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ABSTRACT: The partially imidized polyimide membrane was prepared by varying imidization
condition of the poly(amic acid) of pyromellitic dianhydride and 4,4"-oxydianiline. The carboxylic
acid content of the membrane representing its hydrophilicity was controlled by the imidization
condition. The effect of the carboxylic acid content on the pervaporation property of water/ethanol
mixture was investigated. When the degree of imidization of the poly(amic acid) was 60%, both
high flux and high separation factor were obtained. The result was interpreted in terms of the
facilitated transport where the carboxylic acid was considered to act as a carrier for the facilitated

water transport.

Introduction

It has been a long dream to develop membrane
materials having both high flux and high separation
factor for commercial application. This is because
a trade-off between the flux and separation factor
has been frequently observed in the solution-diffu-
sion membrane such as membranes for pervapora-
tion and gas separation.? For the pervaporation of
water/ethanol mixture, hydrophilic groups have
been commonly introduced into membrane mate-
rials because the hydrophilic groups interact prefer-
entially with water than ethanol*~5 However, the
hydrophilic groups incorporated normally accom-
pany a swelling of the membrane, which gives rise
to higher flux at the expense of separation factor.5~®
To achieve high flux without sacrificing the separa-
tion factor, it is necessary to increase hydrophilicity
of the membrane while depressing the swellability.
On this basis, the surface of the pervaporation me-
mbrane was modified more hydrophilically and the
enhanced preferential sorption of water occurred
at the membrane-feed interface, resulting in a high
separation factor.® Because only the surface was
modified, the bulk of the membrane retains the
original, unmodified state preventing the excess
swelling of the membrane. Therefore, both the flux
and the separation factor for pervaporation of wa-
ter/ethanol mixture were increased simultaneously.’
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Another approach was to introduce hydrophilic
groups into the bulk of rigid, hydrophobic polymer
backbone such as polyimide.”” When a rigid, hydro-
phobic membrane is hydrophilically modified to
some extent, the swellability still remains almost
constant but the preferential sorption of water oc-
curs. In this approach, high flux and high separation
factor were also achieved.! If the membrane is hy-
drophilically modified further, it will be swollen and
behaves like a common hydrophilic membrane for
pervaporation. Therefore, it would be difficult to
obtain high flux without sacrificing separation fac-
tor.

In this paper, the hydrophilicity of hydrophobic
polyimide was controlled by a partial imidization
of poly(amic acid). The partially imidized polyimide
of pyromellitic dianhydride (PMDA) and 4,4'-oxy-
dianiline (ODA) has been chosen as a membrane
material for dehydration of aqueous ethanol solu-
tion. The hydrophilicity of the membrane was con-
trolled by varying the degree of the imidization of
the poly(amic acid). Since the polyimide of PMDA
and ODA has a rigid backbone chain, the swelling -
of the membrane would be expected to be depres-
sed as in the previous work.”

Experimental

Materials. Pyromellitic dianhydride (PMDA, Al-
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drich, U. S. A)) and 4,4'-oxydianiline (ODA, Aldrich,
U. S. A) were sublimed twice for purification. The
other chemicals were used without further purifica-
tion.

Preparation of Poly(amic acid). 0.02 mole of
PMDA was added into a solution of 0.02 mole ODA
in 80 mL of N-methyl-2-pyrrolidinone (NMP). The
mixture was allowed to react at 25 C for two
hours. The inherent viscosity of the poly(amic acid)
(PAA) solution in NMP (0.5 g/100 mL) was 1.44
dL/g.

Solution Casting and Thermal Imidization
of PAA. 10 wt.% of PAA solution in NMP was
cast on a glass plate, followed by precuring in an
oven at 80 T for one hour. Subsequently, the oven
temperature was raised to 200 C at an increasing
rate of 4  /min and maintained for either 30 min,
1 hour, 6 hours or 20 hours to control the degree
of imidization. A polyimide film post-treated at 300
C for 1 hour was assumed to be imidized 100%
and used as a standard of 100% imidized polyimide
sample.

Determination of Degree of Imidization. The
imide absorption band near 1770 cm™! (symmetrical
stretching >>C=0) with internal standard band
near 800 cm™' (aromatic C-H vibration ) was utili-
zed to obtain the degree of imidization. The degree
of imidization of the polyimide membrane film was
calculated from the area ratio of 1770 cm™! band
to 820 cm ™!, and normalized against the band area
ratio of the standard polyimide sample.

Pervaporation and Sorption Experiments.
Usual pervaporation and sorption experimental tech-
niques were used here. The flux (g/m’hr) was
determined from the amount of the permeate col-
lected per hour. The flux of the different membrane
was normalized to a membrane thickness of 10 um,
assuming proportionality between the flux and re-
ciprocal membrane thickness. The separation factor,
= (/% )/ (Xuas, &), Was obtained from the composi-
tions of the feed and permeate determined by gas
chromatography, where x,, and x, are weight fraction
of water and ethanol, respectively, and subscript
p stands for permeate and f for feed.

Results and Discussion

The Degree of Imidization. The relative deg-
ree of imidization (DI) calculated from FTIR spectra
was summarized in Table I. DI was set to be 100
as a standard polyimide sample when a PAA sam-
ple was imidized at 300 C for 1 hour and the other
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Table I. The Relative Degree of Imidization of
PMDA-ODA Polyimide Membrane with Varying
Imidization Time at 200 °C

Code  Imidization Relative Degree  Membrane
Time (hr)  of Imidization Thickness (um)
DI-50 0.5 50 15
DI-60 1.0 60 12
DI-67 6.0 67 9
DI-85 20.0 85 8
DI-100# 100 8

?Imidization condition: 300C for 1 hour.
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Figure 1. Solubility of 20 wi% water vs. relative de-
gree of imidization.

values were normalized against the standard polyi-
mide sample. DI increases monotonically with reac-
tion time, as expected, and the membrane thickness
decreases with increasing DI. The partially modi-
fied polyimide membrane contains the imide, amide
and carboxylic functional groups. Therefore, the
amount of carboxylic acid of the membrane can be
readily controlled by varying imidization reaction
time. The membrane will be abbreviated as DI-50,
DI-60, DI-67, DI-85 and DI-100 according to the rel-
ative degree of imidization, hereafter.

Sorption Behavior. The water and ethanol sol-
ubility in DI-100 membrane are 1.4 and 7.1 mg per
100 mg of dry DI-100, respectively. As expected,
ethanol is more soluble in DI-100 than water. It
has been frequently reported that upon incorporat-
ing carboxylic groups into polymers, swelling nor-
mally accompanies. In the case of partially imidized
polyimide the solubility of the water/ethanol (20/80)
mixture increases with DI and reaches a maximum
near DI of 67% as shown in Figure 1. Table II
lists the solubilities of water/ethanol mixture in DI-
60 and DI-85 as a function of the water concentra-
tion. Upon varying water concentration the solubli-
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Table II. Solubility of Water/ethanol Mixture in
Partially Imidized Polyimide of PMDA-ODA Mem-
brane at 30 °C°

Water Concentration (wt%) 11 20 40 52

DI60 61 60 54 55
DI85 64 82 64 65

4Solubility unit; mg of liquid sorbed per 100 mg of
dry polymer.
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Figure 2. Total flux vs. water concentration in feed.

ties for DI-60 and DI-85 maintain nearly constant.
From these results, it could be concluded that the
solubility changes to some extent upon varying the
degree of imidization and it does insignificantly
with the water concentration in feed. This implies
that the hydrophilicity of the membrane can be in-
creased with limiting solubility change. The overall
sorption behavior in the partially modified polyim-
ide is similar to that of the previous result, where
the polyimide of PMDA and ODA was modified by
diamino benzoic acid (DABA)."

Pervaporation. The pervaporation results of
water/ethanol mixture at 30 T were depicted as
a function of the water concentration in feed in
Figures 2 and 3. The total flux decreases with in-
creasing water concentration. If the membrane
swells highly at the high water concentration in
feed, it is expected that the flux would increase.
As discussed in the previous section, the solubility
changes only insignificantly. Therefore, the solubi-
lity change could not be primarily attributable to
the flux decline. The flux decline with the water
concentration in feed is closely analogous to the
facilitated transport. In facilitated transport the per-
meability or flux is increasing with decreasing pre-
ssure or driving force. The mass transport here,
is augmented by carrier in addition to normal Fic-
kian transport. The carrier reacts reversibly with
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Figure 3. Separation factor vs. water concentration
in feed.

a specific component of the mixture. In pervapora-
tion of water/ethanol mixture, the carboxylic acid
groups in the membrane could act as a carrier,
which binds water specifically and reversibly. As
a result, total and water fluxes will be facilitated.
The facilitation effect will be more pronounced at
the low water concentration in feed because the
carrier would not be saturated with water in the
low concentration range. However, as the water co-
ntent in feed increases, the carboxylic acid groups
would be saturated with water. Therefore the car-
boxylic acid may not react with water molecule di-
rectly and lose its activity as a carrier. In this case
the facilitated transport would not contribute to the
water flux any more and the mass transport occurs
only due to the normal diffusion process, resulting
in a lower flux.

Figure 3 depicts that the separation factor has
a maximum at a feed composition of water/ethanol
(20/80). Particularly, DI-60 shows a surprisingly
high separation factor at this feed composition
(more than 1000). This phenomenon may be due
to the fact that at this feed composition the carbox-
ylic acid in the membrane not only acts as a carrier
of water molecule but also prevents ethanol from
permeating through the membrane. In other words,
the membrane is thought to be in such a properly
swollen state that the permeation of water molecu-
les would be highly enhanced by the specific inte-
raction between the carboxylic acid and water, but
large-sized ethanol permeation could be hindered.

In Figures 4 and 5, the effect of the relative de-
gree of imidization was presented at 20 wt% water
concentration in feed solution. The total flux dec-
reases initially with increasing DI but goes up the-
reafter, and reaches a maximum near DI of 85%.
An increase in the flux of the DI-85 sample is most-
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Figure 4. Total, water and ethanol fluxes vs. relative
degree of imidization at 20 wt% water.
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Figure 5. Separation factor vs. relative degree of imi-
dization with 20 wt% water.

ly due to the high ethanol flux and moderately due
to the water flux as can be seen in Figure 4. The
DI-60 membrane showed that the flux is declined
limitedly but the separation factor is increased dra-
matically as shown in Figure 5. The high separation
factor can be achieved by facilitated water permea-
tion whereas the ethanol flux is hindered because
of its size and the carboxylic acid groups. In this
way, we demonstrated again that it is possible to
increase both the flux and separation factor simul-
taneously. This result could be obtained by the ac-
tion of the carrier inside of the membrane. In Fi-
gure 6, the concentration of water in permeate is
plotted against feed composition for the membranes
of the various degrees of imidization. As can be
seen, most membranes except for DI-85 have excel-
lent separation properties throughout the experi-
mental range.
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Figure 6. Water concentrations in permeate vs. in
feed.

Conclusion

The carboxylic acid content was controlled by
varying reaction time of the imidization of poly(amic
acid). In pervaporation of water/ethanol, the high
flux and separation factor were obtained with the
DI-60 membrane. We demonstrated again that this
is one way to improve both the flux and separation
factor simultaneously by introducing hydrophilic ca-
rboxylic acid groups into rigid, hydrophobic back-
bone polyimide. The pervaporation property was in-
terpreted in terms of the facilitated transport of
water, where the carboxylic acid was considered
to act as a carrier for the facilitated transport.
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