer used is the same. Therefore, although the
binodal curves would shift from the lines presented in
Fig. 5 after considering the effect of polydispersity,
both lines would shift similarly and still overlap. In
other words, after the effect of polydispersity is taken
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Fig. 3. AFM analysis on the membranes surface structure: (A) system A; (B) system B.

into account, the same conclusion that systems A and To understand the kinetics of the formation of
B have similar demixing regions would still be macrovoids, experiments of optical observation were
obtained. performed. The formation of macrovoids was
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Fig. 4. Microstructures of the wall of macrovoids in systems A and B: (A) wall of macrovoids in the middle of membranes (system A); (B)
wall of macrovoids near the bottom of membranes (system A); (C) wall of macrovoids in the middle of membranes (system B); (D) wall of

macrovoids near the bottom of membranes (system B).

observed under a microscope following the proce-
dures described in Section 2.6. Figs. 6 and 7 describe
the penetration of water (coagulant) into the casting
solution for systems A and B. The front of red color
represents the penetration of rhodamine B, a dye
added in water, into the casting solution. And the
other penetration front represents the growth of
macrovoids resulted from the penetration of water.

For system A, immediately after the contact of water
with the solution of PMMA/NMP, both water and
rhodamine B can penetrate into the casting solution
and the two fronts, front of water and front of dye,
overlapped in the first few seconds as shown in
Fig. 6(A) and (B). About 9 s, later, the penetration
front of water began to lead the front of rhodamine B
as shown in Fig. 7(A) and (B). For system B, as shown
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Fig. 5. Cloud-point curves for systems A and B: (A) system A;
() system B.

in Fig. 6(C) and (D), and Fig. 7(C) and (D), water can
penetrate easily into the casting solution of PMMA/
acetone+Tween 80, but rhodamine B (red color) can
hardly get into the casting solution.

The distance from the tips of macrovoids to the
coagulant—solution interface, representing the size of
macrovoids, was determined by an image processing
software for systems A and B. The dependence of this
distance on time is plotted in Fig. 8(A). In addition,
the data are replotted versus the square root of time in
Fig. 8(B) to investigate the growth mechanism. For
system B, the linear dependence of the position of the
front of macrovoids on the square root of time was
obtained. However, for system A, linear dependence
of the growth front on the square root of time can only
be obtained in the later stage of growth, when the
growth front led the front of dye, but not in the initial
stage, when the growth front and the dye font over-
lapped.

The linear dependence of the growth front on the
square root of time indicates that the growth of
macrovoids can be described by Fickian diffusion
law. Hence, for system B, the growth mechanism of
macrovoids is dominated by diffusion. Since the
molecular weight of rhodamine B (479 g/mol) is much
larger than that of water, the diffusivity of rhodamine
B should be much smaller than water. Therefore, when
the water dyed with rhodamine B was in contact with
the casting solution, water could diffuse into the

solution much faster than rhodamine B. The penetra-
tion of water into the casting solution could result in
the formation of macrovoids and a dense layer at the
solution—coagulant interface. The formation of a
dense layer at the interface is quite common for the
membranes with macrovoids [10]. This dense layer
can inhibit the penetration of rhodamine B, and there-
fore, the red dye can hardly get into the casting
solution. The above observation suggests that the
formation of macrovoids in system B is due to diffu-
sion.

For system A, diffusion seems not the dominant
mechanism for the growth of macrovoids. If diffusion
is the mechanism for the growth of macrovoids, the
diffusion front of water should lead the front of
rhodamine B because of the difference in diffusivity.
The overlapping of these two fronts in the initial stage
suggests that the growth of macrovoids in system A is
not driven by diffusion but by some other mechanism
which can make water and rhodamine B penetrate into
the solution of PMMA/NMP with similar speed.
Besides diffusion, convection was proposed to be a
possible mechanism for the growth of macrovoids [5].
When the growth of macrovoids is driven by convec-
tion, the penetration fronts of water and rhodamine B
would overlap. Hence, it seems that convection is a
more appropriate mechanism than diffusion for the
growth of macrovoids in system A. However, about 9 s
after the contact of water with the solution of PMMA/
NMP, the front of water began to lead the front of
rhodamine B, indicating that diffusion began to dom-
inate the growth of macrovoids. It should be noted that
the size of macrovoids shown in Fig. 1(A) is about
100 um and the penetration depth is also about
100 pm during the first 9 s of the contact of water
with PMMA/NMP solution as shown in Fig. 8, indi-
cating that the formation of macrovoids is almost
completed in the first 9 s, when the penetration is
dominated by convective flow. Therefore, it seems
reasonable to say that convection, instead of diffusion,
is the dominant mechanism for the growth of macro-
voids in system A.

It should be noted that, during the observation of the
penetration of coagulant into the casting solution, the
casting solution was placed between two microscope
slides. Such a model system might not be able to
completely simulate the real membrane formation
system. For example, the convective flow could be
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(a) (b)
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Fig. 6. Penetration of coagulant into casting solution for systems A and B (magnificationx 100). System A: (A) 3's; (B) 6 s and system B:

(C) 3s; (D) 6.

caused by the capillary effect between the two slides.
Therefore, it seems reasonable to suspect that the
penetration of rhodamine B into the solution of
PMMA/NMP induced by convective flow might only
be an artifact and does not exist in the real system. To
prove that the above observation is not an artifact, the
following experiment was performed.

One ml of PMMA/NMP solution was introduced by
a pipette into a bath of water dyed with rhodamine B,
after about 10 min, the precipitated polymer was
removed from the water bath and dried in air. Same
experiment procedures were performed again by intro-
ducing 1 ml of PMMA/acetone+Tween 80 solution
into the red water bath. For both systems, the surface
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Fig. 7. Penetration of coagulant into casting solution for systems A and B (magnificationx 100). System A: (A) 30 s; (B) 60 s and system B:

(C) 30s; (D) 60s.

of the precipitated polymer is reddish. However, the
interiors of the precipitated polymer for the two
systems have different color. For system A, it is red
in the interior, indicating that rhodamine B can pene-
trate into the casting solution. For system B, the
interior of the precipitated polymer for the other
system is white, indicating that rhodamine B can
hardly get into the casting solution. These observa-
tions agree well with those results from optical experi-
ments. Since the experiment was performed by
directly introducing the casting solution into a water
bath without using any microscope slides, these obser-

vations should be free from any artifacts resulted from
microscope slides, suggesting that the conclusion
obtained from the optical study is reliable and not
artifacts.

In addition, on basis of the observation that the
penetration speed of rhodamine B for system A is
much larger than that for system B, it is expected that
the membrane surface for system B should be denser
than that for system A. This expectation agrees well
with the AFM analysis presented in Fig. 3: the poly-
mer aggregation on the membrane surface is more
complete for system B than for system A. The agree-
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Fig. 8. Penetration distance of coagulant versus time for systems A and B: (A) system A; (@) system B.

ment between the membrane surface structure and the
optical observation can further support that the obser-
vation from the optical study is not an artifact.

3.3. On the difference in the formation mechanism of
macrovoids

The difference in the microstructure between sys-
tems A and B described in Figs. 3 and 4 can be
explained by the difference in the membrane forma-
tion mechanism. The initial penetration speed of
coagulant into casting solution is higher for system
A (convective flow) than for system B (diffusional
flow) as shown in Fig. 6. The fast penetration of
coagulant into the casting solution would result in
fast precipitation, which would limit the movement of
polymer chains and hinder the aggregation of polymer.
Hence, the aggregation of polymer at the membrane
surface is less complete for system A as shown in
Fig. 3. The more complete aggregation of polymer
for system B would then result in a denser skin
which would limit the penetration of rhodamine
B as discussed in Section 3.2. The more
complete polymer aggregation, resulted from slower
penetration of coagulant, can also explain why system
B possesses smoother microstructure than system A
(Fig. 4).

Since the growth mechanism of macrovoids is
different between systems A and B, the method to
inhibit the growth of macrovoids might be different. It
was reported that the addition of salt in the coagulation
bath is an effective method to inhibit the growth of
macrovoids [16]. Experiments of adding salt in the
water bath for systems A an B were performed. For
system B, the addition of salt in the water bath can
effectively prohibit the growth of macrovoids as
expected (Fig. 9(C) and (D)). On the other hand,
for system A, the addition of salt cannot inhibit the
growth of macrovoids as shown in Fig. 9(A) and (B).
For system B in which diffusion is the growth mechan-
ism, the growth of macrovoids is due to the diffusion
of polymer solvent into the growing macrovoids
[11,12]. For such a system, the ability of the growing
macrovoids to imbibe polymer solvent, strongly
related to the composition in the growing macrovoids,
is important in determining the size of macrovoids.
Since the addition of salt can change the composition
of the coagulant and then results in different composi-
tion in the growing macrovoids, it can successfully
control the size of macrovoids. On the other hand, for
system A, the addition of salt is not so effective
because the growth of macrovoids is due to the con-
vective flow, which is not sensitive to the composition
of the coagulant.
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Fig. 9. Effect of adding salt in coagulation bath on membrane structure: (A) coagulant: 0.2 g/ml saline solution, system A; (B)
coagulant: 0.36 g/ml saline solution, system A; (C) coagulant: 0.2 g/ml saline solution, system B; (D) coagulant: 0.36 g/ml saline solution,

system B.

Another difference between systems A and B is
their response to the change of casting thickness. The
casting thickness was 300 um for the membranes
discussed above. When the casting thickness was
increased to 500 m, no obvious change on the mem-
brane structure was observed. However, when the
casting thickness was increased to 2 mm, the mem-
branes fabricated by systems A and B possess different
structures as shown in Fig. 10(A) and (B). For system
A, the membrane (Fig. 10(A)) possesses a structure
similar to that shown in Fig. 1(A) (casting thickness is
300 pm) but with larger membrane thickness. For
system B, the structure of the membrane with a
casting thickness of 2 mm (Fig. 10(B)) is different
from that with a casting thickness of 300 um

(Fig. 1(B)). Macrovoids only cover half of the mem-
brane cross-section and do not extend over the whole
membrane.

For the system dominated by diffusion (system B),
since the growth of macrovoids is by imbibing poly-
mer solvent into the nuclei of macrovoids [11,12], the
polymer solvent in the nuclei increases with increas-
ing size of macrovoids, indicating a decrease in the
driving force of the diffusion of polymer solvent into
the nuclei during the growth of macrovoids. In other
words, the ability of the growing macrovoids to imbibe
the polymer solvent during the growth of macrovoids
decreases with the increasing size of macrovoids.
Therefore, the macrovoids cannot grow large enough
to cover the whole membrane when the casting solu-
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(a)
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Fig. 10. Effect of casting thickness on membrane structures (casting thickness: 2 mm): (A) system A; (B) system B.

tion was increased to 2 mm. On the other hand, for
system A, the growth of macrovoids is due to the
convective flow and the composition in the growing
macrovoid does not change during growth; therefore,
the macrovoids are easy to grow to the whole cross-
section of the membrane. The difference in the growth
mechanism could explain the difference between sys-
tems A and B in the effect of increasing casting
thickness.

3.4. Diffusion and convection

In the present work, we presented experimental data
suggesting that convection and diffusion can both
cause growth of macrovoids. Understanding why
the formation mechanism of macrovoids is different
between systems A and B is important for constructing
the complete mechanism of the formation of macro-
voids. More investigations are required to provide an
answer for this question. In the following, a possible
answer is suggested. It was observed that, when the
casting solutions of systems A and B were in contact
with water, the surface of the casting solution of
system A vitrified faster than that of system B. The
fast vitrification might cause the shrinkage of polymer
matrix and result in convective flow [5], responsible
for the growth of macrovoids in system A. For system
B, the addition of surfactant Tween 80 might be able to
plasticize the polymer, and the vitrification speed is
therefore slower. Since the vitrification speed is not
fast enough to cause convective flow, the growth of

macrovoids in system B is caused by diffusion. To
verify the above deduction, more investigations are
required.

4. Conclusion

In this work, formation of macrovoids was inves-
tigated in two membrane formation systems: PMMA/
NMP/water (system A) and PMMA/acetone+Tween
80/water (system B). The results indicate that,
although the macrostructures of the membranes fab-
ricated by systems A and B are similar, the micro-
structures are different. The difference in the
microstructure can be explained by the difference in
the penetration speed of coagulant into the casting
solution. The results also indicate that the growth of
macrovoids is by convection for system A and by
diffusion for system B. The difference in the growth
mechanism of macrovoids can also be used to explain
some other differences between systems A and B:
system B is more sensitive to the casting thickness
than system A, and the addition of salt in the coagula-
tion bath can effectively inhibit the growth of macro-
voids in system B but not in system A.
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