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ABSTRACT: Upon immersion precipitation of a polymer solution, an asymmetric trilayer mem-
brane has been frequently observed, which constitutes skin, nodular layer and microporous sublayer.
In this study, a possible phase separation path for the asymmetric trilayer membrane formation
is proposed. It is assumed that a polymer solution would consist of hypothetical three layers for
convenience’ sake. The first, second and third layers would be transformed into skin, nodular
layer and microporous sublayer, respectively. However, the nodular layer would be formed only
when the polymer concentration of the second layer is lower than the critical polymer concentration
at the nascent moment of the liquid-liquid demixing.

Introduction

Most of integrally skinned asymmetric mem-
branes have been prepared by immersion precipita-
tion process, which involves immersion of a polymer
solution into a nonsolvent gelation medium. Both
thermodynamics and kinetics,' ¢ predominantly the
latter,” of immersion precipitation process play
important roles in determining the membrane mor-
phology. However, the mechanism of asymmetric
membrane formation has been poorly understood
mainly due to the complex nature of the process.

An integrally skinned asyrametric membrane con-
sists of a relatively dense skin supported by a
microporous sublayer as shown in Figure 1a (bilay-
er). It is generally accepted that the bilayer mem-
brane would be formed by gelation and liquid-liquid
demixing?~® Recently many researchers®® " have
reported the presence of another layer, termed the
nodular layer, between the skin and the sublayer,
making a “trilayer membrane” as shown in Figure
1b. A nodule denotes a fine spherical particle con-
sisting of macromolecular aggregate."’ It has also
been found that the skin layer itself consists of
a close-packed array of nodules as shown in Figure
10.11.12

The formation mechanism of the nodule, thus
the trilayer, is far poorly understood although gela-
tion and liquid-liquid demixing are accepted as the
prevailing mechanisms for the formation of the skin

and porous sublayer (bilayer). Therefore, a phenome-
nological scheme for trilayer membrane forma-
tion is proposed here on the basis of gelation and
liquid-liquid demixing.

Background

A typical free energy composition diagram for
a liquid-liquid phase separation is presented in Fig-
ure 2. AG,, and ¢ are the Gibbs free energy of
mixing and the volume fraction of polymer, respec-
tively. Detailed thermodynamics of phase separation
in polymer solution has been described elsewhere.”
The two points lying on the common tangent to
the AG, curve in Figure 2 are the binodal points
and their corresponding compositions are ¢y and
o5, respectively. The inflection points, ¢ and @5,
are for the spinodal and o, denotes the critical con-
centration. In the range @s<¢<o5%, the polymer so-
lution is thermodynamically unstable and sponta-
neously decomposed into two phases: spinodal de-
composition. In the ranges ¢x<d<¢%, and ¢5<o<oF,
the solution is metastable and will undergo de-
mixing only if a stable nucleus is formed: nucleation
and growth. As shown in Figure 2, if the polymer
concentration, ¢, is higher than the critical concen-
tration, ¢¢, microporous structure will be formed.*"
If p<o¢, however, the polymer solution will be con-
verted into polymeric nodules dispersed in liquid
phase.>* Therefore, it is the location of the critical
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Figure 1. Schematic drawings of various membrane
morphologies. a, bilayer; b, bilayer; and c¢, trilayer.

point C that determines whether the nodular or
microporous structure will be formed.>" o de-
pends upon the molecular size of the polymer and
solvent, and is normally in the range of 5~10 vol%
in common polymer solution."

A ternary phase diagram of a polymer solution,
Figure 3, is obtained from a free energy-composi-
tion diagram. The solid line in Figure 3 is for the
binodal. The dotted line is for the spinodal, within
which the system is unstable. Thus, in a normal
phase separation process except the critical point,
the system will initially pass through the binodal
where liquid-liquid demixing by the nucleation and
growth takes place, and reach the spinodal. It has
been claimed that the spinodal decomposition
would not be very probable in polymer solutions
because the nucleation and growth has been known
to be a fast process*® Furthermore, the nodule
and pore in a membrane cross-section appear to
be spherical in shape for many cases,"**'* which
presumably result from the nucleation and growth.
However, for the styrene-acrylonitrile copolymer/
poly (methy! methacrylate) bler.d system, McMaster
" claimed that the spinodal decomposition followed
by coarsening process also produced the spherical
PMMA domains dispersed in SAN matrix. In the
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Figure 2. A diagram of the Gibbs free energy of
mixing, AG, vs. the polymer concentration, ¢.
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Figure 3. A schematic ternary diagram of polymer,
P, solvent, S and nonsolvent, NS. The solid and dotted
lines are for the binodal and spinodal curves, respec-
tively.

case of polymer-solvent system, Reuvers et al.'® re-
cently claimed that the spinodal decomposition may
be responsible for the formation of nodular struc-
ture in the skin layer of asymmetric membranes.
However, the exact mechanism of the liquid-liquid
demixing will not be discussed in this paper. Ins-
tead it will be focused on the effect of the onset
polymer concentration of the liquid-liquid demixing
on the membrane morphology. In other words, re-
gardless of the nucleation and growth or the spin-
odal decomposition, the polymeric nodules would be
formed when the polymer concentration at the mo-
ment of liquid-liquid phase separation is lower than
0> The other case would produce the micro-
porous structure®!

Figure 4 is a typical cross sectional view, taken
by SEM, of an integrally skinned asymmetric poly-
sulfone membrane prepared by immersion precipi-
tation. Dope was a mixture of polysulfone (Udel
1700), poly (ethylene glycol) (Mw=10,000) and N-
methyl pyrrolidinone (20/17/63 wt%). Coagulation

Korea Polym. J, Vol. 1, No. 1, 1993



Asymmetric Membrane Formation via Immersion Precipitation Method: II

Figure 4. SEM micrograph of: the cross section of a-
symmetric polysulfone membrane.

medium and bore coagulant were water and wa-
ter/N-methyl pyrrolidinoné (30/70 vol%), respec-
tively. The nodular layer is clearly :“own and the
asymmetric membrane consists of three layers:
skin, nodular layer and microporous sublayer.

Membrane Formation Scheme

A possible membrane fcrmation scheme upon
immersion precipitation is illustrated in Figure 5
including a shrinkage effect. For convenience, the
polymer solution is divided into the three hypothet-
ical layers: layers I, II and III, which are parallel
to the solution surface. It is also assumed that each
layer would maintain the same polymer concentra-
tion throughout the spatial position. Right after im-
mersion of the polymer solution into a nonsolvent
gelation medium the exchange of solvent for nonsol-
vent at the interface will take place. It has been
known that the membrane morphology depends
strongly on the exchange rate.”’ When the solvent
depletion rate exceeds the diffuse-in rate of nonsol-
vent, the polymer concentration in layer I will be
increased instantaneously. Thus, layer I could pass
its glass transition point and lose its fluidity result-
ing in a dense skin. Once the skin is formed, the
exchange rate is controlled by the skin layer and
the concentration profile of nonsolvent in the poly-
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Figure 5. Schematic polymer concentration profile of
the hypothetical layer I, II and III upon immersion
precipitation with time. ¢, and ¢¢ are the initial and
critical polymer concentration, respectively. 0<t,<t,<
..

mer solution is not steep but rather flat. Thus the
membrane consists of a dense skin supported by
a rather symmetric porous layer,* a bilaver struc-
ture as shown in Figure la.

In the case of the low solvent depletion rate, how-
ever, the solvent concentration in layer I is still
high and maintain its fluidity when the liquid-liquid
demixing starts to take place. Therefore, the de-
mixing in layer [ may not take place instantaneously
but may take a little time. However, this time
would not be enough for the demixing to take place
sufficiently. Nonetheless, the polymer concentration
of layer I would be increased rapidly due to both
the solvent depletion and the polymer migration
from the closest layer, layer II. Thus, layer I passes
through the glass transition point resulting in gela-
tion. The migration of the polymer molecules
would be possible because of the polymer concen-
tration gradient developed by the demixing process.
Consequently, the fluidity of layer I would become
zero and the thin and dense gel layer, called the
skin, will be formed. Thus, in this case, layer I
would not give rise to a porous structure but a
dense skin containing extremely small pores, which
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was characterized by a higher gas permeability.’

Upon formation of the skin, the polymer concen-
tration of layer II would be lowered by diffusion
of the polymer molecules to layer I as well as mi-
gration of the solvent from layer 1. Since these would
happen for a very short pericd, the polymer con-
centration in layer III would not be affected, yet main-
tained at the initial polymer concentration ¢;. The
diffusion of the polymer molecules from layer II
to layer 1 was described previously. When the skin
is forming at layer I, exudation of the solvent in
layer I would occur and the solvent could migrate
into layer Il as well as the gelation medium. The
former would be expected tc be more favorable
because of hydrostatic force developed by con-
tacting of the nonsolvent gelation medium with the
polymer solution. Consequently, the polymer con-
centration becomes lower and at some point it will
be lower than the critical polymer concentration
¢¢, as shown in Figure 5b. However, in the case
when the polymer concentration of layer II is not
lower than ¢¢, a bilayer membrane would be
formed.

Once the skin is formed it will act as a barrier
to retard the exchange rate of solvent for nonsol-
vent. Thus, the polymer concentration in layer II
which is lower than ¢¢ would change relatively slow-
ly, and the liquid-liquid demixing into polymer-
rich and polymer-poor phases would take place. In
this situation, because the polymer concentration
is lower than ¢, layer Il would be transformed
into a nodular structure. The size of the nodules
formed would be increased vie the liquid-liquid de-
mixing followed by coarsening. At the same time,
the polymer molecules will diffuse from layer III
to layer Il owing to the concentration gradient
developed (Figure 5c¢). Therefore the overall polymer
concentration in layer II will be increased contin-
uously. However, in layer III, the polymer concen-
tration will be still higher than oc, although it is
lower than ¢, Subsequently, the polymer solution
will also undergo the liquid-liquid demixing result-
ing in a dispersed solvated phase in a glassy poly-
mer matrix. After a while, the liquid-liquid de-
mixing in layer II stops proceeding either because
the nodules could impinge on =ach other or because
the phase would lose its fluidity owing to the pre-
cipitation of polymer. Thus, layer Il will become a
nodulag layer and the nodule is normally 500~
2,000 A in size®“" Layer IIl is, then, solidified
due to the increased amount of nonsolvent and be-
come a microporous sublayer.
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Figure 6. Schematic composition path upon immer-
sion precipitation for the trilayer membrane formation.

From the proposed membrane formation scheme,
a possible composition change for a trilayer mem-
brane formation is schematically illustrated in Figure
6. Layer I may pass directly through the gel bound-
ary to become the skin. Layer III will meet the
liquid-liquid demixing curve, whose composition is
higher than ¢c, resulting in the porous sublayer,
which is in accordance with the mechanism pro-
posed by Wijmans et al..® The polymer concentration
of layer II would be, however, initially decreased
to below o¢ due to the polymer diffusion to layer
[, and then increased due to the polymer diffusion
from layer III yielding the nodular layer.

Conclusion

A phenomenological scheme of asymmetric tri-
layer membrane formation was proposed by assuming
a polymer solution constituting hypothetical three
layers (I, II and III). According to the proposed
scheme, the skin and the sublayer will be formed
from layer I and III, respectively. Layer II would
be transformed into either the nodular layer or the
microporous sublayer depending upon whether the
polymer concentration is lower or higher than o¢¢
at the moment when the liquid-liquid demixing sta-
rts. From these considerations, a possible liquid-
liquid demixing path upon immersion precipitation

is also suggested.

Polymer solution

Layer 1 skin

0<0c , nodular layer
Layer 1I

W porous sublayer
Layer Il porous sublayer
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