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ABSTRACT: In this article, we report the influence of
the polyimide molecular weight (1.2 x 10%, 2.6 x 10°, and
4.1 x 10°) on the structure and the gas permeation proper-
ties of asymmetric polyimide membranes made by the
dry-wet phase-inversion process. The apparent skin layer
thickness of the asymmetric membrane increased with
increasing molecular weight, and the thicknesses of the
membranes prepared from the three polyimides with a
casting polymer solution containing 8.0 wt % butanol were
132, 350, and 739 nm, respectively. That is, the gas perme-

ance in the asymmetric membranes increased with
decreasing molecular weight. In contrast, the gas selectiv-
ity of the asymmetric membranes did not depend on the
skin layer thickness. The solvent evaporation in the dry
phase-inversion process and the nonsolvent diffusion in
the dry process were important factors that determined
the formation of the asymmetric membrane. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 118: 105-112, 2010
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INTRODUCTION

Polymer membranes are considered an effective
technology for the separation of gaseous mixtures
because of their high separation efficiency, low oper-
ating costs, and simple operation. The development
of an asymmetric membrane consisting of a thin,
defect-free skin layer supported by a porous sub-
structure has attracted much attention for gas sepa-
ration.'” The gas permeation properties of these
asymmetric membranes are primarily determined by
the properties of the skin layer. The skin layer
should be defect free and as thin as possible to
achieve the maximum gas permeability and selectiv-
ity. However, it is extremely difficult to make an
asymmetric membrane with a thin, defect-free skin
layer because pores or defects on the order of 5-10
A are easily formed on the surface of the asymmetric
membranes when they are made.

To prepare a thin, defect-free asymmetric mem-
brane, a dry-wet inversion process was developed
by Pinnau and coworkers®® They succeeded in pre-
paring asymmetric polysulfone membranes with a
defect-free skin layer of less than 100 nm. We also
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prepared an asymmetric polyimide membrane with
a thin, defect-free skin layer using the dry-wet
phase-inversion process; this membrane was formed
with three components (a ternary system), that is, a
polymer, solvent, and nonsolvent.”"> The asymmet-
ric membranes were cast from a polyimide, dichloro-
methane (DCM), 1,1,2-trichloroethane (TCE), and bu-
tanol (BuOH). The phase-inversion process involves
the phase separation of a polymer solution into poly-
mer-rich and polymer-lean phases; this can be
achieved by an immersion—-precipitation technique.
We succeeded in preparing the asymmetric polyi-
mide membrane with an ultrathin (ca. 10 nm) and
defect-free skin layer using the phase-separation
technique.

In a previous study, we reported that the molecu-
lar weight of the polyimide influenced the gas per-
meation stability of an asymmetric polyimide mem-
brane with an ultrathin and defect-free skin layer
made by the dry-wet inversion process.'* For exam-
ple, in the case of the CO, permeation through the
membrane, CO, plasticization of the membrane pre-
pared with the high-molecular-weight polyimide
was significantly suppressed. In addition, we dem-
onstrated that the molecular weight of the polyimide
influenced the skin layer structure of the asymmetric
polyimide membrane prepared under shear stress."
The skin layer of the membrane prepared from the
low-molecular-weight polyimide indicated a high
gas selectivity because the molecular orientation in
the skin layer of the asymmetric membrane was eas-
ily formed. That is, these findings indicate that the
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molecular weight plays an important role in the for-
mation of the skin layer. We postulated that the mo-
lecular weight of the polyimide is an important fac-
tor determining the structure and the gas
permeation properties of asymmetric membranes
made by the dry-wet inversion process. However,
few studies regarding the influence of the molecular
weight on the properties of the membranes have
been reported.

In this article, we report the influence of the mo-
lecular weight of the polyimide on the structure and
the gas permeation properties of asymmetric polyi-
mide membranes made by the dry—wet phase-inver-
sion process. The membrane-forming solvents were
DCM, TCE, and BuOH. The gas permeances of the
asymmetric membranes prepared from the different
molecular weights were measured with a high-vac-
uum apparatus equipped with a Baratron absolute
pressure gauge at 76 cmHg and 35°C.

EXPERIMENTAL
Materials

2,2'-Bis(3,4-dicarboxyphenyl)hexafluoropropane dia-
nhydride (6FDA) was purchased from Central Glass
Co. (Saitama, Japan) and was purified by sublima-
tion before use. The diamine monomer was 2,2'-
bis(4-aminophenyl)hexafluoropropane (6FAP), which
was also purchased from the Central Glass, and was
recrystallized twice in ethanol before use.

Synthesis and characterization of 6FDA—-6FAP

The polyimide, 6FDA-6FAP, was synthesized by the
chemical imidization of polgl(amic acid) precursors
as reported in the literature.”'® We prepared 6FDA-
6FAP with three monomer concentration ratios
[6FDA (mol):6FAP (mol) = 0.104 : 0.104, 0.039 :
0.039, and 0.049 : 0.048). The poly(amic acid)s were
prepared by solution condensation at room tempera-
ture and at 14 wt % solid content in dimethylaceta-
mide under a nitrogen atmosphere. After they were
stirred for 12 h, the poly(amic acid) precursors were
converted into the corresponding polyimides at
room temperature by chemical imidization with
5 equimolar of acetic anhydride and triethylamine.
After a reaction of 48 h, the polyimides were precipi-
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Figure 1 Chemical structure of 6FDA-6FAP.
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TABLE I

Composition of the Casting Polyimide Solutions

Polyimide DCM TCE BuOH
concentration concentration concentration concentration

(Wt 0/0) (Wt 0/0) (Wt 0/0) (Wt 0/o)

16 59 18 7.0

16 59 175 7.5

16 59 17 8.0

tated by methanol (MeOH), recovered, and filtered.
Subsequently, the polyimides were washed with
MeOH several times and dried in a vacuum oven at
150°C for 24 h. The structure of 6FDA-6FAP is
shown in Figure 1.

The weight-average molecular weight (M,) and
number-average molecular weight of 6FDA-6FAP
were determined by gel permeation chromatography
(830-RI monitor detector, Jasco, Tokyo, Japan) with
tetrahydrofuran as the solvent. A flow rate of 1.0
mL/min was used, and the polyimide was dissolved
in tetrahydrofuran at a concentration of 0.005 wt %.
The molecular weights were estimated by the com-
parison of the retention times in a column (Shodex,
KF-805L, Tokyo, Japan) to those of standard
polystyrene.

Preparation of the asymmetric polyimide
membranes

The asymmetric polyimide membranes were made
with a dry—wet phase-inversion process. The casting
polyimide solutions were made with polyimide,
DCM, TCE, and BuOH, as shown in Table 1. After
they were filtered and degassed, the polyimide solu-
tions were cast on a glass plate with a doctor blade
and then air-dried for 30 s at room temperature. Af-
ter evaporation, the membranes were coagulated in
MeOH, washed for 12 h, air-dried for 24 h at room
temperature, and finally dried in a vacuum oven at
150°C for 15 h to remove all of the residual solvents.

Structure and surface characterization of the asym-
metric membranes

The cross sections of the asymmetric polyimide
membranes were observed by scanning electron mi-
croscopy (SEM; JXP-6100P, JEOL, Tokyo, Japan). The
membranes were cryogenically fractured in liquid
nitrogen and then coated with Pt/Pd.

The surface morphology of the asymmetric mem-
branes was visualized by atomic force microscopy
(AFM; SPI3700, Seiko, Tokyo, Japan) in air at room
temperature.'””'® The cantilevers (Olympus SN-
AF(1), with a spring constant of 0.38 N/m, were
microfabricated from silicon nitride. The surface was
continuously imaged in the feedback mode with a
scan area of 750 x 750 nm” and a constant scan
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speed of 2 s~'. The average arithmetic area surface
roughness parameter (R,) of the membranes was
characterized.

Evaluation of the interaction parameters

The nonsolvent—polymer interaction parameter ();3)
is expressed by the following simple equation:'’

113 = {In(1 — &) + &, }/4; )

where ¢, is the volume fraction of the polymer and
can be obtained by a swelling experiment. Dried
strips of the dense 6FDA—6FAP membranes were
immersed in nonsolvents at 25°C.

The solvent-polymer interaction parameter (y»3)
was obtained with the following equations:***!

B 16nNy[n] Ui
A= M{9.3 x 102* + 4nNoc([n] — o)} {1 ] }

2)
X3 = 1/2 — A2P%711 3)

where A, is the second virial coefficient, © is 3.14,
Np is Avogadro’s constant, c is the concentration
(g/ cm?), [n] is the intrinsic viscosity (em®/ g) of the
polymer in a given solvent, [n]y is its intrinsic vis-
cosity under 6 conditions, M is the average polymer
molecular weight, p is the density of the polymer
(g/ cm®), and v is the molar volume of the solvent
(cm®/mol). The solution viscosities of the polyimide
in DCM and TCE at 25°C were measured with an
Ubbelohde viscometer (Toki Sangyo, Tokyo, Japan).
The viscosities of the polyimides with molecular
weights of 1.2 x 10°, 2.6 x 10°, and 4.1 x 10° in
DCM were 25, 27, and 33 cm®/ g, respectively, and the
viscosities in TCE were 62, 98, and 129 cm®/ g, respec-
tively. The intrinsic viscosity was determined by the
usual extrapolation to zero concentration.

Cloud measurement

The apparent cloud time was determined with
polyimide solutions made from 16 wt % polyimide,
59 wt % DCM, 18 wt % TCE, and 7.0 wt % BuOH.
After they were filtered and degassed, the polyimide
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Figure 2 Micrographs of cross sections of the asymmetric
polyimide membranes.
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Figure 3 AFM images of the top surfaces of the asym-
metric polyimide membranes.

solutions were cast on a glass plate with a doctor
blade and then air-dried at room temperature. In
addition, in the case of the wet process, the mem-
brane was coagulated in MeOH. The cloud time was
determined from the time when the initially clear
membrane became visually cloudy during the dry-
wet phase-inversion process.

Gas permeation measurements

The gas permeability coefficients of oxygen and
nitrogen were measured with a high-vacuum appa-
ratus (Rika Seiki, Inc., K-315-H, Tokyo, ]apar1).9’10
The gas permeation measurements of the mem-
branes were determined at 35°C and 76 cmHg. The
apparent skin layer thickness of the asymmetric pol-
yimide membranes was calculated as follows:

P
L—@ 4)

where L is the apparent skin layer thickness (cm),
which was determined from the oxygen permeabil-
ity coefficient; P is the gas permeability coefficient
[em® (STP) cm ecm ™2 57! cmHg_l], which was meas-
ured from a dense polyimide flat membrane; and Q
[em? (STP)/(cm? sec cmHg)] is the gas permeance of
the asymmetric polyimide membranes [cm® (STP)
cm 2 s ' emHg .

RESULTS AND DISCUSSION
Structure of the asymmetric polyimide membranes

The molecular weight (M,,) and polydispersity index
values of the synthesized 6FDA-6FAPs were 1.2 x
10°, 2.6 x 10°, and 4.1 x 10° and 2.3, 2.0, and 2.1,
respectively. The molecular weights were estimated
by a comparison of the retention times in a column
to those of standard polystyrene.

Figure 2 shows the results of the SEM observations
of the asymmetric polyimide membranes made from
the dry—-wet inversion process with different molecu-
lar weights. The skin layer thickness decreased in the
following order: 4.1 x 10° > 2.6 x 10° > 1.2 x 10°. The
cross-sectional structure of all of the asymmetric
membranes consisted of a thin skin layer and a
porous substructure. The asymmetric membranes

Journal of Applied Polymer Science DOI 10.1002/app



108

TABLE 1I
Gas Permeation Properties of the Asymmetric Polyimide
Membranes at 35°C and 760 mmHg (M,, = 1.2 X 10°)
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TABLE IV
Gas Permeation Properties of the Asymmetric Polyimide
Membranes at 35°C and 760 mmHg (M,, = 4.1 X 10°)

BuOH concentration

(Wt %) Qo, (GPU) Qo,/Qx, L (nm)
7.0 60 4.4 145
7.5 56 45 154
8.0 65 4.6 132

Po, =87 x 107 em?® (STP) cm em™2 s7* cmHgfl; GPU
=1x10"%cm® (STP) cm 257! CmHgfl.

prepared from molecular weights of 1.2 x 10° and 2.6
x 10° had spongelike structures characterized by the
presence of finger voids, whereas the 4.1 x 10° mem-
brane had only a spongelike structure.

Figure 3 shows AFM images of the top surface of
the asymmetric polyimide membranes in a three-
dimensional form over an area of 750 x 750 nmZ.
The asymmetric membranes were made by the dry-
wet phase-inversion process with different molecular
weights. The difference in the morphology was eval-
uated by R,, which is the arithmetic mean of depar-
ture of the roughness profile from the mean line.
The R, values of the asymmetric membranes
prepared from the 1.2 x 10°, 2.6 x 10°, and 4.1 x 10°
polyimides were 0.70, 0.58, and 0.49 nm, respec-
tively, and the roughness on the surface increased in
the following order: 4.1 x 10° < 2.6 x 10° < 1.2 x
10°. In a previous article, we reported that there was
a good correlation between R, and the skin layer
thickness and that an asymmetric membrane with a
larger parameter resulted in a thinner skin layer."
Because the faster exchange rate between the solvent
and nonsolvent on the surface of the asymmetric
membrane was attributed to the larger roughness of
the membrane, the results obtained in this study
were similar to those already reported.

Gas permeation properties of the asymmetric
polyimide membranes

The results of the gas permeance and selectivity
values of the asymmetric polyimide membranes for
O, and N, at 35°C and 76 cmHg are shown in

TABLE III
Gas Permeation Properties of the Asymmetric Polyimide
Membranes at 35°C and 760 mmHg (M,, = 2.6 X 10°)

BuOH
concentration
(wt %) Qo, (GPU) Qo,/Qn, L (nm)
7.0 32 4.5 404
7.5 33 4.4 387
8.0 37 4.6 350

Po, =12 x 10~° em® (STP) ecm cm 2 s ! cmHgfl; GPU
=1x10°cm® (STP) cm ?s ' cmHg .
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BuOH
concentration
(wt %) Qo, (GPU) Qo,/0Qn, L (nm)
7.0 11 44 1200
7.5 18 41 754
8.0 18 45 739
Po, = 13 x 107 em® (STP) em em ? s~! emHg '; GPU
=1x10"%cm® (STP) cm 2 57! cmHg_l.

Tables II-IV. The molecular weights of the polyi-
mides were 1.2 x 10°, 2.6 x 10°, and 4.1 x 10°. The
asymmetric membranes were made from three kinds
of casting polymer solutions. The skin layer thick-
ness of the asymmetric membrane was calculated
from the oxygen permeability coefficient of the
dense polyimide membrane. The O,/N, selectivity
of all of the asymmetric membranes were similar to
that (O,/N, = 4.5) of a dense membrane, which
indicated that the permeation of the asymmetric
membrane was predominantly determined by a so-
lution—diffusion mechanism and that the surface
skin layer was essentially defect free.

As is apparent from Tables II-IV, the gas permeance
in the asymmetric polyimide membranes decreased
with increasing molecular weight. The apparent skin
layer thickness of the membrane was calculated from
the oxygen permeability coefficient, and the calculated
thicknesses of the asymmetric membranes prepared
from the 1.2 x 10°, 2.6 x 10°, and 4.1 x 10° polyimides
with the casting polymer solution containing 8.0 wt %
BuOH were 132, 350, and 739 nm, respectively. The
skin layer thickness decreased in the following order:
41 x 10° > 26 x 10° > 1.2 x 10°. In particular, the
skin layer thicknesses of the asymmetric membrane
prepared from the 1.2 x 10° molecular weight polyi-
mide indicated significantly low values compared with
those determined in the membrane from the 4.1 x 10°
polyimide.

In addition, the gas permeance or the apparent
skin layer thickness of the asymmetric membranes
strongly depended on the BuOH content in the cast-
ing polymer solution. We reported that the evapora-
tion time during the dry process and BuOH content
in the polymer solution are important factors in
determining the thickness and structure of the skin
layer."! In this study, the evaporation time was con-
stant, and only the content of BuOH as a nonsolvent
was changed. We considered that the high ratio of
BuOH to solvent in the polymer solution immedi-
ately resulted in a phase separation and induced an
instantaneous liquid-liquid exchange rate. That is,
the rapid phase separation induced by BuOH
appeared to generate the thinner skin layer.
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TABLE V
Interaction Parameters of the Casting Solution and
Polyimide at 25°C

X13 A23
M, MeOH DCM TCE BuOH
1.2 x 10° 1.13 0.41 0.28 0.98
2.6 x 10° 1.13 047 0.35 1.00
41 x 10° 1.13 0.48 0.43 1.02

In contrast, the gas selectivities of the asymmetric
polyimide membranes were not dependent on the
molecular weight of the polyimide and were con-
stant. That is, although the molecular weight of the
polyimide had a significant influence on the skin
layer thickness, we considered that they did not
influence the molecular orientation in the skin layer.
In addition, the BuOH content in the casting poly-
mer solution also hardly influenced the gas selectiv-
ity of the asymmetric membranes.

Skin layer formation of the asymmetric
polyimide membranes

As mentioned previously, the molecular weight of
the polyimide was one of the important factors
determining the skin layer formation of the asym-
metric polyimide membrane. To elucidate the influ-
ence of the molecular weight on the skin layer, we
determined the binary interaction parameters for the
polyimide/solvent/nonsolvent system and the appa-
rent diffusion coefficients of the solvent in the cast-
ing polymer solution or nonsolvent as the coagula-
tion medium.

The binary interaction parameters for the polyi-
mide/solvent/nonsolvent system were investigated
to examine the phase inversion occurring in the
coagulation medium. The binary ;3 and y»3 values
are summarized in Table V. The solvents in the cast-
ing polymer solution were DCM, TCE, and BuOH.
The nonsolvent was MeOH as the coagulation me-
dium. As is apparent from Table V, the yi3 values
calculated from the polyimide and MeOH were
almost constant; this indicated that the influence of
%13 on the skin layer formation of the asymmetric
membrane was small. In contrast, the yx,3 values
increased with increasing molecular weight of the
polyimide. In particular, the y»3 values for TCE dra-
matically changed and significantly increased with
the molecular weight. We believe that y,3; as an
interaction parameter of the solvent—polyimide had
an influence on the phase inversion.

To elucidate the skin layer formation of the asym-
metric membrane, we investigated the influence of
a dry phase-inversion process on the formation.
Table VI shows the apparent cloud time determined
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from the time when the initially clear membrane vis-
ually became cloudy during the dry phase-inversion
process. In general, there is a good correlation
between the cloud time of the casting polymer solu-
tion and the phase separation of the polymer, and a
short cloud time produces instantaneous phase sepa-
ration in the polymer solution. As shown in Table
VI, the time depended on the molecular weight of
the polyimide and decreased with increasing molec-
ular weight. In the dry process, the cloud time was
closely related to the evaporation rate of the solvent
in the polymer solution; therefore, the solvent pre-
pared from the 4.1 x 10° molecular weight polyi-
mide rapidly evaporated so that the instantaneous
phase separation of the polymer was considered to
be induced. As shown in Table V, although the i3
values calculated from the polyimide and MeOH
were almost constant, the y,3 values determined
from the polyimide and solvent depended on the
molecular weight; this suggested that the yx,; values
might have influenced the evaporation of the solvent
during the dry process. In general, a high yx,; indi-
cates a low compatibility of the solvent and polymer,
whereas a low yp; indicates solvents and polymer
with a high mutual affinity. That is, in the case of
the polymer solution prepared from the 1.2 x 10°
molecular weight polyimide, the interaction between
the solvent and the polyimide was relatively strong
and might have suppressed the evaporation of the
solvent. In contrast, the evaporation of the solvent
prepared from the 4.1 x 10° molecular weight polyi-
mide might have been facilitated because of the
weak interaction between the solvent and the
polyimide.

In addition, to understand the skin layer forma-
tion, the phase separation (demixing) of the polymer
induced by the solvent and nonsolvent has to be
considered.”** In the wet phase-inversion process,
the thermodynamic properties of the polymer solu-
tion provide some information on the phase separa-
tion. That is, the mass transfer, which is expressed
by the exchange rate of the solvent/nonsolvent at
the interface between the polymer solution and the
coagulation bath, determines the membrane struc-
ture. The apparent diffusion coefficient exchanged
between the casting polymer solution and coagula-
tion medium was calculated from the Tyn—Calus
equation.”* The diffusion coefficient is one of the

TABLE VI
Apparent Cloud-Point Time During the Dry Process at
Room Temperature

My, Cloud-point time (s)
1.2 x 10° 92
2.6 x 10° 58
41 x 10° 55

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 (a) Apparent diffusion coefficients (D’s) of BuOH, TCE, and DCM in pure MeOH and (b) apparent diffusion

coefficient (D) of MeOH in the polyimide solution.

important factors in elucidating the formation mech-
anism of the asymmetric membrane and can provide
useful thermodynamic and kinetic information.

Figure 4 shows the results of the apparent diffu-
sion coefficient of the solvent in the casting polymer
solution and with the nonsolvent as the coagulation
medium at 25°C, as calculated with the following
equation:**

DAB =893 x 1078(‘/?;.267/‘/%433) % (T/nB)(GB/GA)OlS
6)

where D5 (cm?/s) is the diffusion coefficient of sol-
ute A at a low concentration in solvent B; V4 and Vp
are the molar volumes of solute A and solvent B at
their normal boiling temperature (cm3/ mol), respec-
tively; T (K) is the temperature; ng (cP) is the viscos-
ity of solvent B; and o4 and op (dyne/cm) are the
surface tensions of A and B, respectively.

As is apparent from Figure 4(a), the apparent dif-
fusion coefficients of the solvents, DCM, TCE, and
BuOH, in pure MeOH as the coagulation medium
were not dependent on the molecular weight of the
polyimide and were almost constant. The diffusion
coefficient of DCM in pure MeOH had the highest
value, which was responsible for the small molar
volume of DCM. However, there were hardly any
differences in the diffusion coefficient among DCM,
TCE, and BuOH. On the other hand, as is apparent
from Figure 4(b), the apparent diffusion coefficient
of MeOH as the coagulation medium in the casting
polymer solution significantly depended on the mo-
lecular weight of the polyimide and decreased with
increasing molecular weight. In particular, the diffu-
sion coefficient in the polymer solution prepared
from the 1.2 x 10° molecular weight polyimide had

Journal of Applied Polymer Science DOI 10.1002/app

a value 20 times higher than that prepared from the
41 x 10° molecular weight polyimide. This was
because the viscosity of the polymer solution had a
significant influence on the diffusion coefficient. We
concluded that, in the wet phase-inversion process,
the exchange of solvent and nonsolvent on the sur-
face of the asymmetric membrane prepared from the
1.2 x 10° molecular weight polyimide occurred rap-
idly so that the thinner skin layer was formed.

In addition, we investigated the influence of a wet
phase-inversion process on the surface formation
with the cloud measurement. The polyimide solu-
tions were cast on a glass plate with a doctor blade
and then air-dried for 30 s at room temperature. Af-
ter the dry process, the membranes were coagulated
in MeOH, and we measured the apparent cloud
time from the time when the initially clear mem-
brane visually became cloudy during the wet phase-
inversion process. The cloud times determined from
1.2 x 10°, 2.6 x 10°, and 4.1 x 10° molecular weights
were 10, 11, and 16 s, respectively, and the time
increased with increasing molecular weight. In the
wet process, the cloud time was closely related to
the exchange rate between the solvent and nonsol-
vent, and a short time produced instantaneous phase
separation in the polymer solution. The trend of the
cloud time determined from the wet process was
similar to that of the apparent diffusion coefficient
of MeOH as the coagulation medium in the casting
polymer solution. That is, the exchange for the polyi-
mide solution prepared from the 1.2 x 10° molecular
weight occurred rapidly so that the instantaneous
phase separation of the polymer was concluded to
be induced.

The SEM micrographs also demonstrated a differ-
ence in the phase separation between the 1.2 x 10°
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Figure 5 Formation mechanism of the asymmetric membranes made from different molecular weights: (a) dry and (b)

wet processes.

and 4.1 x 10° molecular weight polyimides. The
casting polymer solution prepared from the 4.1 x
10° molecular weight polyimide caused a consider-
able delay time in the phase separation so that the
asymmetric membrane was concluded to show a
spongelike structure. In contrast, in the case of the
polymer solution from the 12 x 10° molecular
weight polyimide, the delay time decreased so that
the phase separation instantaneously occurred, and
the asymmetric membrane was determined to form
spongelike structures characterized by the presence
of finger voids.

Figure 5 shows the formation mechanism of the
asymmetric polyimide membranes prepared from
the different molecular weight polyimides. In the
dry process, the evaporation of the solvent prepared
from the 4.1 x 10° molecular weight polyimide was
facilitated because of the weak interaction between
the solvent and the polyimide, compared to that pre-
pared from the 1.2 x 10° molecular weight polyi-
mide, as shown in Figure 5(a). In addition, in the
wet process, the diffusion coefficient in the polymer
solution prepared from the 1.2 x 10° molecular
weight polyimide had a value 20 times higher than
that prepared from the 4.1 x 10° molecular weight
polyimide, as shown in Figure 5(b). Consequently,
we concluded that the solvent evaporation in the
dry phase-inversion process and the nonsolvent dif-
fusion in the wet process were important factors in
determining the formation of the asymmetric mem-
brane. Although we have not yet paid attention to
the influence of the molecular weight of the polymer
on the formation of the asymmetric membrane, in
this study, we found that the influence of the molec-
ular weight of the polymer for the membrane forma-
tion was not negligible.

CONCLUSIONS

In this article, we reported the influence of the polyi-
mide molecular weight on the structure and the gas
permeation properties of the asymmetric polyimide
membranes made by the dry-wet phase-inversion
process. The asymmetric membranes made from the
low-molecular-weight polyimide had spongelike
structures characterized by the presence of finger
voids, whereas the membrane made from the high-
molecular-weight polyimide had only a spongelike
structure. In addition, the apparent skin layer thick-
ness of the asymmetric membrane increased with
increasing molecular weight. These findings indicate
that the molecular weight of the polyimide influ-
enced the phase separation of the casting polymer
solution and determined the membrane formation of
the asymmetric membrane. In particular, the solvent
evaporation in the dry phase-inversion process and
the nonsolvent diffusion in the wet process were im-
portant factors that determined the formation of the
asymmetric membrane.
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