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1. Introduction

The phase inversion method is the most widely used technique
for membrane preparation [1,2]. The membrane morphology can
be controlled depending on the casting condition [3–6], polymer
solution [7–9] and the composition of coagulation bath [6,10–14].
For understanding and controlling the membrane structure, two
factors, thermodynamics and kinetics must be clarified. The ther-
modynamics, equilibrium phase diagram, can show the stable
region of casting solution and the type of phase separation such
as spinodal decomposition (SD) and nucleation and growth (NG).

Two kinds of kinetics play an important role in membrane for-
mation, one is phase separation rate and the other one is the change
of polymer solution composition due to that exchange of solvent
and non-solvent. The phase separation rate during the formation
of porous membrane can be studied by light scattering method
[15]. Many mass transfer models have been developed to calcu-
late the composition change during membrane formation [16–19].
Fig. 1 shows the schematically ternary-phase diagram which can
indicate that the composition path at the top of the casting film
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ructure of poly(methyl methacrylate) (PMMA) membrane was obtained
oagulating PMMA/1,4-dioxane casting film into alcohol bath. Freeze-dried
ate the evolution of membrane structure at various coagulation times. The
tronic microscope (SEM), ternary phase diagram as well as light transmis-
e formation and structure evolution mechanism of PMMA membrane. The
ous structure can be formed on the top surface of PMMA membrane as

ne casting film with n-propanol only 2 s. Furthermore, it also can be found
on time in n-propanol bath over than 1.5 min, the bicontinuous structure
odules morphology due to capillarity effect, or led to a matrix/disperse
ence effect. The analysis of FTIR-microscopy shows that the PMMA poly-

yer of nascent membrane was decreased as immersed the casting film into
MA polymer concentration in the top layer could cause the composition
region, resulting in the formation of bicontinuous structures.

© 2008 Elsevier B.V. All rights reserved.

may follow three routes during the immersion precipitation pro-
cess. For casting solution with higher polymer concentration and a
higher ratio of the outflow of the solvent compared to the inflow
of the nonsolvent, the composition of the top part of the casting

solution may follow the first route up to the vitrification region
and consequently, an asymmetric membrane with a dense top layer
can be formed. For another case where the ratio of the outflow of
the solvent to the inflow of the nonsolvent is relatively low, the
composition of the casting solution at the top layer can follow the
second path toward binodal and immediately the top layer of the
casting solution demix resulted in the formation of small porous
membrane. The third composition path follows the decrease of the
polymer concentration on the top layer and thus, the phase sepa-
ration occurs near the critical point, resulting in the formation of
bicontinuous structure.

By using harsh nonsolvent such as water as the coagulant,
finger-like membrane morphology with a dense skin layer can
be obtained usually due to instantaneous demixing. However, as
weak non-solvent such as alcohol or solvent/non-solvent mixture
was used as the coagulant, porous surface membrane usually can
be fabricated [20–23]. Cheng et al. [24] have reported that the
polymer concentration of the top layer of PVDF membrane was
lowered due to the exchange rate of solvent and non-solvent was
decreased, resulted in a porous structure of the top layer. While
very few studies have been reported on the change of composition

http://www.sciencedirect.com/science/journal/03767388
mailto:huian@nanya.edu.tw
dx.doi.org/10.1016/j.memsci.2008.02.034


bran
188 C.-Y. Kuo et al. / Journal of Mem

Fig. 1. The composition path schematically diagram of the top of casting film during
the immersion precipitation process.

during the porous membrane formation process by experiments
method.

Matsuyama and Zoppi [15,25] have used light scattering method
to indicate that phase separation could be occurred by spinodal
decomposition when weak non-solvent was used as the coagulant
during the immersion precipitation process. However, a bicontinu-
ous structure was not remarkably observed in the final morphology
of membrane.

Thus, for using weak non-solvent as coagulant system, the phase
separation mechanism and it related to the finial morphology of
membrane was still no consistent viewpoint. Hence, in this work,
the composition change of polymer/solvent/non-solvent at differ-
ent depth beneath the surface of casting film and as function of time
were analyzed by using FTIR-microscopy. The freeze-dried method
was used to fix membrane morphology rapidly to identify the evo-
lution of membrane structure at the early stage and latter stage of
phase separation process. This fundamental study is believed to be
important for application to membrane preparation.

2. Experimental

2.1. Materials

The polymer, poly(methyl methacrylate) (PMMA), used in this
study was supplied by Aldrich Co. Ltd. The number average molec-
ular weight (Mn) is 1.2 × 105 g/mol. 1,4-Dioxane (Showa Co. Ltd.)

was used as the solvent. n-propanol of reagent grade and water
were used as coagulants in this study.

2.2. Membrane preparation

PMMA was dissolved in solvent, 1,4-dioxane, to form 20 wt.%
of casting solution and was then stored at 30 ◦C to degas at least
1 day. The degassed casting solution was cast on a glass plate to
a thickness of 300 �m with Gardner knife at 30 ◦C. The cast film
was immediately immersed in 30 ◦C of n-propanol bath. The cast
film was kept in the n-propanol bath to exchange the solvent and
coagulant for different periods and then was transferred to liquid
nitrogen to fix the membrane structure quickly. After that, the liquid
nitrogen frozen membrane was freeze-dried to remove the residual
solvent and non-solvent.

2.3. Phase diagram

Cloud-point curves of the PMMA/1,4-dioxane/n-propanol
ternary system were obtained at 30 ◦C by using a simple titration
method.
e Science 315 (2008) 187–194

Fig. 2. Schematic representations of sample apparatus for FTIR-microscope experi-
ment.

2.4. SEM observation

The morphology of the surface and the cross-section of the
membrane were observed with the scanning electron microscope
(SEM, Hitachi, Model: S-3000N). The samples were immersed in
liquid nitrogen to fracture and then were sputtered with Au.

2.5. Light transmission

Light transmission experiment was performed to measure the
time of the onset of liquid–liquid demixing in the casting solu-
tion. To carry out the light transmission experiment, a lamp was
placed above the coagulation bath as light source and a light detec-
tor beneath the coagulation bath was used to measure the light
transmittance.

2.6. FTIR-microscope observation

A FTIR-microscope (PerkinElmer LE186-0078) equipped with a
liquid cell was used for detecting the weight fraction of composition
at different spots during membrane formation. PMMA/1,4-dioxane
polymer solution was contained in the liquid cell composed of
two CaF2 plates and a Teflon spacer with 15 �m thickness. The
liquid cell holder (Fig. 2) was placed horizontally on the sam-
ple stage of the FTIR-microscope and then the gap supported by
spacer between the plates enabled the injection of the non-solvent
by a syringe. By adjusting the positions of the sample stage, the
interface between the air and solution was judged by the optical
image and the infrared spectra at desired spots in the solutions

were obtained. An aperture with 20 �m in width and 300 �m in
length was used to confine the IR transmission area for collect-
ing the localized spectra. The wave number of 3340–3500, 1732,
and 1123–1127 cm−1 were used to characterize the concentration
of n-propanol, PMMA, and 1,4-dioxane, respectively. Among the
concerned ternary species, the calibration curves of PMMA/1,4-
dioxane were established firstly. The ratio of binary characteristic
peak heights were determined and converted to that of binary mass
fraction and accordingly the relative amount of PMMA/1,4-dioxane
and n-propanol/1,4-dioxane would be acquired. In this study, the
sum of total weight fraction for the binary or ternary components
was one and the local average compositions were calculated at
different positions and time.

3. Results and discussion

3.1. Evolution of the morphology of PMMA membrane in
n-propanol

Polymer casting film tended to become less transparent or non-
transparent during the formation of polymeric membrane resulted
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the PMMA membrane before it was solidified, liquid nitrogen was
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Fig. 3. The light transmission of PMMA casting film which was immersed in n-
propanol bath.

from the phase separation as immersed the casting film into coag-
ulation bath. The light transmittance of casting film began to
decrease onset of phase separation of polymer solution, and the
light transmission data could provide information with respect to
phase separation and gel formation. Fig. 3 shows the light transmit-
tance of PMMA/1,4-dioxane casting film which was immersed into
the n-propanol bath. It can be found that the PMMA/1,4-dioxane/n-

Fig. 4. The cross-sectional morphology of PMMA membranes which were immersed in n
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propanol system represented the classic delay demixing system as
shown in Fig. 3.

During the phase separation process, the nascent morphology
of membrane could be evolved to different type before it was solid-
ified. Herein, in order to observe the evolution of the morphology of
utilized to fix the structure forming in coagulant rapidly and then
the solvent and non-solvent were removed in vacuum, so called
freeze-dried method. According to the light transmission curve as
shown in Fig. 3, the PMMA cast film was immersed into n-propanol
bath for various periods (ex. 2 s, 1, 2 and 30 min) to prepare the
membranes. The cross-section and surface images of the PMMA
membranes were shown in Figs. 4 and 5, respectively. The data in
Figs. 4 and 5 depict that a bicontinuous top-surface structure can be
formed as contacted the PMMA casting film with n-propanol only
2 s. However, at this moment, the light transmittance was still kept
almost 100% as can be seen in Fig. 3. As increasing the immersion
time to 1 or 1.5 min, the porous structure region of the cross-section
was broad and remarkable as shown in Fig. 4(B) and (C). Never-
theless, the uniform porous structures were translated to nodules
structure near the top-surface of membrane and the cellular struc-
tures have formed below as increasing the immersion time to 2 min
(Fig. 4(D)). Moreover, the size of nodules and cellular structure was
increased as prolonged the immersion time to 30 min.

The evolution of the morphology also can be confirmed with
surface structures as shown in Fig. 5. From the magnification of

-propanol bath for (A) 2 s, (B) 1 min, (C) 1.5 min, (D) 2 min and (E) 30 min (3k×).
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Fig. 5. The surface morphology of PMMA membranes which were immersed in n-propan
(magnification: (B), (E), (H), (K), (N) 1k×; the other: 10k×).

surface images, it can be found that the bicontinuous structure
has been formed as contacted PMMA/1,4-dioxane casting film with
n-propanol only 2 s (Fig. 5(C)), even though some of indistinct
bicontinuous structures were existed as shown in Fig. 5(A). As kept
on immersing the casting film in n-propanol bath for 1 min, the
surface morphology has been evolved slightly, but it was not obvi-
ous (Fig. 5(D)–(F)). When the immersion time was prolonged more
than 1.5 min, the bicontinuous structure has been translated to
different type of morphology as can been seen in Fig. 5(G)–(O).
In some region, the bicontinuous structure has been evolved to
nodule type structure as shown in Fig. 5(I). However, the bicon-
tinuous structure also could be maintained visibly in other region.
Furthermore, when the immersion time kept increasing, the bicon-
tinuous structure was disappeared and translated to nodules or
matrix/disperse domain morphology. The size of the nodules on
the top-layer of membrane was increased as increasing the immer-
sion time as shown in Fig. 5(L) and (O). Moreover, the smaller close
ol bath for (A)–(C) 2 s, (D)–(F) 1 min, (G)–(I) 1.5 min, (J)–(L) 2 min, (M)–(O) 30 min

pores in the matrix/disperse domain morphology of the sub-layer
tended to form bigger close pores. Combined with the surface and
cross-section images, it was believed that the bicontinuous struc-
ture can be formed in the early state of contacting with n-propanol.
However, this bicontinuous structure would be evolved further as
increasing the immersion time in n-propanol bath. That is, in the
late stage, the porous lacy-like structure would be broken up to
nodules structure, or led to a matrix/disperse domain morphology
by coalescence effect. Moreover, the evolutions of the morpholo-
gies of the PMMA membranes by using other alcohols (methanol,
ethanol, and n-butanol) as the coagulant have also the same result.

3.2. The composition of polymer solution analysis during
membrane formation

Eckelt et al. [26] have investigated the formation mechanism of
micro- and nano-spheric particles in cellulose acetate membrane
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Fig. 6. The FTIR-microscopy observation of PMMA/1,4-dioxane solution. (A) N

by using n-propanol as the coagulant. It was found that the poly-
mer beads on the surface of the membrane were resulted from the
polymer poor-phase transporting from the bulk phase during phase
separation process. However, in this study, it can be found that the
nodule particle was evolved from the bicontinuous structure as can
be seen from the SEM observation of the surface and cross-section
morphology of membrane (Figs. 4 and 5). Obviously, the above

statement about the formation mechanism of nodules might be
not corresponded to the experimental results of the PMMA system.

In order to interpret the mechanism of the nodule particle,
FTIR-microscope was used to analyze the composition change at
different depth beneath the surface of the PMMA polymer solu-
tion as contacted with n-propanol for various time. Fig. 6(A) shows
the FTIR-microscopy image of PMMA polymer solution which was
formed by dropping the PMMA polymer solution into the liquid cell.
As can be seen in Fig. 6(A), a clear interface between polymer solu-
tion and air phase was formed because of the different refractive
index between air phase and polymer solution. When n-propanol
was injected into the liquid cell and contacted with polymer solu-
tion, the interface between polymer solution and air phase was
disappeared as shown in Fig. 6(B) and the dot line was marked the
original position of the interface between polymer solution and
air phase. It meant that the difference of refractive index between
polymer solution and air could be decreased by contacting with
n-propanol.

Fig. 7 depicts the time dependence individual composition
of PMMA/1,4-dioxane/n-propanol ternary system at 40 �m depth
beneath the surface of PMMA/1,4-dioxane polymer solution. It can

Fig. 7. The weight fraction of individual composition of PMMA/1,4-dioxane/n-
propanol at 40 �m depth beneath the surface of PMMA/1,4-dioxane polymer
solution which were analyzed by FTIR-microscopy. (�) PMMA, ( ) 1,4-dioxane
and ( ) n-propanol.
e Science 315 (2008) 187–194 191

tacted with n-propanol and (B) contacted with n-propanol for 2 min (150×).

be found that after contacted the PMMA/1,4 dioxane polymer solu-
tion with n-propanol, the weight fraction of PMMA polymer was
lower than n-propanol one. In the beginning, the weight frac-
tion of PMMA, 1,4-dioxane, and n-propanol were 0.2, 0.8 and 0,
respectively. After contacted PMMA/1,4-dioxane polymer solution
with n-propanol for 10 s, the weight fraction of PMMA decreased
rapidly from 0.2 to 0.02 while n-propanol increased rapidly from

0 to over 0.6 at the same period. The composition change also
can be used to explain why the difference of refractive index
between polymer solution and air phase was decreased. When the
depth beneath the surface of PMMA/1,4-dioxane polymer solution
increased, the composition change was moderate. Figs. 8 and 9
reveal the data measured at 200 and 800 �m depth beneath the sur-
face of PMMA/1,4-dioxane polymer solution, respectively. For the
case of 200 �m depth beneath the surface of PMMA/1,4-dioxane
polymer solution (Fig. 8), when the PMMA/1,4-dioxane polymer
solution was contacted with n-propanol, the weight fraction of
PMMA polymer was not so rapidly decreased as 40 �m one, it was
close to the initial composition (∼0.2) in 1 min. As the contact time
was increased longer than 1 min, the weight fractions of PMMA and
1,4-dioxane decreased while n-propanol increased. For the 800 �m
depth beneath the surface of PMMA/1,4-dioxane polymer solution
case (Fig. 9), the weight fraction of PMMA polymer was almost kept
constant during the measurement process.

From the above results, it can be proved that the polymer
concentration near the top layer of casting film could be rapidly
reduced by using n-propanol as the coagulant. The composition
change of ternary PMMA/1,4-dioxane/n-propanol system at early

Fig. 8. The weight fraction of individual composition of PMMA/1,4-dioxane/n-
propanol at 200 �m depth beneath the surface of PMMA/1,4-dioxane polymer
solution which were analyzed by FTIR-microscopy. (�) PMMA, ( ) 1,4-dioxane
and ( ) n-propanol.
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Fig. 9. The weight fraction of individual composition of PMMA/1,4-dioxane/n-
propanol at 800 �m depth beneath the surface of PMMA/1,4-dioxane polymer
solution which were analyzed by FTIR-microscopy. (�) PMMA, ( ) 1,4-dioxane
and ( ) n-propanol.
stage was valuable information to understand the membrane for-
mation mechanism. Fig. 10 shows the change of the individual
composition at different depth beneath the surface of PMMA/1,4-
dioxane polymer solution after contacted the PMMA/1,4-dioxane
polymer solution with n-propanol for 30 s. The data in Fig. 10 dis-
tinctly depict that at the 40 �m position (near interface), the PMMA
polymer weight fraction was very low while n-propanol one was
very high. When the depth increased to 200 or 800 �m, the poly-
mer weight fraction was almost the same as the original fraction
while the n-propanol weight fraction was lower.

Following, the composition data at different depth with time
analyzed from FTIR-microscopy were marked on the phase diagram
as shown in Fig. 11. From the cloud-point curve of Fig. 11 (the (�)
point), it can be found that for the PMMA/1,4-dioxane/n-propanol
system, the polymer solution was needed to add over 50 wt.% of n-
propanol to induce phase separation, it meant that the n-propanol
was one of the weak non-solvent for the PMMA/1,4-dioxane system.
At the 200 �m depth beneath the surface of PMMA/1,4-dioxane
polymer solution, the composition path went toward lower poly-
mer concentration and entered into phase separation region after

Fig. 10. The weight fraction of individual composition of PMMA/1,4-dioxane/n-
propanol at different depth beneath the surface of PMMA/1,4-dioxane polymer
solution after contacting with n-propanol for 30 s. (�) PMMA, ( ) 1,4-dioaxane
and ( ) n-propanol.
Fig. 11. The time dependence composition paths of PMMA casting film at different
position after contacting with n-propanol. Depth beneath the surface (©) 40 �m, (�)
200 �m and (�) the cloud-point curve of PMMA/1,4-dioxane/n-propanol at 30 ◦C.

contacting with n-propanol for 20 min (the (�) point in Fig. 11).
However, at the 40 �m depth beneath the surface of PMMA/1,4-
dioxane polymer solution, the composition path rapidly went
toward much lower polymer concentration (the (©) point in Fig. 11)
and entered into phase separation region after contacting with n-
propanol for few second. The phase separation path differed at
different position of the casting film, provided useful interpretation
for the phase separation mechanism by spinodal decomposition
or nucleation and growth at different positions would be not the
same.

Thus, according to the FTIR-microscopy and SEM results, it can
be proved that the bicontinuous structure made of contacting with
n-propanol was due to the rapidly decreased of polymer concen-
tration in the surface of casting film. In other word, as the polymer
concentration was properly low, the phase separation could be
occurred at the region close to the critical point and entered into
the unstable region (spinodal decomposition), resulting in the for-
mation of bicontinuous structure. Besides, it was also found that as
the contacted time of n-propanol increased over than 1.5 min, the
bicontinuous structure would be translated to nodule particle and
matrix/disperse domain morphology. The possible mechanism was
discussed as bellow.

3.3. Evolution of bicontinuous structure at latter stage
It was widely accepted that phase separation occurs at the region
inside spinodal curve can cause the formation of bicontinuous
membrane structure [2,27,28]. The subject of spinodal decompo-
sition is very complex. This phenomenon has attracted the interest
of physicist and polymer engineers. Much of the researches has
been done with inorganic glasses, metal alloys or polymers [29–31].
Cahn [29] has developed a description of the kinetics of the early
period spinodal decomposition by using a phenomenological dif-
fusion model. The droplet coalescence phenomenon was treated
theoretically by Siggia [30] for the intermediate-period spinodal
decomposition. Tsai and Torkelson [27,32] have studied the phase
separation mechanism and coarsening of PMMA membranes by
using thermal induced phase separation (TIPS) method. During the
very early stage of phase separation by spinodal decomposition, a
membrane with lacy structure was formed. The effect of ripening
or coalescence has been demonstrated to a significant in determin-
ing the final membrane morphology for phase separation by both
spinodal decomposition and nucleation and growth [32]. It was
widely accepted that the bicontinuous structure formed by spin-
odal decomposition could be changed to various morphologies by
coarsening effect.
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ies of different polysulfones-based membranes made by wet phase inversion
Fig. 12. A typical phase diagram of fluid mixtures: polymer solutions as an example.
Depending upon the composition symmetry, various types of phase separation are
observed [28].

Tanaka [28] has summarized the view of phase separation, tak-
ing polymer solutions as shown in Fig. 12. The phase separation
kinetics has been classified into three types without any exception:
bicontinuous and droplet spinodal decomposition in the unsta-
ble region and nucleation and growth type phase separation in
the metastable region. He has considered bicontinuous phase sep-
aration of a symmetric compositions (˚A ∼ 1/2; ˚A: the volume
fraction of the A rich phase) and droplet phase separation of an off-
symmetric compositions (˚A �= ∼1/2) separately. Thus, the spinodal
region could be divided into bicontinuous pattern (the B2 region
in Fig. 12) and droplet pattern (the B1 and B3 regions in Fig. 12,
which were representation of solvent rich droplet (B1) and polymer
rich droplet (B3)). Tanaka has also revealed that the most impor-

tant concept of the pattern-evolution processes for bicontinuous
and droplet spinodal decomposition is the self-similar growth of
domains, which ensures the existence of only one length scale.

As described above, the bicontinuous structure occurred by
spinodal decomposition could be maintained or further translated
into different morphologies. When the phase separation path was
entered into B2 region, the bicontinuous structure could be main-
tained. However, when the phase separation path was entered into
B1 or B3 region, the bicontinuous structure would be further trans-
lated into different morphologies. If the polymer concentration was
lower than the composition of critical point, the original bicontinu-
ous structure would be broken to nodule particle due to capillarity
effect. However, as the polymer concentration was higher than the
composition of critical point, the original bicontinuous structure
led to matrix/disperses domain morphology by coalescence effect.

In this study, it can be found that the bicontinuous structure
was obtained near the top surface of PMMA membrane when the
PMMA/1,4-dioxane casting film was contacted with n-propanol
only 2 s. As a result of bicontinuous structures, we suppose that
the composition path at the top of PMMA casting film might be
entered into the unstable region to cause spinodal decomposition.

[

[

[

[

[

[
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However, the morphology of PMMA membrane would be further
evolved before solidification, at the top would be broken up to form
nodule particle due to the capillarity effect, and at the sub-layer led
to a matrix/disperse domain morphology by coalescence effect.

4. Conclusion

The formation and evolution of bicontinuous structure of
PMMA membrane were investigated in this study by freeze-drying
the PMMA/1,4 dioxane casting films which were immersed into
the alcohol baths for specific durations. The analysis of FTIR-
microscopy and SEM show that the PMMA polymer concentration
in the top layer of nascent membrane decreased when the casting
film was immersed into n-propanol bath. The weak non-solvent
(n-propanol) was beneficial to lower the polymer concentration
at the interface of casting film and non-solvent. The bicontinuous
structure could be formed in the n-propanol bath resulted from the
composition of dilute PMMA polymer solution in the top layer was
entered into the unstable region. It was also found that as increasing
the immersed time in n-propanol bath, the bicontinuous structure
would be broken up to nodules structure due to capillarity effect or
led to a matrix/disperse domain morphology by coalescence effect.
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