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ABSTRACT: Composite membranes were prepared by the interfacial condensation of
water-soluble diamines with an organic solvent (dichloromethane)-soluble dicarbo-
methoxy terephthaloyl chloride or carbomethoxy terephthaloyl chloride on top of a
porous aluminum oxide support. The morphology of skin on the composite membranes
is different in the two different procedures. The polyimide composite membranes with
40-times coatings provide a high gas permeation rate of oxygen and good permselectiv-
ity [@(02/Ns3)]. The composite membrane with the polyimides skin at 40-times coatings
had a gas permeation rate of oxygen range from 83 X 107° to 130 X 10~° cm®(STP)
s'em2ecmHg ™!, and a permselectivity [a(O,/N;)] range of 3.57 to 5.60. The composite
membrane with poly(amide—imide)s skin at 40-times coatings had a gas permeation
rate of oxygen range from 102 X 105 to 146 X 10 ° cm*(STP) s™! cm 2 cmHg !, and
the permselectivity (a(O,/N;)) range from 3.20 to 4.96. © 1997 John Wiley & Sons, Inc.

J Appl Polym Sci 63: 693-701, 1997

Key words:
imide); air separation

INTRODUCTION

Stiffer polymers generally have higher mobility
selectivity because they behave more like molecu-
lar sieves.! Also, polymers with high glass transi-
tion temperatures can withstand high pressure
without resulting in plastic deformation. They are
considered important in the separation industry.
At high temperatures, aromatic polyimide main-
tains excellent mechanical properties and chemi-
cal stability, so many researchers use polyimides
as a separation membrane. This research covers
purification and concentration of organic sol-
vents,? ® separation of helium and nitrogen,® and
gas separation.” "’
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Generally, when membrane for separation is
used, it is desirable to have both high permeation
and permselectivity. Researchers hoped to build
up a composite structure with an ultrathin (less
than about 1 ym) dense skin to obtain high per-
mselectivity, while the lower layer is a porous sup-
port material to obtain high permeation. This re-
search covers using the interfacial condensation
for manufacturing thin film composite,’® % an
asymmetric coating layer applied to an already
formed asymmetric support layer,?'~23 and sup-
porting different siloxane polymers on porous an-
odic aluminum oxide film.*** There are several
advantages in making composite membranes by
the interfacial condensation process.? The in-
terfacial film that forms the selectively permeable
barrier layer can be made quite thin (<0.1 ym).
Interfacial condensation also is less susceptible to
defect formation in the form of macrovoid pores.
Interfacial condensation also permits the making
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of barrier layers that are highly resistant to deg-
radation by exposure to harsh environments. In
previous studies, '*~*° the interfacial condensation
technique was used mainly for manufacturing
thin film composite reverse osmosis membranes.
In this research, we attempted to use the interfa-
cial condensation technique for manufacturing
composite membranes for air separation. This in-
vestigation is a continuation of our previous study
on the behavior of interfacial condensation in the
synthesis of poly(amic—ester)s. In a previous
study,?” we understood that the interfacial reac-
tion of this system takes place in the organic
phase. We also found that the interfacial film it-
self is not homogenous. The molecular weight of
interfacial films decreased gradually in the direc-
tion of the thickness from the water phase to the
organic phase. Moreover, the morphology of the
films changed from dense to porous along the
thickness direction of the films. To obtain a homo-
geneous interfacial film in morphology and molec-
ular weight, the reaction time of interfacial con-
densation should not exceed 5 min.”® The chain
axis of the poly(amic—ester)s are mainly oriented
perpendicularly to the film surface and parallel
to the direction of membrane growth.”® Various
polyimides (II) and poly(imide—amide)s (IV)
were prepared from dicarbomethoxy terephtha-
loyl chloride and carbomethoxy terephthaloyl
chloride with the corresponding aromatic di-
amines by using the most favorable conditions for
the reaction with 4,4-oxydianiline (Scheme 1).
The results of the polycondensation are listed in
Table 1.2 In this study, we prepare composite
membranes by using interfacial condensation on
top of a porous aluminum oxide support. Experi-
mental results for the gas permeation rates of the
composite membranes are also presented.

EXPERIMENTAL

Materials

Dicarbomethoxy terephthaloyl chloride (DCMTC),
carbomethoxy terephthaloyl chloride (CMTC),
and 1,6-diaminodiamantane were synthesized as
in our previous studies.?® 1,3-Diaminoadaman-
tane was synthesized according to the method re-
ported elsewhere.?? 4,4-Oxydianiline(ODA), 4,4-
methylene dianiline, 1,4-phenylenediamine, 1,3-
phenylene diamine, and 4,4-methylene dianiline
were purified by vacuum sublimation. The porous
aluminum oxide (1 mm thick with a diameter of

4.6 cm) was obtained from Aucera Technology
Corp. The mean diameter of pore size of the alumi-
num oxide is 0.5 ym measuring on a PMI capillary
flow porometer. The porous aluminum oxide was
washed using acetone and then vacuum dried at
300°C for 6 h.

Preparation of Composite Membranes

Typical Examples for Preparation of Composite
Membranes

We prepared 0.01M of dicarbomethoxy tereph-
thaloyl chloride in dichloromethane and 0.01M
of 4,4-oxydianiline in 10 (v/v)% DMAc ., con-
taining 0.002M of NayCOj(,q). First, one side of
the alumina support was soaked in the diamine
solution (as shown in Fig. 1). After soaking it for
3 min, we took out the alumina support. Excess
solution was drained off the surface by standing
the alumina film up. The whole process took 30
s. Next, the surface of alumina containing the
diamine solution was soaked in the dichloro-
methane solution containing dicarbomethoxy
terephthaloyl chloride. The interfacial conden-
sation proceeded for 5 min at 5°C, and the com-
posite membrane was then taken from the or-
ganic solution. The composite membranes made
by interfacial condensation were rinsed with
0.001N of NaOH .4 and then rinsed with deion-
ized water and methanol. The above procedure
for preparation of composite membranes was re-
peated to form multilayer of composite mem-
branes. The membranes were vacuum-dried and
then heated in a vacuum oven at 250°C for 5 h,
and at 300°C for 2 h, to form imide structure.

Analytical Procedures

Attenuated total reflectance (ATR) spectra were
obtained on a Bomen MB 100 Fourier transform
infrared spectrometer (FTIR) with 2 cm ™' resolu-
tion, with KRS-5 used as an internal reflection
element. Strips of supported film 4.0 X 0.5 cm?®
were placed on each side of the crystal so that the
film surface was in contact with the crystal face.
In a typical experiment, 200 scans per sample
were averaged. The electron micrograph was
taken with a Hitachi S-2300 scanning electron
microscope. The polymer film was coated with
gold by sputter deposition prior to the measure-
ment.

Permeation measurements were performed on
a Yanaco GTR-10 gas permeability analyzer (Ya-
naco New Science Ins., Kyoto, Japan) attached to
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Scheme 1

a Yanaco G-2800T gas chromatograph (GC). The
calibration gas was used as an extenal standard
for the analysis of the permeative samples. A Ya-
naco G-2800T GC with thermal conductivity de-
tector (TCD) was used to determine the concen-

Table I Synthesis of Polymers

695

tration of permeative gas. The composite mem-
branes to be tested were placed between the two
halves of a stainless steel cell held together by
bolts with two flat rubber gaskets to ensure a good
seal. The effective area available for permeation

Polymer n inh*(dL/g) Mn® x 10* Polymer n inh*(dL/g) Mn® x 10*
Ia 0.85 5.5 IIla 0.36 2.2
Ib 0.53 4.2 I1Ib 0.30 1.8
Ic 0.37¢ — IIlc 0.29" —
Id 0.24 2.9 IIId 0.17 1.3
Ie 0.45 3.5 ITlIe 0.27 2.8
If 0.36 2.1 IIIf 0.20 2.1
Ig 0.27 1.8 Illg 0.10 1.2

# Measured at 30°C at a concentration of 0.5 g/dL. in DMAc.
> Measured by GPC.

¢ Measured at 30°C at a concentration of 0.5 g/dL in DMAc containing 5 (w/v)% LiCl.
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Figure 1 Demonstrative graph for preparation of
composite membranes.

was 15.2 cm®. The gases used in the study were
=99.7% pure. Only pure gas permeation results
were measured. The detailed procedure for mea-
suring permeation has been shown in a previous
study.?

RESULTS AND DISCUSSION

Chemical Structure Analysis by ATR

Comparison of FTIR-ATR spectra of Figure 2(A)
and (B) show that the spectra of polyimide II,
has newly added imide characteristic absorption
at 1777 em ' (imide ring C=0), 1369 cm '
(C—N—C, imide), and 723 ecm! (C—N—C,
out-of-plane bending imide). In Figure 2(C), for
polyimide II. imide characteristic absorption at
1786, 1359, and 722 cm ™! was found. From these
results, we understand that the film produced
through interfacial condensation is coated on the
alumina support film.

Morphology of the Composite Films

The photos of SEM in Figure 3(A,B) show that
the difference of morphology was formed by two
different procedures. From the photos, we ob-
served that the interfacial film was coated on the
alumina support. In Figure 3(A), the alumina
support was soaked first in the dichloromethane
solution containing DCMTC and then in the di-
amine ,q). The morphology of the surface of the
interfacial film [ shown in Fig. 3(A)]is dense and
smooth but has a few porous defects. The interfa-
cial film formed was dense and smooth because
the interfacial film grew toward the organic
phase from the interface region. Thus, the sur-
face in the photo in Figure 3(A) is the surface
of the interfacial film adjacent to the water
phase. In our previous studies,?” the surface of
the films adjacent to the water phase was dense
in morphology. In Figure 3(B), the alumina
support was soaked first in the diamine ,,, and
then in the dichloromethane solution containing
DCMTC. For the same reasoning, the surface in

the photo of Figure 3(B) is the surface of inter-
facial film adjacent to the organic phase. The sur-
face morphology of the interfacial film is dense
but uneven [shown in Fig. 3(B)]. The morphol-
ogy of the interfacial film is consistent with the
results of photos of SEM in our previous re-
search.?” To prepare multilayer composite mem-
branes, we used the procedure in which the alu-
mina support was soaked first in the diamine,,
and then in the dichloromethane solution con-
taining DCMTC. The main reason for using this
procedure is that the uneven surface [shown in
Fig. 3(B)]is readily coated new interfacial film.
We also found that the thickness of the dense
skin in the upper layer of the composite film with
40-times coatings was about 1.2 ym [shown in
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Figure2 ATR spectra of the polymer composite mem-
branes supported with porous aluminum oxide: (A)
bared aluminum oxide, (B) the polyimide II;, composite
membrane, and (C) the polyimide II, composite mem-
brane.
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28 um

Figure 3 SEM photomicrographs of the polyimide II, composite membranes. (A) The
film was first soaked with DCMTC in dichloromethane solution and then with ODA ,,);
first coating, 2000X. (B) The film was first soaked with ODA,4, and then with DCMTC
in dichloromethane solution; first coating, 2000X. (C) A view of skin, 2000X; cross-
section at (D), 2000X. Composite film (C) and (D) with 40-times coatings. SEM photog-
raphy of an aluminum oxide: a view of skin at (E), 2000X.

Figure 3(C,D)]. Figure 3(E) reveals that the
aluminum oxide is porous and homogeneous.

The Permeation Rate of Composite Films

Owing to the difficulty in assigning film thickness
to the supported membranes, we have chosen to
present our results in terms of the permeation

rate R rather than the permeability. The overall
permselectivity of a membrane toward a gas A
relative to another gas B is given by an ideal sepa-
ration factor [a(A/B)], which is defined by the
relation
R(A)
a(A/B) BB
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Table II The Gas Permeation Rates of the Polyimide IIa Composite Films with Multilayer Coatings

at 30°C
Time of Coating Rco,* X 10° Ry x 10° Ry,* X 10° a (05/Ny)
0 320 207 85.9 2.41
5 305 188 65.1 2.89
8 293 173 50.0 3.04
11 277 165 50.0 3.30
20 262 140 36.6 3.83
40 205 107 20.0 5.35

Upstream pressure was 16 cmHg.
2In ecm?®(STP) s ' ecm 2emHg .

where R(A) and R(B) are the mean permeation
rates for gases A and B.

Referring to Tables II and III, for both polyim-
ides II, and II, composite film systems, the per-
mselectivity (a(O3/Ns) increases with an increas-
ing number of coatings. On the other hand, the
absolute values of the gas permeation rates in
both are high, which suggests the efficiency of in-
terfacial condensation as a method to support a
thin polymer film. For composite films with the
polyimides II, and II, at 40-times coatings in Ta-
bles II and III, there is high gas permeation rate
and permselectivity (a(O,/Ny). Tables IV and V
show the gas permeation rate of the polymer com-
posite membranes at 20-times and 40-times coat-
ings, respectively. Table V shows that the polyim-
ide composite membranes with 40-times coatings
provide high permselectivity (a(Oy/N,) without
severely reducing membrane flux. The high gas
permeation rate is due to a porous aluminum ox-
ide support and a thin skin layer. The high
permselectivity (a(Os/Ny) is due mainly to the
great chain stiffness of the polyimides formed.
The gas permeation rate of the composite mem-
brane increases in the order Ny, < O, < CO, with

monly observed in gas permeation with polymer
materials. At the same diamine moiety, the per-
mselectivity (a(O3/N,) of the composite mem-
brane with imide structure (II) was higher than
that of the composite membrane with amide-im-
ide structure (IV). This is due to the fact that
stiffer polymers generally have a higher mobility
selectivity. At the same times coating, among the
membranes examined in the present work, the
lowest permeation rate was attained with polyim-
ide II, and poly(amide—imide)s IV, composite
membranes. It is probably because the fact that
the main chain with rigid and symmetry of p-
phenylene diamine is readily packed into the or-
der structure. On the other hand, the permselec-
tivity (a(Oy/Ny) of the composite membrane with
polyimides (II) at 40-times coatings, except II,,
increases in the order Iy < II, < II; < II, < II,
< II, with increasing inherent viscosities of
poly(amic—ester)s I (shown in Table I). This is
probably due to the fact that the selectivities of
the base polymers is used to determine the suc-
cess of the coating process in forming defect-free
films. However, there is no considerable differ-
ences in permeation rate values (Table V), chang-

decreasing kinetic sieving diameter, which is com- ing the amine structure as other reports.’!'%3*
Table III The Gas Permeation Rates of the Polyimide ITb Composite Films with Multilayer
Coatings at 30°C
Time of Coating Roo,” X 10° Ro,» X 10° Ry,* X 10° a (02/Ny)
0 320 207 85.9 2.41
5 318 194 58.1 3.34
8 310 186 53.0 3.51
11 304 166 47.0 3.53
20 283 156 39.9 3.91
40 233 129 23.0 5.60

Upstream pressure was 16 cmHg.
2In cm* STP) s7! em™2 emHg ™
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Table IV The Gas Permeation Rates of the Polymers Composite Films with 20-times

Coatings at 30°C

Skin Roo,* X 10° Rof x 10° Ry, X 10° a (0/N,)
Ila 262 140 36.6 3.83
IIb 283 156 39.9 3.91
Ic 278 152 41.1 3.70
11d 258 132 412 3.20
Ile 231 112 34.0 3.29
IIf 244 129 36.8 3.50
Iig 276 146 44.9 3.25
IVa 287 160 47.9 3.34
Vb 296 166 47.0 3.53
Ve 306 175 50.0 3.50
vd 295 148 50.0 2.96
IVe 258 127 41.0 3.10
IVf 260 134 42.9 3.12
Vg 286 164 53.4 3.07

Upstream pressure was 16 cmHg.
2em®(STP) s™* em ™2 emHg ™.

The reason for this result still remains uncertain.
This may be attributable that the influence of per-
meation rate of composite membranes is compli-
cated. These factors contain the chemical struc-
ture, the molecular weight of polymer, morphol-
ogy, the thickness of skin layer, the interface, and
the coating process, etc. In other words, this may
be attributed to the fact that the influence of the
other factors on permeation rate exceeds the in-
fluence of the amine structure on permeation rate.
For example, the selectivities of the base polymers
is used to determine the success of the coating

process in forming defect-free films. Additional
work is required to characterize the effect of these
factors.

The interfacial polycondensation technique
was used in manufacturing composite film,
mainly used as reverse osmosis membranes.”®
However, the composite film was used for air sep-
aration in the present work. From Tables II and
ITI, the permselectivity (a(O2/N,) was not high
at five-times coating. These data certainly suggest
that the skin layer has defects. The defects can
possibly be attributed to the following reasons:

Table V The Gas Permeation Rates of the Polymers Composite Films with 40-times Coatings at 30°C

Skin Rco,* x 10° Ro x 10° Ry, x 10° a (02/Ny)
ITa 205 107 20.0 5.35
Ib 233 129 23.0 5.60
Ilc 245 130 30.0 4.33
I1d 217 104 29.1 3.57
ITe 169 83 18.0 4.61
IIf 184 103 24.0 4.29
IIg 223 130 32.0 4.06
IVa 246 143 32.0 4.47
IVb 258 144 29.0 4.96
IVe 265 146 37.0 3.95
Ivd 242 127 39.7 3.20
IVe 215 102 25.7 3.97
Ivf 239 107 28.0 3.82
IvVg 254 128 35.5 3.61

Upstream pressure was 16 cmHg.

2em*(STP) s! em ™2 ecmHg ™.
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(1) the defects were formed at dry stage; (2) the
defects were formed through a thermal treatment;
and (3) the defects were formed in the interface
between interfacial films. Therefore, the compos-
ite membranes with 40-times coating were re-
quired for high permselectivity (a(O,/N3). From
Figure 3(A,B), the surface of interfacial film adja-
cent to the organic phase is dense but uneven,
and the surface of interfacial film adjacent to the
water phase is dense and smooth. It is therefore
conceivable that the defects were possibly formed
in the interface between interfacial films.

A comparison of permeation rate of the systems
studied here with other composite membranes
was studied by Chung et al.?® The polyimide com-
posite membrane produced in this work has an
oxygen permeation rate that is about four times
higher than that of a 6 FDA-durene composite
hollow fibers. The permselectivities (a(O3/Nsy) of
composite membrane in this work are similar to
the corresponding permselectivities for a 6 FDA-
durene composite hollow fibers.

CONCLUSIONS

From the chemical structure analysis and photos
of SEM, we observed that the interfacial film
produced through interfacial condensation was
coated on the aluminum oxide support. The mor-
phology of skin on the composite membranes is
different in the two different procedures.

The permselectivity (a(O2/N,) increases with
an increase in the number of coatings due to the
fact that pinholes are eliminated by laminating
multiple layers to yield separating layers depos-
ited on a porous substrate. The composite mem-
brane with the polyimide at 40-times coatings had
a gas permeation rate of oxygen range from 83
X 10 7°t0 130 x 10 ° and a permselectivity (a( O/
N;) range from 3.57 to 5.60. The composite mem-
brane with the poly(amide-imide)s at 40-times
coatings had a gas permeation rate of oxygen
range from 102 X 107° to 146 X 10 °cm?(STP)
s7! em™? emHg and a permselectivity (a(O2/Ny)
range of 3.20 to 4.96. The permselectivity (a(Oy/
N3) of the composite membrane is different from
various diamines. Due to the very thin skin, the
thickness of the skin on the composite membranes
made by interfacial condensation from various di-
amines affects the permselectivity of the compos-
ite membranes. At the same diamine moiety, the
permselectivity (a(Oy/Ny) of the composite mem-
brane with polyimide skin is higher than that of

the composite membrane with poly(amide—im-
ide)s skin.

The authors thank manager Stanley C. Chiu. (Aucera
Technology Corp.) for providing the aluminum oxide.
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