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ABSTRACT: Here, a new possibility for gas separation is presented, using an asymmetric membrane,
with an ultrathin and defect-free skin layer. The structure of the asymmetric membrane, prepared by
a dry-/wet-phase inversion process, showed an ultrathin skin layer and spongelike structure characterized
by the presence of macrovoids. The gas selectivity of the membrane increases with a decrease in the
thickness of the surface skin layer, perhaps because the membrane with a thinner surface skin layer
forms a more packed structure. The effect of the membrane’s surface skin layer on gas permeability and

selectivity is discussed.

Introduction

The control of gas transport though polymer mem-
branes is a primary concern in the development of new
gas-separation membranes.! In this paper, we present
a new possibility for gas separation, using an asym-
metric membrane with an ultrathin, defect-free skin
layer.

The structure and properties of polymer surfaces have
received much attention because of their importance in
practical applications. A recent study has revealed that
surface effects lead to physical properties that differ
substantially from those in the bulk material.2 We have
prepared a thin membrane of polyimide, a so-called
asymmetric membrane, which consists of a thin, defect-
free surface skin layer supported by a porous substruc-
ture. Recently, we reported that an asymmetric poly-
imide membrane with a surface skin layer 1 um thick
exhibits a greater gas selectivity than a dense mem-
brane 50 um thick and that the surface skin layer may
provide a greater size and shape discrimination between
the gas molecules.® Our goal has been to synthesize a
new polymer membrane combining not only high gas
permeability but also broad gas selectivity.

Here, we present the gas transport properties of an
asymmetric polyimide membrane with an ultrathin skin
layer. To focus on the effect of the membrane’s surface
skin layer on gas permeability and selectivity, we have
prepared a series of asymmetric membranes with dif-
ferent skin layer thicknesses, varying from 10 to 200
nm.

6FDA-6FAP polyimide, which has a relatively high
gas permeability coefficient and is highly soluble in
organic solvents, was synthesized by using a chemical
imidization reported in the literature.* The asymmetric
6FDA-6FAP membranes were prepared by a dry-/wet-
phase inversion process.>® During the initial stage of
evaporation, a dry-phase separation occurs and an
ultrathin skin layer is formed; during the next stage,
which utilizes a coagulation medium, a wet-phase
separation occurs and a porous substructure supporting
the skin layer is formed. The membrane structure
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produced shows an ultrathin skin layer and a spongelike
structure characterized by the presence of macrovoids.

The permeance and selectivity for CO,, O, N, and
CHg, of the asymmetric membranes at 35 °C and at 76
cmHg have been measured without requiring an ad-
ditional coating process.” The relationship between the
CO,/CHy, selectivity and the apparent skin layer thick-
ness is shown in Figure 1. The average CO,/CH,
selectivity of the membranes was 39; hence, the selec-
tivity of most samples was greater than that determined
for a solution-cast dense membrane. We found that the
gas transport of the asymmetric membranes was pre-
dominantly carried out by a solution/diffusion mecha-
nism and that the surface skin layer was essentially
defect-free. The selectivities for O,/N, and CO,/CHj4 in
the asymmetric membrane having an apparent skin
layer thickness of 23 nm were 5.2 at an O, permeance
of 3.5 x 1074 [cm3(STP)/(cm? s cmHg)] and 43 at a CO,
permeance of 1.5 x 1073 [cm3(STP)/(cm? s cmHg)],
respectively, where STP refers to standard temperature
and pressure.®

Interestingly, the gas selectivity of the asymmetric
membrane increased with decreasing thickness of the
surface skin layer (Figure 1). To elucidate the thick-
ness-dependence of the gas selectivity, we measured the
permeability of the membrane for the four gases over
the temperature range of 15—45 °C. Activation energies
for the permeance (AEp) of the asymmetric polyimide
membranes with apparent skin layer thicknesses of 47,
95, and 150 nm are shown in Figure 2. The AEp value
of the four gases decreased in the order CH; > N, > O,
> COg, the trend being in accord with that measured
for other polyimides.® Also, the AEp clearly was en-
hanced with decreasing skin layer thickness. These
results suggest that some contributions affect the
growth of potential barriers for gas permeability, as
reflected in the increase in AEp on the surface of the
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Figure 1. Effect of apparent thickness of the skin layer on
CO,/CH, selectivity for the asymmetric 6FDA-6FAP mem-
branes at 35 °C and at 76 cmHg. Apparent skin layer thickness
= 47 (open circle), 95 (right-half-darkened circle), 150 (left-
half-darkened circle) nm. The (CO./CH,) selectivity of dense
6FDA-6FAP membranes with a thickness of 50 um annealed
at 150 °C for 80 and 15 h is shown by the solid and dotted
lines, respectively.
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Figure 2. Effect of apparent of the thickness skin layer on
the AEp for the asymmetric 6FDA-6FAP membranes at 35 °C
and at 76 cmHg. Symbols for apparent skin layer thickness
as shown in Figure 1.

polyimide having a thinner surface layer, so that the
gas selectivity increases for the asymmetric membranes
with an ultrathin surface skin layer.

The glassy polymers such as polyimides possess
“excess” free volume and enthalpy relative to the
extrapolated equilibrium liquid state. The thermal
annealing below sub-Ty influences the packing density
of the membrane in a time- or temperature-dependent
manner, since the annealing reduces both volume and
enthalpy.l® The asymmetric and dense membranes
used in this study were annealed at 150 °C for 15 h and
at 150 °C for 15 or 80 h, respectively. AH values for
the asymmetric membranes with skin layer thicknesses
of 47, 95, and 150 nm were 7.8, 5.7, and 4.7 mJ/mg,
respectively, and those for the dense membranes an-
nealed for 15 and 80 h were 1.9 and 7.9 mJ/mg,
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Figure 3. Schematic model describing the polyimide forma-
tion in the membrane.

respectively. The AH value of the asymmetric mem-
brane is enhanced with decreasing thickness of the
surface skin layer, which may result because the asym-
metric membrane with a thinner surface skin layer
forms a more packed structure.

Subjecting a glassy polymer membrane to sub-Tg
annealing acts to increase the density because of the
decreasing mobility of the chain segments; as a result,
the gas selectivity of the annealed membrane is greater
than that of the original membrane.'* The selectivity
of the dense membranes also increases with annealing
time, as shown in Figure 1, and the trend in results for
the membrane agrees that observed for other glassy
polymers. According to this argument, the dense mem-
brane annealed for 80 h with a AH of 7.9 mJ/mg should
exhibit a large gas selectivity, equal to or even greater
than that determined for the asymmetric membrane.
We suggest the following aspects of the high gas
selectivity in the asymmetric membrane: As is well-
known, both the structure and dynamics of aromatic
polyimides are largely determined by the intermolecular
and intramolecular charge-transfer interactions be-
tween the polymer chains, since the aromatic polyimides
contain an alternating sequence of electron-rich donor
and electron-deficient acceptor molecules.’? Recently,
we reported that the asymmetric polyimide membrane
made by dry-/wet-phase inversion exhibited a stronger
formation of the charge-transfer complex than did the
dense membrane. This means that donor and acceptor
molecules in the surface skin layer are able to approach
each other more closely and better allow a mw-electron
density, in comparison with those in the dense mem-
brane Figure 3. Additionally, the parallel ring—ring
contacts such as 7—x stacking may take place strongly
between aromatic systems in the surface skin layer.
Koros reports that the gas selectivities of the asym-
metric membranes prepared from polysulfone, polycar-
bonate, and polyestercarbonate are greater than those
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of the dense membranes and suggests that these higher
selectivities could result from the high polymer packing
density in the skin layer.22b We also propose that the
packed structure in the surface skin layer formed by
the intermolecular interactions provides a high degree
of size and shape discrimination between the gas
molecules.

We have shown that an asymmetric membrane with
an ultrathin, defect-free skin layer is a promising gas-
separation material that enhances not only the gas
permeability but also the gas selectivity. Control of the
intermolecular interactions in the surface skin layer
appears to account for the success of the membrane. In
future research we will try to discover how to control
the above interactions.
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