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Abstract : Thermodynamic and kinetic aspects of phase inversion process were investigated
to elucidate the mechanism of asymmetric membrane formation. A solubility parameter
map of polysulfone was obtained. A solvent (NMP), a solvent additive (FA : formic acid)
and a non-solvent(ethanol) were chosen on the basis of the solubility parameter map.
A series of cloud points measurement resulted in a phase diagram illustrating that the
polymer solution is thermodynamically unstable with increasing amount of FA in the solvent
mixture, An asymmetric mermbrane prepared was characterized in terms of the skin structure
and the cross-sectional morphology as well as the oxygen permeability. The diffusion coefficients
of non-solvent into polymer solutions from the precipitation kinetics were also obtained.
The sponge-like membrane was prepared with the system of the rapid exchange rate of
non-solvent and solvent. This observation is contradictory to common observations. The
macrovoids formation was also investigated by an optical microscope and seemed to be
attributable to the non-solvent intrusion through the surface microcracks at the surface,

which, in turn, related to the viscosity and surface tension of polymer solution,
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INTRODUCTION

The maiorty of synthetic asymmetric membrasnes
are produced by the phase inversion process. This
process involves the inversion of liquid homogeneous
polymer solution into a two-phase system with
a solid, polymer-rich phase forming the rigid
membrane structure and a liquid, polymer-lean
phase forming membrane pores. The phase inversion
process dictates the morphology of final membrane,
which, in turn, governs the characteristic transpor£
properties of the membrane such as flux and'selectivity
or rejection in gas separation, reverse osmosis
and ultrafiltration process, The skin (the uppermost,
surface) structure and cross-sectional morphology
of the asymmetric membranes strongly depend
upon the thermodynamics and kinetics for the
phase inversion process.1~5

A phase diagram and a solubility parameter map
normally give us some information on thermodynamic
properties of the polymer solution.® ™11 Although
the thermodynamic description predicts the overall
porosity of final membranes, it does not give
us any information on pore size and its distribution
of the mernbrannes,1 Therefore, the pore size and
its distribution of membrane cross-section should
be affected by the kinetic effect, particularly,
the exchange rate of solvent and non-solvent
at the interphase of polymer solution and gelation
medium, According to Strathmann, when the
exchange rate is slow, the skin pores are large
and the membrane cross-section is more-like sponge
t.ype.1 On the other hand, when the exchange
rate is fast, the skin is less porous and the cross-
section is finger-like,l This behavior is generally
accepted to be comman in phase inversion membranes,
Recently, some mathematical models have been
developed to describe the mass transport behavior
during the phase inversion procesui&.lz’13 However,
the mechanism of asymmetric membrane formation
via phase inversion process has not been understood
well yet. The better understanding of the mechanism
certainly helps to tailor and produce the membrane
morphology needed.

In this study, in order to understand the mechanism
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of asymmetric membrane formation process, we
examined the effect of the thermodynamic and
kinetic properties of polymer solution system,
particularly the effect of the thermodynamic stability
and the solvent exchange rate on the membrane
morphology. The morphology of the membrane
was characterized by SEM photographs and oxygen
permeability, The macrovoid formation mechanism
in the membrane was also investigated through
an optical microscope and was interpreted in terms
of the viscosity and surface tension of the polymer
solution,

EXPERIMENTAL

Materials : Polysulfone (PSf) is Udel-1700 of
Union Cabide, amorphous and has M.W.=30,000.

F0<0)-c<0)-0<0)-$<Or;
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CHj; 0

NMP (1-Methyl-2-pyrrolidinone), formic acid

(FA), ethanol and PSf were used without further

purification,

Solubility and Phase Diagram of PSf:PSf(1g)
was added into various kinds of solvents(9g)
and kept at 25 'C for 24 hours. Dissolving behavior
was ohserved visually to classify a good solvent,
a swelling agent and a non-solvent, In order to
obtain a phase diagram, a PSf solution was placed
in a test tube at 25 C. The non-solvent (ethanol)
is slowly added to this solution until the clear
polymer solution becomes turbid visually, The
point where the solution becomes turbid is referred
to as the cloud point. The solution composition
at the cloud point was computed from the amount
of polymer, solvent and non-solvent present in
the test tube. A phase diagram was obtained
from a series of the cloud points observed.

Membrane Preparation and Characterization : PSf
solution was prepared and cast on a glass plate
at ambient temperature, The compositions of the
polymer solutions are listed in Table 1. The thickness

of cast solution was controlled with a Doctors
kinfe, The polymer solution cast on a glass plate
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Table 1. Sample Compositions of Polymer Solutions,

Code Psf(g) NMP*(g) FA<(g)
N 20 80 0
F4 20 76 4
F8 20 72 8
F12 20 68 12

8 polysulfone,
® N-methyl pyrrolidinone,
¢ formic acid

was, then, immersed immediately into the gelation
medium of ethanol at 25 C and kept there for
24 hours. The membrane was then removed and
dried at room temperature, The skin and cross-
sectional morphology were characterized by SEM
(scanning eletron microscope) with a Hitachi
scanning electron microscope(Model S-510, Tokyo,
Japan). For measuring the permeation properties,
a membrane of 1.7cm in diameter was placed
in a conventional gas permeation cell, the upstream
pressure was kept at 5 atm during the experiment
and the downstream side was open to atmosphere,
The oxygen flux at steady state was measured
with a soap bubble flow meter.

Precipitation Kinetics : A drop of casting solution

was placed between two optical slide glasses and
a drop of ethanol was introduced near the edge
of the ploymer solution. Then, as ethanol diffuses
into between two slide glasses the precipitation
starts to occur and the precipitation front moves
inward the center of polymer soluton. These
phenomena were observed under an optical microscope
(x 80) and photographs were taken with time,
The traveling distance of the precipitation front
were measured from the optical photographs.
Viscosity and Surface Tension of Polymer Solution
: The viscosity of polymer solution(20% by weigt)
was measured by Haake torsional viscometer
(Haake RV2, Karlsruhe, FRG) with different
shear rate at 25 C. The zero shear viscosity was
calculated from the data of viscosity and shear
rate by extrapolating to zero-shear rate.
The surface tension was measured by the Wilhelmy
plate meathod using the Electrobalance RTL
of Wet-Tek (Biomaterials International Co, ,
Utah, U. S, A, )
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RESULTS AND DISCUSSION

Solution Characteristics

Fig. 1 is the solubilty parameter map of PSf.
A solvent is classified into a good solvent, swelling
agent or non-solvent based on the solubilizing
power for polymer, which was plotted in terms
of the Hansen solubility parameters. The region
enclosed by the circle in Fig, 1 represents good
solvent, Swelling agent and non-solvent are on
the border and outside of the circle, respectively.
On the basis of the solubility paramter map the
solvent (NMP) and non-solvent (ethanol) were
chosen, and FA is employed as a solvent additive
and mixed with NMP for a mixed solvent to
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Fig. 1. Solubility parameter map of polysulfone.
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Fig. 2. Ternary phase diagram of polysulfone solution
(a) N, (b) F4, (c) F8, (d) F12: P : polymer,
S ; solvent and NS : non-solvent,
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control the solubilizing power of NMP,
A semes of the cloud points measurement results

in the ternary phase diagram as shown in Fig,
2. The solid lines in Fig. 2 represent the liquid-
liquid phase boundary (called the binodal), where
the homogeneous liquid solution starts to demix
into two liquid phases, Every composition outside
the binodal is miscible, while one inside the binodal
demixes into polymer-rich phase and the polymer-
poor phase, Fig. 2 illustrates that the binodal
curve shifts to left as the amount of FA, a non-
solvent, in the mixed solvent increases. This indicates
that the polymer solution becomes thermodyna-
mically unstable and readily separates into two
phases when the fraction of FA in the mixed
solvent is large, Thus, the sample F12, for instance,
is thought to be partially desolvated and ther-

(c)

Fig. 3. SEM micrographs of membrane skins (x 8000)
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modynamically unstable, In other words, the system
is very intolerable to the non-solvent., In this
situation, the small concentration fluctuation, e,
g., the introduction of the small amount of non-
solvent into the polymer solution, causes to generate
stable nuclei and phase separation starts. On the
other hand, when PSf is dissolved in a good solvent,
for instance the sample N, the system is ther-
modynamically stable and the polymer chains
interact strongly with solvent molecules. Thus,
the introduction of non-solvent can not readily
cause the system to start demixing, and the binodal
curve, consequently, shifts to right of the phase
of the diagrm as shown in Fig, 2,
Membrane morphology

As shown in Fig. 3 (a), the large pores (approxmately
0.2-0.3 g in diameter) on the skin were observed

(b)

(a)

. (a) N, (b) F4, (c) F8 and (d) F12.
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for the membrane N, The size of pores on the
skin decreases as the amount of FA in the mixed
solvent increases, For the case of F12, where the
highest amount of FA is contained, the skin is
very smooth, clean and pore-free under this
magnifcation (Fig. 3(d)). Right after immersion
of polymer solution into a gelation medium, solvent
of the polymer solution diffuses out and the relatively
small amount of non-solvent diffuses into the
polymer solution, At this moment, if the polymer
solution is thermodynamically stable, there is
enough time to occur the nucleation and growth,
which yields rather porous skin structureu. While,
if solution is thermodynamically unstable, the
very little concentration fluctuation causes the
polymer solution to be separated into two phases,
In this case, thus, there is not enough time to
take place the nucleation and growth, but the

instantaneous spinodal decomposition seems to
take place, resulting in apparently smooth, pore-
free surface under the limited magnification, In

“Table 2. Properties of Polymer Solution and
Membrane,?

Code DX1(° #“ Y Px10°®
(cm?/ sec) (mPa sec).(dyne/sec) (Barrer)®
N 1.66 1287.4 47.80 1.02
F4 1.85 1567.5 50.62 1.10
F3 2.87 2367.5 54.00 311
F12 3.62 3198.5 60.18 6.80

D ; diffusion coefficient of ethanol,

1  zero-shear viscosity of polymer solution,
¥ ; surface tension of polymer solution,

P : oxygen permeation coefficient.

b : Barrer=cm?®/ cm sec cmHgx10—-10

(c)
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(d)
Fig. 4. SEM micrographs of membrane cross-sections (x 1000). (a) N, (b) F4, (c) F8 and (d) F12.
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other words, the orignally highly entangled polymer
chains at interphase are forzen at the moment
when the non-solvent starts to diffuse into the
polymer solution. Although the surface micrograph
of the sample F12 does not show any pores as
is in Fig. 3 (d), the sample F12 has the highest
oxygen permeability as shown in Table 2, seemingly
attributable to a tremendous number of the forzen

()

(c)

intersegmental corridors for gas diffusion,

The cross-sectional morphology is also of mmportance
to govern the transport properties of membrane.,
An important feature in the cross-sectional morpholgy
is the presence of the macrovoids (few microns
in diamter).Fig, 4 is the result of SEM micrographs
taken from the cross-section of the membrane
prepared. There are many macrovoids for the

(d)

Fig. 5. Optical micrographs illustrating the nonsolvent intrusion (white bubble) through the precipitated
region (black). The elapsed times are (a) 20sec, {(b) 1min, (¢) 2 min, (d) 6mig, (e) 21 min and

(f) 26 min.
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sample N, F4 and F8, but not the F12. According
to the optical micrographs taken at different times
(Fig. 5), the non-solvent appears to intrude into

the polymer solution phase through the surface
microcraks, which seem to be generated due to
the microscopic surface roughness and mechanical

(a)

(b)

(d)

N Fi2

Fig. 6. Optical micrographs for precipitation kinetics of the samples N and F12. The elapsed times are
(a) 10sec, (b) 20sec, (c) 100 sec and (d) 300 sec.
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weakness at the moment when a polymer solution
contacts with non-solvent. Interestingly, the non-
solvent bubbles in Fig, 5 are always ahead of
the precipitation front, In order to characterize
the surface roughness and mechanical weakness
indirectly, the viscosity and surface tension of
the polymer solution were measured. When a
solution has high viscosity and surface tension,
it seems that the surface will be relatively smooth
and strong, and therefore, the possibility of crack
generation will be less and a macrovoid-free membrane
can be obtained. As you can see in Table 2, the
viscosity and surface tension increase with the
amount of FA in the mixed solvent. Consequently,
the surface of the sample F12, for instance, will
be microscopically smooth and mechanically strong,
and the number of macrovoids is reduced as shown
in Fig. 4.

In order to investigate the effect of kinetic features
on the membrane morphology, we measured the
penetration rate of ethanol with an optical microscope
in a model system, in which the polymer solution
is placed between two slide glasses followed by
the introduction of ethanol, The solution compositions
are the same as Table 1. This model system was
designed in order to lengthen the penetration
time and path. The penetration distance was calculated
with time from the optical micrographs as shown
in Fig. 6. A plot of the penetration distance
vs the square root of time was made in Fig. 7. The
diffusion coefficients (D) of ethanol were calculated
by following the equation derived by Strathman
et. al'® and listed in Table 2.

£ = 4De 1-C,
T 1+C,

where x and t are the penetration distance and
time, respectively. Ce is the concentration of ethanol
in the liquid phase at the point of precipitation,
and is obtained for each sample from the phase
diagram, The porosity (&) and the tortuosity
fator (7) are assumed to be 0.5 and 2, respectively.
From Table 2 and Fig. 4, it is concluded that,
when the diffusion corefficient is high the membrane
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Fig. 7 A plot of the penetration distance of non-
solvent (x) vs t with the different amount
of FA in the solvent mixture,

has less macrovoids and become sponge-like structure,
and when the diffusion coefficient is low the membrane
has rather finger-like structure. However, Strat-
hmann demonstrated from a polyamide-NMP
system that when the penetration rate is fast,
the resulting morphology is finger-like, and vice
versal, Thus, our result is contradictory to the
common observations of the finger-like membrane
with a system, where non-solvent penetration
is fast. Therefore, it is implausible to conclude
that the finger-like structure is obtained only
from the system of high non-solvent penetration
rate, Another words, the membrane morphology
can not be determined solely by the thermodynamic
or kinetic features, but the simultaneous effects
of both thermodynamic and kinetic features are
working in the membrane formation precess.

CONCLUSIONS

A polysulfone membrane prepared with the
large amount of FA(a non-solvent) in a mixzed
solvent of NMP/FA has a smooth, pore-free skin
structure as wee as a macrovoid -free cross-section,
The diffusion coefficient of ethanol in the polymer
solution increases with the amount of FA in the
mixed solvent, However, it has been frequently
reported that the sponge-like membrane was produced
from a system of the solw exchange rate of solvent
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and non-solvent in many literatures. Thus, this
result is contradictory to common observations
in the phase inversion membrane process, It is
concluded from our experimental results that the
skinless, macrovoids-free and highly permeable
membrane can be also prepared when a polymer
solution is thermodynamically unstable and when
the exchange rate of solvent and non-solvent
is high at the interphase between the polymer
solution and gelation medium, The optical mic-
rographs taken from the model system demonstrate
that the macrovoid formation seems to be attributable
to the intrusion of non-solvent through the mic-
rocracks generated on the interphase at the moment,
when polymer solution initially contacts with
non-solvent,
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