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SYNOPSIS

Essentially defect-free, ultrathin asymmetric polycarbonate, polyestercarbonate, and 6FDA-
IPDA polyimide membranes were prepared by a dry/wet phase inversion process using
forced-convective evaporation. The pure gas permeation properties of these membranes
were determined for Ny, O,, He, CO,, and CH,. The average apparent skin-layer thicknesses
of the membrane samples varied between 330 and 580 A, which is substantially thinner
than for previous defect-free membranes formed by the conventional wet phase inversion
process. This study indicates that the dry/wet phase inversion process appears to be uni-
versally applicable to form ultrathin, defect-free asymmetric membranes from hydrophobic,

glassy polymers. © 1992 John Wiley & Sons, Inc.

INTRODUCTION

It is highly desirable to form ultrathin and defect-
free asymmetric membranes by a single-step process.
Furthermore, the membrane formation process
should be applicable to a variety of different mem-
brane-forming polymers and casting conditions.
Until now such a universal method has not been
reported in the literature. Current casting protocols
used for the preparation of asymmetric membranes
are generally modifications of the original procedure
to form integrally skinned cellulose acetate reverse
osmosis membranes, developed more than 30 years
ago by Loeb and Sourirajan.!”” However, it was found
extremely difficult to successfully apply the same
preparation principles to polymers other than cel-
lulose acetate. As a result, most ultrathin asym-
metric membranes made by modified Loeb and Sou-
rirajan methods contain skin-layer defects.’”
Several methods have been proposed to render
defective asymmetric membranes suitable for gas
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separation. The most successfully applied post-
treatment method was developed by Henis and T'ri-
podi in the late 1970s.% They discovered that skin-
layer pores can effectively be sealed with a thin
coating of a highly permeable polymer such as sili-
cone rubber, which results in the elimination of any
pore-flow contributions to gas transport.®® The gas-
separation properties of the resulting multicompo-
nent asymmetric membranes depend on (i) the skin-
layer thickness, (ii) the skin-layer porosity, and (iii)
the ratio of the gas-transport resistances of the skin
layer and the coating layer.® The method can be ap-
plied to a variety of asymmetric membranes made
from different membrane materials.®**> However,
any posttreatment adds complexity and costs to a
membrane production process.

It was recently demonstrated that essentially de-
fect-free asymmetric polysulfone membranes with
skin-layer thicknesses as thin as 200 A could be
formed by a dry/ wet phase inversion process.!® Fur-
thermore, it was shown that the casting formulations
and the quench medium could be varied without
changing the membrane properties dramatically.'

The goal of this paper is to demonstrate that the
dry/wet phase inversion process seems to be uni-
versally applicable to hydrophobic, glassy polymers.
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Figure 1 Repeat unit of bisphenol-A polycarbonate.

For this purpose, a crystallizable polymer, i.e., poly-
carbonate, a copolymer, i.e., polyestercarbonate, and
a rigid, highly temperature-resistant polyimide, i.e.,
poly (hexafluoroisopropylidenedianhydride-isopro-
pylidenedianiline) were selected as the membrane
forming materials.

METHODS AND EXPERIMENTS

Materials and Preparation of Dry/Wet Phase
Inversion Membranes

Bisphenol-A polycarbonate with a weight-average
molecular weight of 32000-36000 g/mol was pur-
chased from Polysciences, Inc., Warrington, PA.
The structural unit is shown in Figure 1. Polycar-
bonate is an amorphous material when formed by
melt processing; however, it tends to crystallize in
some liquid or vapor environments.*>¢
Commercially available polyestercarbonate, Apec
9308, was kindly supplied by Bayer Mobay, Pitts-
burgh, PA. The polyestercarbonate is an amorphous
copolymer of bisphenol-A polycarbonate and bis-
phenol-A iso/terephthalic acid ester, as shown in
Figure 2. Apec 9308 contains 50 wt % ester per repeat
unit.’” The glass transition temperature of Apec 9308
is 170°C, as determined by differential scanning
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calorimetry (DSC) at a heating rate of 20°C per
minute.'®

The polyimide, poly ( hexafluoroisopropylidenedi-
anhydride-isopropylidinedianiline) [6FDA-IPDA],
was purchased from Boron Biologicals, Durham,
NC. The polymer was synthesized according to the
procedure of Husk et al.® and shows a weight-av-
erage molecular weight of ~ 100,000 g/mol and a
glass transition temperature of 310°C.*® The struc-
tural unit of the 6FDA-IPDA polyimide is shown
in Figure 3.

The gas-transport properties of polycarbonate,”
polyestercarbonate,”” and 6FDA-IPDA polyimide
films? have been studied in great detail. However,
only for the polycarbonate material have actual
asymmetric gas-permeation resuits been reported in
the literature.”!

Integrally skinned asymmetric membranes were
prepared by the dry/wet phase inversion process
using forced-convective evaporation.”? The casting
solutions are listed in Table 1. All casting formula-
tions were close to the thermodynamic instability
limit corresponding to the so-called binodal curve
defined by the locus of compositions at which phase
separation becomes theoretically possible. The
casting formulations used for the preparation of
polyestercarbonate and polyimide membranes re-
mained stable for at least 6 months. On the other
hand, the polycarbonate solution transferred into a
waxlike gel a few hours after the mixing process,
similar to solutions used for the preparation of
asymmetric poly ether sulfone membranes.”® The
membranes were cast at 24°C on glass plates with
a knife gap of 250 um. Immediately after casting the
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Figure 2 Repeat unit of polyestercarbonate.
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Figure 3 Repeat unit of 6FDA-IPDA polyimide.
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Table I Casting Solutions (Wt %) for the Preparation of Membranes Made by

Dry/Wet Phase Inversion

Polymer Solvent Cosolvent Nonsolvent Nonsolvent
12.2 PC 51.0 MTC 22.4 112TCE — 14.4 2M2B
14.0 PEC 53.0 MC 20.0 112TCE — 13.0 2M2B
11.9 PI 17.9 MC 23.8 112TCE 23.8 111TCE 22.6 2M2B

PC, polycarbonate; PEC = polyester carbonate; PI = 6FDA-IPDA polyimide; MC = methylene
chloride; 112TCE = 1,1,2-trichloroethane; 111 TCE = 1,1,1-trichloroethane; 2M2B = 2-methyl-2-

butanol.

films, an air stream was blown across the membrane
surface for a period of 10 s. The initially clear, na-
scent membranes became turbid instantaneously at
the onset of the blowing process. After an additional
free-standing evaporation period of 15 s, the mem-
branes were quenched in methanol and subsequently
washed for a period of 12 h. The membranes were
air-dried for 48 h and finally postdried in a vacuum
oven at 100°C for at least 4 h. DSC runs on dry
samples showed no evidence of residual solvent left
in the asymmetric membranes.

Gas-Permeation Experiments

Pure gas pressure-normalized fluxes of Ny, O,, He,
and CO, were determined for the asymmetric poly-
carbonate and polyestercarbonate samples at a test
temperature of 35°C. The gas-permeation properties

of the 6FDA-IPDA polyimide membranes were
evaluated with N,, O,, CH,, and He at 24°C. The
pressure difference was kept constant at 3.5 atm for
all gas-permeation tests. Volumetric gas flow rates
were determined with soap-bubble flowmeters. The
downstream side was always purged with the test
gas prior to the permeation measurement. The gas-
transport properties of the asymmetric membranes
were determined with 20 randomly chosen mem-
brane samples of 12.6 cm? surface area for each
polymer.

RESULTS AND DISCUSSION

The pure gas-permeation properties of integrally
skinned asymmetric polycarbonate membranes
made by the dry/wet phase inversion process are
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Figure 4 O,;/N, selectivities vs. pressure-normalized oxygen fluxes of polycarbonate
membranes made by dry/wet phase inversion. T' = 35°C; Ap = 3.5 atm. The solid line
represents the ideal selectivity for dense polycarbonate films under the same testing con-

ditions.
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Figure 5 CO,/N, selectivities vs. pressure-normalized carbon dioxide fluxes of polycar-
bonate membranes made by dry/wet phase inversion. T' = 35°C; Ap = 3.5 atm. The solid
line represents the ideal selectivity for dense polycarbonate films under the same testing

conditions.

shown in Figures 4-6. The average O,/ N,, CO,/N,,
and He/N, selectivities were 4.8, 21, and 39, re-
spectively. The average selectivities of the asym-
metric membrane samples were at least within 85%
of the gas selectivities of polycarbonate, as deter-
mined for a solution cast film of known thickness.*

These results suggest that the skin layers of the
membranes were essentially defect-free. The actual
skin-layer thickness cannot be determined explicitly
for asymmetric membranes. However, an apparent
skin layer thickness can be calculated by dividing
the permeability coeflicient of any chosen gas type
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Figure 6 He/N, selectivities vs. pressure-normalized helium fluxes of polycarbonate
membranes made by dry/wet phase inversion. T' = 35°C; Ap = 3.5 atm. The solid line
represents the ideal selectivity for dense polycarbonate films under the same testing con-

ditions.
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Figure 7 He/N,selectivities vs. apparent skin-layer thicknesses of polycarbonate mem-
branes made by dry /wet phase inversion. 7' = 35°C; Ap = 3.5 atm. The solid line represents
the ideal selectivity for dense polycarbonate films under the same testing conditions.

i {say helium) as determined on dense films tested
under the same conditions, by the pressure-nor-
malized flux of this same gas in the asymmetric
membrane.

The average apparent skin-layer thickness of the
polycarbonate samples was 360 A, based on the
pressure-normalized helium fluxes of the asymmet-
ric membrane samples and a helium permeability

coefficient of 12.9 X 107 cm® em/cm? s cmHg 2
The apparent skin-layer thicknesses of the individ-
ual asymmetric membrane samples ranged between
220 and 650 A, as shown in Figure 7.

Integrally skinned asymmetric polycarbonate
membranes previously made by a wet phase inver-
sion process using free-standing evaporation showed
a pressure-normalized O, flux of 0.27 X 107% em®/
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Figure 8 0,/N, selectivities vs. pressure-normalized oxygen fluxes of polyestercarbonate
membranes made by dry/wet phase inversion. T = 35°C; Ap = 3.5 atm. The solid line
represents the ideal selectivity for dense polyestercarbonate films under the same testing

conditions.
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Figure 9 CO./N, selectivities vs. pressure-normalized carbon dioxide fluxes of polyes-
tercarbonate membranes made by dry/wet phase inversion. T = 35°C; Ap = 3.5 atm. The
solid line represents the ideal selectivity for dense polyestercarbonate films under the same

testing conditions.

cem? s cmHg and an O,/ N, selectivity of 4.5.* The
apparent skin-layer thickness of these membranes
was 5.9 um (59,000 A ), based on an O, permeability
coefficient of 1.6 X 10 cm® cm/cm? s cmHg.”* The
apparent skin-layer thicknesses of the essentially
defect-free asymmetric polycarbonate membranes
made by the dry/wet phase inversion process dis-

cussed here were two orders of magnitude thinner
than those prepared by the conventional wet phase
inversion process.

It was previously noted that polyester carbonate
shows very similar gas permeabilities and selectiv-
ities compared to polycarbonate, as determined on
dense film.?° The average 05/ N,, CO,/N;, and He/
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Figure 10 He/N,; selectivities vs. pressure-normalized helium fluxes of polyestercar-
bonate membranes made by dry/wet phase inversion. T = 35°C; Ap = 3.5 atm. The solid
line represents the ideal selectivity for dense polyestercarbonate films under the same

testing conditions.
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Figure 11 He/N, selectivities vs. apparent skin-layer thicknesses of polyestercarbonate
membranes made by dry/wet phase inversion. T = 35°C; Ap = 3.5 atm. The solid line
represents the ideal selectivity for dense polyestercarbonate films under the same testing

conditions.

N, selectivities of the asymmetric polyestercarbon-
ate samples were 4.9, 24, and 42, respectively. The
selectivities of the integrally skinned asymmetric
membranes were essentially equal to those deter-
mined for dense PEC films,? as shown in Figures
8-10. The average apparent skin-layer thickness of
the membrane samples was 330 A, based on a helium

permeability coefficient of 14.5 X 107*° ¢cm® cm/cm?
s cmHg, as determined on a solution-cast PEC film
of known thickness.®® The apparent skin-layer
thicknesses of the individual samples varied between
200 and 660 A, as shown in Figure 11. It appears
that the selectivities of the asymmetric PC and PEC
membranes were almost equivalent, as expected for
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Figure 12 O0,/N, selectivities vs. pressure-normalized oxygen fluxes of 6FDA-IPDA
polyimide membranes made by dry/wet phase inversion. T = 24°C; Ap = 3.5 atm. The
solid line represents the ideal selectivity for dense 6FDA-IPDA polyimide films under the

same testing conditions.
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Figure 13 N,/CH, selectivities vs. pressure-normalized nitrogen fluxes of 6FDA-IPDA
polyimide membranes made by dry/wet phase inversion. T = 24°C; Ap = 3.5 atm. The
solid line represents the ideal selectivity for dense 6FDA-IPDA polyimide films under the
same testing conditions.

defect-free membranes made from these materials.?’ of asymmetric membranes can differ somewhat from
It is interesting to point out that several asymmetric that of the bulk membrane material.!*82
membrane samples of both materials exhibited The gas-transport properties of the 6FDA-IPDA
higher selectivities: compared to those of the dense polyimide membranes at 24°C are shown in Figures
films. It has recently been suggested that the mo- 12-14. The average O,/N,, Ny,/CH,, and He/N,
lecular polymer packing density in the skin layers selectivities of the asymmetric polyimide membranes
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Figure 14 He/N, selectivities vs. pressure-normalized helium fluxes of 6FDA-IPDA
polyimide membranes made by dry/wet phase inversion. T' = 24°C; Ap = 3.5 atm. The
solid line represents the ideal selectivity for dense 6FDA-IPDA polyimide films under the
same testing conditions.
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Figure 15 He/N, selectivities vs. apparent skin-layer thicknesses of 6FDA-IPDA po-
lyimide membranes made by dry/wet phase inversion. T = 24°C; Ap = 3.5 atm. The solid
line represents the ideal selectivity for dense 6FDA-IPDA polyimide films under the same

testing conditions.

were 5.9, 1.5, and 58, respectively. Previous gas-per-
meation studies of dense 6FDA-IPDA films were
carried out between 35 and 55°C.%' The reported
Arrhenius expressions were extrapolated to 24°C to
evaluate if the asymmetric membrane samples were
essentially defect-free. The O,/N,, N,/CH,, and
He /N, selectivities of the dense films at 24°C were
estimated to be 6.5, 2.0, and 69, respectively. Hence,
the selectivities of the asymmetric membrane sam-
ples were at least within 75% of the estimated values
of the dense polyimide films. Accordingly, the mem-
branes can be considered to be essentially defect-
free. The average skin-layer thickness of the asym-
metric membrane samples was 580 A, based on an
estimated helium permeability coefficient of 45.1
X 107 cm® cm/cem? s emHg at 24°C. The skin-layer
thicknesses of the individual polyimide membrane
samples varied between 300 and 1400 A, as shown
in Figure 15.

SUMMARY AND CONCLUSIONS

Optimized protocols for the formation of membranes
made by the dry/wet phase inversion process re-
sulted in essentially defect-free integrally skinned
asymmetric polycarbonate, polyestercarbonate, and
6FDA-IPDA polyimide membranes. The average
skin-layer thicknesses of these membranes ranged
between 330 and 580 A, which is substantially thin-

ner than for previous membranes formed by the
conventional wet phase inversion process. Addi-
tional studies demonstrated that the dry /wet phase
inversion process is applicable to glassy polymers
others than those reported here. These results in-
dicate that the dry/wet phase inversion process
seems to be universally applicable to hydrophobic
glassy polymers.
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