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SYNOPSIS

The gas transport properties of a series polyetherimides, which were prepared from 1,4-
his(3,4-dicarboxyphenoxy )benzene dianhydride (HQDPA) with l,3-phenylenediamine or
3,5-diaminobenzic acid (DBA) or its esters are reported. The effects of carboxylic group
( — COOH) and carboxylic ether groups ( — COOR), at five positions of l,3-phenylene -
diamine moiety, on H2 CO,, 02, and N2 permeability, diffusivity, and volubility of the
polyetherimides were investigated. The gas permeability, dMusion, and volubility coefficients
of the polyetherimides containing COOR are bigger than those of HQDPA–PDA, but the
ideal separation factors and ideal diffusivity selectivity factors are much smaller than that
of HQDPA–PDA because COOR decreases chain segmental packing efficiency and increases
chain segmental mobility. The permeability coefficients of HQDPA–DBA to H2, C02, and
02 are bigger than those of HQDPA-PDA; the ideal separation factors for gas pairs H2/
N2, C02/N2, and 02/N2 are also much bigger than those of HQDPA-PDA. Both the difision
coefficients of C02 and 02 and the ideal diffusivity selectivity factors for C02/N2 and 02/
N, are bigger than those of HQDPA-PDA because COOH decreases both chain segmental
packing efficiency and chain segmental mobility. The copolyimides, which were prepared
from 3,5-diaminobenzic acid and 3,5-diaminobenzic esters, have both high permeability
and high permselectivity. 6 1997 John Wiley & Sons, Inc.

INTRODUCTION

Membrane technology such as hydrogen recovery
from petrochemical recycle and purge gas streams,
separating carbon dioxide from nature gas, and
preparation of nitrogen- or oxygen-enriched air has
been widely used for gas separation in industry.l The
key to gas separation based on membrane method
is high performance membrane materials as well as
preparing technology of the applicable membrane,
such as hollow fiber. To develop favorable membrane
materials for gas separation, a substantial amount
of work has gone into investigation of the relation-
ship between the molecular structure of polymers
and the permeability and permselectivity, indicating
that the molecular structures of polymers affect
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strongly on the permeability and perrnaelectivity and
that aromatic polyimide is a class of very promising
membrane material for gas separation.2-s The po-
lyamides possess high performance, such as high gas
permselectivity, excellent mechanical properties,
outstanding thermal stability, and excellent chem-
ical resistance. However, there is still a general trend
within the family of polyamides that polyamides with
high permeability have low permselectivity, and
others with high permselectivity have low perme-
ability. In last decade, remarkable success has been
achieved that enhances both permeability and
permselectivity of polyamides by controlling chem-
ical structure. 1’8For example, the studies made by
Koros and colleagues indicated that incorporating
some bulky structure elements into the backbone of
the polyamides based on dicarboxyphenyl hexa-
fluoropropane dianhydride (6FDA) can increase gas
permeability with only minimum permselectivity
losses .9-12 Recent work in our laboratory shows
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that the substitution of some groups onto the aro-
matic rings of diamines can simultaneously in-
crease both permeability and permselectivity of
the polyetherimides based on 1,4-bis(3,4-dicarbo-
xyphenoxy)benzene dianhydride (HQDPA).13’14 It
promoted us to further investigate the effect of sub-
stituting diamine structure on the gas separation
properties of the HQDPA-based polyetherimides.

In the present study, the gas transport properties
of HQDPA-based polyetherimides prepared from
3,5-diaminobenzic acid (DBA) or its ester were in-
vestigated to further understand the relationship

between the diamine structure and gas separation
properties of HQDPA-based polyetherimides.

EXPERIMENTAL

Materials

The diamines used for this study were l,3-phenyl-

enediamine (PDA), 3,5-diaminobenzic acid (DBA),
methyl 3,5-diaminobenzoate (MDBA), and ethyl 3,5-
dlaminobenzoate (EDBA). HQDPA, MDBA, and
EDBA were prepared in our laboratory. PDA and
DBA were purchased from Shanghai Chemical
Agent Factory (P. R. China) and from Aldrich
Chemical Co., respectively. All the monomers were
finally purified by vacuum sublimation or recrys-
tallization before use in polymerization. The solvent
dimethylacetamide (DMAc) was dried at 30”C with
4A molecular sieve for one week, followed by dktil-
lation under nitrogen atmosphere. The purity of the
permeation gases used was more than 99.95%.

Apparatus and Procedure

The polyetheramic acid precursors were prepared
by solution condensation of HQDPA with stoichio-
metric amount of diamine in DMAc. The polyeth -
eramic acid precursors were cast membranes and
were then thermal imidizated. The procedure is the
same as that described in previous paper.13 The po-
lyimide membranes obtained were about 30 pm in
thickness. The molecular structure of the polyeth-
erimides is shown in Scheme 1. The membranes were
characterized according to the procedure described
in a previous paper.13 The permeability coefficients
(P) of the polyamides to Hz, COZ, Oz, and N2 were
measured using manometric apparatus in the tem-
perature range from 30 to 150”C. The downstream
pressure was kept essentially zero (not more than
10 mmHg), and the upstream pressure was main-
tained at 7 atm. The apparent dMusion coefficients
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Scheme 1 Chemical structure of the polyetherimides
studied.

(D) were estimated from time-lag data at 300C, ac-
cording to eq. (1):

D = 12/68 (1)

where 1 is membrane thickness and O is the time
lag.lb The apparentvolubility CfAfiCkntS (~) were

estimated from eq. (2).

S = P/D (2)

The thicknesses of the polymer films, used for de-
termining diffusion coefficients of C02, Oz, and Nz,
were about 30 ym; that used for determining diffu-
sion coefficients of Hz is about 150 ~m (five pieces
of films).

RESULTS AND DISCUSSION

Characterization of Polyetherimides

Some physical properties of the HQDPA-based po-
lyetherimides studied are listed in Table I. Wide an-
gle X-ray diffraction (WAXD) curves of all polyeth-
erimides were broad and structureless, indicating
that the polyetherimides were amorphous. The spe-
cial free volume (SFV), and the fractional free vol-
ume (FFV) of the polyetherimides were calculated
by eqs. (3)-(5):

V, = M/p – 1.3VW (3)

SFV = Vf/M (4)

FFV = SFV . p (5)
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where, VI is the free volume of smallest repeat unit,
M is the weight of smallest repeat unit, p is the den-
sity of polyetherimide at 25°C, and Vu, is van der
Waals volume calculated by the group contribution
method, reported by Lee’c and Bondi.lT

Gas Transport Properties

The permeability coefficients of the representative
polyetherimide, 2, to Hz, COZ, 02, and Nz are illus-
trated in the form of Arrhenius plots in Figure 1. It
is obvious that a linear relationship exists between
log P and l/T in each polyetherimide. In other
words, the Arrhenius equation holds

log P = log P,, – EJ(2.303RT) (6)

where R is the universal gas constant, T is the ab-
solute temperature (K), and Er, is the apparent ac-
tivation energy of gas permeation. Because all the
HQDPA-based polyetherimides studied here were
in the glassy state in the experimental temperature
range, the apparent activation energy of gas per-
meation does not change with temperature.

The permeability coefficients of the polyether-

imides to Hz, COZ, Oz, and N2 at 30 and 100”C are
listed in Table II. The apparent activation energies
(Ep) for the permeation of Hz, COZ, 0,, and Nz cal-
culated from the slopes are summarized in Table
HI. The ideal separation factors of the polyether-
imides for HJN1, CO.JN1, and OJNz at 30 and
100”C are summarized in Table IV. The apparent
diffusion coetlicients and the ideal diffusivity selec-
tivity factors of four homopolyetherimides at 30”C
are listed in Table V. The volubility coefficients and
ideal volubility selectivity factors of four homopoly -
etherimides for H.JN2, COJNz, and 0JN2 at 30°C
are listed in Table VI. The permeability coefficient
(P) can be shown to be a product of a diffusion coef-
ficient (D), and a volubility coefficient (S):
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Figure 1 Temperature dependence of the permeabil-
ity coefficients of HQDPA–DBA 1 barrer = 10 ‘“
cms( STP) ocm/cm2 . s. cm Hg.

P=D. S (7)

where S, a thermodynamic factor, can be determined
by the inherent condensability of the penetrant gas,
by polymer-penetrant gas molecule interactions, and
by the amount of excess volume; namely, free vol-
ume, existing in the glassy polymers, and D, a kinetic
factor, can be determined by dividing the perme-
ability coefficient by the volubility coefficient. The
ideal separation factor (a~ ,~), namely, overall se-
lectivity, can be expressed according to eq. (8):

Table I Physical Properties of the Polyetherimides

Glass Transition
Temperature

(“c) Density Specific Free Volume Fractional Free Volume
Polyetherimide (Tg) P (dcm3) (WV) (cm’/g) (FFV)

1 262 1.380 0.086 0.119
2 286 1.384 0.096 0.133
3 248 1.371 0.094 0.129
4 241 1.353 0.096 0.130
5 269 1.379 0.095 0.131
6 265 1.371 0.096 0.131
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Table II Permeability Coefficients of the Polyetherimides”

30”C 100”C

Polyetherimide Hz co* 02 N, H, co* 02 N2

1 3.75 0.598 0.149 0.016 11.3 1.70 0.586 0.111
2 5.67 0.683 0.179 0.015 17.1 2.10 0.793 0.125
3 5.33 1.18 0.234 0.034 15.3 2.37 0.787 0.160
4 7.79 2.26 0.529 0.077 19.2 4.18 1.33 0.292
5 5.70 0.957 0.207 0.023 16.2 2.34 0.802 0.147
6 7.03 1.34 0.321 0.036 19.2 3.25 1.12 0.207

nUnit: Barrer [10-’0 cm3(STP). cm/cm’. s -cm Hgl.

~~ /B= PA/PB = [DA/DB] . [SA/SB] (8)

where PA and PB are the permeability coefficients
for gases A and B, respectively; the ratio DA/DB,

which is kinetic in nature, is known as the “diffu-
sivity selectivity” or ideal diffusivity selectivity fac-
tor, and the ratio SA/SB, which is thermodynamic
in nature, is known as the “volubility selectivity” or
ideal volubility selectivity factor. DA/DB and SA/SB
represent the contributions to the overall selectivity
arising from differences in the diffusivity and vol-
ubility of the penetrant A and B, respectively. As
shown in Figure 1, the permeability coefficients of
the polyetherimides for four gases decrease, at each
temperature, in the following order: PH, > Pco,
> Poz > PN2. This is also the order of increasing
kinetic molecular diameters of the penetrant gases
(H, < COZ < Oz < NJ. 18 The ideal separation factors

decreases in the following order: HJNz > COJNz
> 02/Nz. The diffusion coefficients decrease in the
following order: Hz >02> COZ > N2. The apparent
volubility coefficients for C02, 02, and N2 in these
polyamides decrease in the order COZ > Oa > Nz
> H2, which is the increased order of inherent con-
densability of these gases. C02 possesses high in-
herent condensability results that its volubility coef-

Table III Apparent Activation Energy of Gas
Permeation Through the Polyetherimides”

Polyetherimide Hz C02 o, N2

1 14.6 13.9 18.4 26.1
2 14.8 15.3 20.3 28.7
3 13.3 9.37 15.3 20.6
4 12.1 8.26 12.4 18.1
5 14.0 12.1 18.2 24.9
6 13.5 11.9 16.8 23.5

aUnit kJ/mol.

ficient is much larger than others. Although the vol-
ubility selectivity for gas pair H2/Nz in all the
polyamides studied is not more than one, the overall
selectivity for gas pair H2/N2 is also quite high due
to very high diffusivity selectivity. The volubility se-
lectivity for the gas pair C02/Nz in the polyamides
studied is much higher than the diffisivity selectiv-
ity. Consequently, the overall selectivity for the gas
pair COJN2 is quite high. In other words, high over-
all selectivity of the polyamides for the gas pair C02/
Nz is mainly because of high volubility selectivity.
In contrast to the gas pair COJN2, the dlffusivity
selectivity of the polyamides for the gas pair 02/N2
is higher than the volubility selectivity. Therefore,
high overall selectivity of these polyamides for the
gas pair 02/N2 results from diffusivity selectivity.

Comparison of HQDPA-DBA and HQDPA-PDA

Carboxylic group (— COOH) is a strong polar sub-
stituent. Polyetherimide with carboxylic group
HQDPA-DBA (2), has high H-bond energy and high
orientation energy. The result is that 2 has much
higher cohesive energy than HQDPA-PDA (l).
Furthermore, there can be intermolecular cross-link
structure in 2. Consequently, the glass transition
temperature of 2 is much higher than 1, and the
chain segmental mobility is much lower than 1. Car-
boxylic group is also a bulky substituent that re-
stricts the chain segmental package. Hence, the
special free volume and the fractional free volume
of 2 is higher than 1. The polymers with high frac-
tional free volume and low chain segmental mobility,
especially cross-link structure, possess high per-
meability and high permselectivity. Therefore, the
permeability coefficients of 2 to H2, C02, and 02 are
larger than those of 1, and the ideal separation fac-
tors of 2 for H2/N2, C02/N2, and 0.JN2 are much
larger than those of 1. The permeability coefficients



GAS SEPARATION OF POLYETHERIMIDES 5

Table IV Ideal Separation Factors of the Polyetherimidea

30”C 100”C

Polyetherimide H2/Nz CO-JN2 02/N2 H2/N, COJN, 02/N,

1 237 37.4 9.4 102 15.3 5.3
2 386 45.5 12 137 16.8 6.3
3 155 34.7 6.9 89.4 14.8 4.9
4 103 29.4 6.9 65.8 14.3 4.6
5 247 41.2 9.0 111 15.9 5.5
6 203 37.6 9.0 92.7 15.7 5.4

of 2 to Hz, C02, and Oz increase by 51, 14, and 17Y0,
respectively, at 30° C and at 7 atm, compared with
1; while the ideal separation factors for HJN2, COJ
N2, and 02/Nz increase 41,22, and 27%, respectively,
compared with 1. There is not any special interaction
between the gases used in this study and the car-
boxylic group in the polyetherimide. Therefore, the
difference of the volubility and volubility selectivity
between 1 and 2 to each gas is rather small. However,
the fractional free volume of 2 increases by about
12% than that of 1. The diffusivity is controlled
mainly by the free volume, by the chain segmental
motion of polymer, and by the size of the penetrant
molecule. Hence, the diffusion coefficients of 2 to
H2, COZ, 02, and N, are much larger than those of
1, and the ideal diffusivity selectivity factors of 2 for
H.JNz, C02/N2, and OJNz are much larger than
those of 1; although the chain segmental mobility
of the former is lower than the later. These facts
show that the high permselectivity of 2 is results
primarily from the high diffusivity selectivity.

Comparison of HQDPA-3,5-diaminobenzoate
and the Others

Carboxylic ether groups ( — COOR) differ from car-
boxylic group in many respects. First, the volumes of
carboxylic ether groups are much larger than that of
carboxylic group. Second, cadmxylic ether groups are
flexible substituents and have a strong plasticization,

but the carboxylic group does not. Third, carboxylic
ether groups are inert substituents and do not react

with amine in the process of imidization of polyamide
acid precursor. Therefore, the polyetherimides that
were prepared from 3,5-diaminobenzoate possess
lower glass transition temperature, namely, higher
chain segmental mobility than 1 and 2 and lower
chain segmental package density, e.g., higher frac-
tional free volume or high special free volume than
1 but slightly lower higher fractional free volume or
high special free volume than 2.

Diffusivity is determined by the free volume, by
the chain segmental motion of polymers, and the

size of the penetrant molecule. The result is that
the 3,5-diaminobenzoate-based polyethenmides, with
higher fractional free volume and lower glass tran-
sition temperature, possess higher difisivity h each
gas than the others. The strong plasticization of
— COOR causes a large increase of Nz (with big
molecular kinetic diameter) diffusion coefficients
than that of H2, COZ, and Oz (with small molecular

kinetic diameter). Consequently, the difisivity se-
lectivity of the HQDPA-3,5-diaminobenzoate for
H2/N2, COJN2, and OJNz are much lower than
those of the other polyetherimides. Although volu-
bility of polymer is determined by free volume, the
increase of the fractional free volume of the poly -
etherimide causes only a small increase of the vol-
ubility coefficients and results in only a minute de-
crease of the volubility selectivity in this case. One

Table V Diffusion Coefficients and Ideal Diffusivity Selectivity Factors of the Polyetherimides at 30°C”

Polyetherimide H, C02 02 N2 H2/N2 C02/N2 O,/N,

1 837 0.974 3.44 0.671 1247 1.45 5.1
2 1233 1.08 4.05 0.607 2032 1.78 6.7
3 1085 1.63 4.81 1.19 912 1.37 4.0
4 1500 2.80 9.40 2.33 644 1.20 4.0

n[Init: 10 9cmzts.
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Table VI Volubility Coefficients and Ideal Volubility Selectivity Factors of the Polyetherimides at 30°C”

Polyetherimide H, co, 02 N, H*/N, CO,/N, 02/N,

1 0.45 61.4 4.33 2.38 0.19 25.8 1.8
2 0.48 63.5 4.42 2.47 0.19 25.7 1.8
3 0.50 72.4 4.86 2.86 0.17 25.3 1.7
4 0.53 80.8 5.63 3.31 0.16 24.4 1.7

“ Unit: 10-2cm’(STP)/cm3. cm Hg.

can also see this fact from the data listed in Table
VI. This indicates that the increase in the perme-
ability and the decrease in the permselectivity of
the polyetherimides, from 1 to HQDPA-3,5-diami-
nobenzoate (3 and 4) mainly is caused by increase
diffusivity and by decrease in dlffusivity selectivity.
For example, C02 permeability coefficient, diffusion
coefficient, and volubility coefficient 3 increase by
97, 67, and 18% more, respectively, than 1; while
the COz/N2 deal separation, ideal diffusivity selec-
tivity, and ideal volubility selectivity factors of 3 de-
crease by 21, 17, and 270 more, respectively, than
those 1.

Copolyetherimides offer the possibility of pre-
paring membrane materials with favorable gas sep-
aration property, i.e., both high permeability and
high permselectivity, which is not obtained with the
homopolyetherimides. The chain segmental package
and chain segmental mobility of the copolyether-
imides (5 and 6), which were prepared from 3,5-di-
aminobenzic acid and 3,5-diaminobenzic esters, are
between those of 2 and those of 3 or 4. This causes
the permeability and permselectivity of 5 to be be-
tween that of 2 and 3, and the permeability and
permselectivity of 6 to be between that of 2 and 4.
Paullg has suggested that the mean permeability
coefficient P of a copolymer can be estimated from
the values of Pi of its i constituent homopolymers
by means of the following relation:

in P = ~ qlln Pi (9)
i

where qi is the volume-fraction of the i constituent
homopolymer. The agreement between the experi-
mental and calculated permeability coefficients, by
means of eq. (9), for copolymers 5 and 6 is satisfac-
tory. For example, the permeability coefficients of
H,, COZ, 0,, and N, through 6 at 30°C is 6.69, 1.27,
0.314, and 0.035 barrer, respectively. The differences
between the experimental values and calculated
values are not more than 10%.

CONCLUSION

The structure of the diamines affects strongly on the
gas transport properties of HQDPA-based poly-
etherimides from 1,3-phenylenediamine or 3,5-
diaminobenzic acid or its ester. The general trends
of the increase of permeability, correlated with the
decrease of permselectivity, is not observed for
HQDPA-based polyetherimides herein. The poly-
etherimides, that prepared from 3,5-diaminobenzoic
esters, with low chain segmental package and high
chain segmental mobility due to carboxylic ether
group strong plasticization, possess high permeability
and low permselectivity. HQDPA–DBA, with both
low chain segmental package and low chain segmental
mobility, holds much high perrnselectivity. The vari-
ation of the permeability and permselectivity of the
polyetherimides studied here is caused predominantly
by the change of diiTusivity and difisivity selectivity.
HQDPA-DBA/MDBA( 1 / 1 ) and HQDPA-DBA/
EDBA ( 1 / 1 ) have both high permeability and high
permselectivity. These copolymers exhibit a balance
of excellent thermal and chemical stability, high me-
chanical strength, favorable processability, and good
H2/ N2 separation properties, so they are favorable
gas separation membrane materials for hydrogen re-
covery from various industrial purge gases.

REFERENCES

1. W. J. Koros and G. K. Fleming, J. Membr. Sci., 83,

1 (1993).
2. K. Takada, H. Matsuya, T. Asuda, and T. Hagshi-

mura, J. AppL Polym. Sci., 30, 1605 ( 1985).

3. M. B. Moe, W. J. Koros, and D. R. Paul, J. Polym.

Sci., Polym. Phys. Ed., 26, 1931 ( 1988).
4. A. C. Puleo, N. Muruganandam, and D. R. Paul, J.

Polym. Sci., Polym. Phys. Ed., 27, 2385 ( 1989).

5. W. J. Koros, G. K. Fleming, S. M. Jordan, T. H. Kim,
and H. H. Hoehn, Prog. Polym. Sci., 13, 339 ( 1988).

6. S, A. Stern, Y. Mi, H. Yamamoto, and A. K. St. Clair,
J. Polym. Sci., Part B: Polym. Phys., 27, 1887( 1989).



GAS SEPARATION OF POLYETHERIMIDES 7

7. W. J. Koros and G. K. Fleming, J. h4embr. Sci., 83,
1 (1993).

8. S. A. Stern, J. Membr. Sci,, 94, 1 ( 1994).
9. T. H. Kim, W. J. Koros, and G. K. Husk, Separ. Sci.

Z’echrzoL, 23, 1611 ( 1988).
10. K. C. O’Brien, W. J. Koros, and G. R. Husk, J. Membr.

Sci., 32, 217 (1988).

11. T. H. Kim, W. J. Koros, G. K. Husk, and K. C.
O’Brien, J. Membr. .%i,, 37, 45 ( 1988).

12. M. R. Coleman and W. J. Koros, J. Membr. Sci., 50,

285 ( 1990).

13. Y. Li, X. Wang, M. Ding, and J. Xu, J. Appl. Polym.

Sci, to appear.

14. Y. Li, M. Ding, and J. Xu, Chin. Membr. .%i. Techrwl.,

14(4),41(1994).

15. V. T. Stannett, in Diffusion in Polymers, Chap. 2, J.
Crank and G. S. Park, Eds., Academic Press, New
York, 1968.

16. W. M. Lee, Polym. Eng. Sci., 20,65 ( 1980).

17. A. Bondi, J. Phys. Chem., 58, 929 ( 1954).

18. D. W. Break, Zeolite Mokculnr Sieues, Wiley, New
York, 1974, p. 636.

19. D. R. Paul, J. Membr. Sci., 18, 775 ( 1984).

Received October 3, 1995

Accepted May 20, 1996


