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ABSTRACT: Gas transport of hydrogen, oxygen, nitrogen, carbon dioxide, and methane in four cardo
poly(aryl ether ketone)s containing different alkyl substituents on the phenyl ring has been examined
from 30 to 100 °C. The permeability, diffusivity, solubility, and their temperature dependency were studied
by correlations with gas shape, size, and critical temperature as well as polymeric structural factors
including glass transition, secondary transition, cohesive energy density, and free volume. The bulky,
stiff cardo and alkyl groups in tetramethyl-substituted TMPEK-C resulted in increased H2 permeability
(by 55%) and H2/N2 permselectivity (by 106%) relative to bisphenol A polysulfone (PSF). Moreover, the
weak dependence of gas transport on temperature in TMPEK-C made it maintain high permselectivities
(RH2/N2 in 68.3 and RO2/N2 in 5.71) up to 100 °C, exhibiting potential for high-temperature gas separation
applications.

Introduction

Gas membrane separation technology is useful for a
variety of applications,1-3 such as hydrogen recovery
from reactor purge gas, nitrogen and oxygen enrich-
ment, water vapor removal from air, stripping of carbon
dioxide from natural gas, etc. Over the past decade,
finding new membrane materials with high perme-
ability and permselectivity has been an active research
field.4-7 Recent studies indicate that the packing density
and segmental motion of the polymer chain are two
dominant factors that affect gas transport properties.
High permeability is primarily related to high free
volume, while significant increases in gas permselec-
tivity may be due to restricted segmental motion.8-10

On the basis of these facts, one can design new polymers
to combine the two favorable factors, thus preparing
polymers with both high gas permeability and high
permselectivity.

A review of gas permeability studies revealed that,
relative to the numerous papers on the polymer gas
transport properties at room temperature, in recent
years, research studies on high-temperature gas separa-
tion are rather rare. However, from the viewpoint of
energy saving, in some cases, e.g. “C1 chemistry”, it is
desirable for the membrane separation process to be
operated at the highest allowable temperature, so that
the purge streams from synthesis gas production can
be regulated in composition and recycled without ex-
tensive cooling and reheating prior to recycling to the
reactor. Therefore, the effect of temperature on gas
permeability is of great importance for membrane
separation applications at high temperature.

Phenolphthalein-based poly(aryl ether ketone) (PEK-
C) has been noted for its excellent mechanical tough-
ness, thermooxidative stability, and high glass transi-
tion temperature. In addition, PEK-C is soluble in a few
polar solvents such as DMF, NMP, and chloroform and
can be easily cast into a flexible tough film.11 The

experimental results on its gas permeability studies
reveal that, in comparison with conventional glassy
polymers, such as bisphenol A polysulfone,12 bisphenol
A polycarbonate,13 and polyimide (Kapton),14 PEK-C
membranes possess better gas transport properties,15

but for the purpose of future practical application, its
gas selectivity coefficient and permeability coefficient
must be further improved.

In our previous paper,16 several chemical modifica-
tions had been performed to incorporate pendant amide
and carboxyl groups onto the PEK-C backbone. The
enhanced interchain interaction in the polymers, owing
to intermolecular hydrogen bonds and ionic bonds, leads
to the polymers’ extremely high gas permselectivity, but
their permeability coefficients also dropped to some
extent.

The present paper mainly concerns the gas perme-
ability of a series of newly synthesized poly(aryl ether
ketone) membranes over a temperature range from 30
to 100 °C. The systematic variations in chemical struc-
ture with different alkyl substituents on the phenylene
unit were expected to result in interesting and unique
variations in physical properties, e.g., packing density
and segmental motion of the polymer chain, and thus
would significantly affect the gas permeation behavior
in polymer membranes. The effects of alkyl substituents
on the gas permeability and their temperature de-
pendency were explained according to wide-angle X-ray
diffraction, cohesive energy density, free volume, and
dynamic mechanical analysis.

Experimental Section
Materials. Phenolphthalein (PPH) and 2′,2′′-dimethylphe-

nolphthalein (DMPPH) were purchased from Beijing Chemical
Works and purified by recrystallization from a 50:50 (v/v)
mixture of ethanol and water. Melting points are 262-263 and
220-222 °C, respectively. 2′,2′′,5′,5′′-Tetramethylphenolphtha-
lein (TMPPH) and 2′,2′′-diisopropyl-5′,5′′-dimethylphenol-
phthalein (IMPPH) were purchased from Fluka Chemical
Corp., with melting points of 239-240 and 251-252 °C,
respectively, and were used as received. Bis(4-nitrophenyl)
ketone (DNDPK) was prepared in our laboratory, mp 189-
190 °C. Dimethyl sulfoxide (DMSO) and N,N-dimethylform-
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amide (DMF) were purified by vacuum distillation just before
use; anhydrous potassium carbonate was finely powdered prior
to use.

All the poly(aryl ether ketone)s studied here were prepared
via nucleophilic polycondensation from various bisphenols and
DNDPK in the DMSO/K2CO3 system in a similar procedure
to that described in ref 17. Their chemical structures as well
as reduced viscosity and density data are presented in Table
1.

Film Preparations. The polymer samples were dissolved
in 1,1,2-trichloroethane (TCE) at a concentration of 8 wt %.
The solution was cast onto a clean glass plate at room
temperature. After most of the solvent had evaporated, the
films were stripped from the glass plates and transferred to a
vacuum oven, where they were first dried at room temperature
for 12 h, and then the temperature was increased incremen-
tally to 200 °C and maintained at this temperature and 10
mmHg for 48 h. The film thickness was 35-40 µm.

Measurements. Reduced viscosities were measured using
a Ubbelohde viscometer at a concentration of 0.5% (w/v) in
DMF at 25 ( 0.01 °C.

Polymer densities were determined in a density gradient
column containing aqueous solution of calcium nitrate at 30
°C.

Free volume (VF) of each of the polymers is given by the
equation VF ) VT - V0, where VT is specific volume, which
can be calculated from the polymer density; V0 is the polymer
occupied volume at 0 K and was obtained according to the
group contribution method of Sugden.18

Wide-angle X-ray diffraction (WAXD) measurements were
performed at room temperature (about 25 °C) on a D/Max-B
X-ray diffractometer, using Cu KR radiation at a wavelength
of 1.54 Å (40 kV, 15 mA). The scanning rate was 2°/min over
a range of 2θ ) 5°-40°.

Dynamic mechanical analysis (DMA) was performed on film
samples using RHEOVIBRON-DDV-II-EA (Japan), at a fre-
quency of 3 Hz and a heating rate of 4 °C/min from -150 to
+270 °C. The preparation and posttreatment of the film
samples are completely same as that used for the gas perme-
ability measurement.

Pure gas permeability coefficients over the temperature
interval from 25 to 100 °C for H2, O2, N2, CO2, and CH4 with
an upstream pressure of 5 atm were measured using the
apparatus described in the literature.19 The permeation cell
temperature was controlled within (0.2 °C and was measured
by a calibrated Cu-constantan thermocouple inserted just
above the membrane in the permeation cell. To eliminate the
CO2 plasticization effect, CO2 was measured after the other
gases. All the gases used here were at least 99.99% in purity.
The permeability coefficient (P) was obtained from the slope
of pressure-time plots after steady state has been reached.
The apparent diffusion coefficients (Dapp) were determined
using the time lag method according to the relation Dapp )
l2/6L, where L is the time lag and l is the thickness of the
membrane. The solubility coefficients (S) were calculated from
S ) P/D. The ideal separation factor (RA/B) of gas A relative to
gas B is given by RA/B ) PA/PB ) (DA/DB)(SA/SB), where PA and
PB are the permeability coefficients for gases A and B, DA and
DB are diffusivity coefficients, and SA and SB are solubility
coefficients. The ratios DA/DB and SA/SB are known as the
diffusivity selectivity and the solubility selectivity, respectively.

Results and Discussion

Gas Transport. The gas permeability data of H2, O2,
N2, CO2, and CH4 through these four polymer mem-
branes are summarized in Table 2. In each polymer the
permeability of H2, having the smallest kinetic diam-
eter, is the highest and is followed by those of the
progressively bigger penetrants except for IMPEK-C,
which has the slightly higher CH4 permeability than
N2. Among the four polymers, dimethyl- and diisopropyl-
substituted IMPEK-C exhibited the highest gas perme-
ability. For example, in comparison to the unmodified
PEK-C, the permeability coefficients of H2, O2, and CO2
in IMPEK-C are higher by 263%, 411%, and 607%,
respectively. On the contrary, dimethyl-substituted
DMPEK-C displayed decreased gas permeability and
increased selectivity.

Generally, the improvement in gas permeability based
on chemical structure modifications is accompanied by
a sacrifice in gas selectivity. However, the behavior of
TMPEK-C, with two methyl substituents on one phen-
ylene unit, is somewhat unusual. It generally displayed
increased gas permeability and selectivity coefficients
relative to PEK-C. For example, the PH2 and RH2/N2 of
TMPEK-C were 84% and 51% higher than those of PEK-
C, respectively.

Gas Diffusivity and Solubility. An analysis of the
effect of polymer structure on gas permeability requires
knowledge of the solubility and diffusivity coefficients
in addition to the permeability coefficient. The results
of gas diffusivity and diffusivity selectivity as well as
gas solubility and solubility selectivity in the four
polymers are listed in Table 3 and Table 4.

Table 1. Chemical Structures of the Four Poly(aryl ether
ketone)s

Table 2. Gas Transport Properties of Polymers at 30 °C20

polymers PH2
a RH2/N2 PO2 RO2/N2 PCO2 RCO2/CH4 RCH4/N2

PEK-C 11.7 75.6 0.95 6.2 2.73 33.2 0.53
DMPEK-C 10.3 95.2 0.87 8.9 2.60 37.1 0.63
TMPEK-C 21.5 114.4 1.55 8.2 5.44 32.0 0.89
IMPEK-C 42.5 45.3 4.85 5.2 19.3 17.7 1.17
PSF12 13.9 55.6 1.4 5.6 5.6 22 1.02

a P: barrer, 1 barrer ) 10-10 cm3(STP) cm/(cm2 s cmHg).
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The gas physical properties are given in Table 5. The
higher the Tc, the higher the solubility coefficient. For
each of the polymers, log S was observed to linearly
increase with Tc. This correlation was consistent with
that reported in a number of references.24-26

The relationship between gas diffusion coefficient (log
D) and gas molecular kinetic diameter (θK) is shown in
Figure 2. For O2, N2, and CH4, which have similar
critical temperatures, a straight line is obtained, and
gas diffusivity decreases with increasing penetrant size.
Despite CO2 smaller molecule size, its diffusivity coef-
ficient is far lower than that of O2, due to the energeti-
cally favorable interaction of CO2 with the large number
of polar groups in the polymer, and these polar groups
act to impede its diffusion.27,28

According to the “solution-diffusion” mechanism,29

gas permeability depends on both the gas diffusivity and
solubility. However, the diffusion and solution behavior
of one gas is quite different from that of another, so that
the respective contribution of diffusion and solution
factors to permeability is decided by the specific gas pair
studied. As revealed in Tables 3 and 4, for relatively
uncondensable O2 and N2, the O2/N2 diffusivity selectiv-
ity in the four polymers varied from 3.48 to 6.64,
whereas its solubility selectivity was only about 1.3.
Therefore, the O2/N2 permeability and selectivity coef-
ficients were primarily dominated by the diffusivity
factor, whereas for CO2 and CH4, CO2 displayed obvi-
ously higher solubility coefficients so that the solubility
and solubility selectivity factors played a significantly
increased role in permeability and permselectivity of
CO2 over CH4.

Structure-Property Relations. The incorporation
of alkyl substituents on the phenyl ring of PEK-C
resulted in significant variations in physical character-
istics such as free volume and cohesive energy density
(CED), glass transition, and secondary transition tem-
perature. As shown in Figure 3, in the temperature
range from -150 ∼+270 °C, all of the polymers exhib-
ited three transitions, labeled as R, â, and γ in the order
from high to low temperature, respectively. The R
transition corresponds to the onset of long-scale molec-

ular motion associated with the glass transition (Tg).
As seen in Table 6, compared to PEK-C, DMPEK-C and
IMPEK-C revealed slightly lower Tg values (239 and 241
°C, respectively), whereas TMPEK-C showed a higher
Tg (266 °C).

In the temperature range of gas permeability studied
here, all of the polymers were glassy and their long-
scale polymer segmental motion had been frozen, but
secondary transitions that occurred at lower tempera-
ture were still active. Therefore, the polymer perme-
ability might be closely related to the secondary tran-
sition. Since all the film samples had been treated by

Table 3. Gas Diffusivity and Diffusivity Selectivity at
30 °C

D (cm2/s) × 10-8

polymers O2 N2 CO2 CH4 DO2/DN2 DCO2/DCH4

PEK-C 2.15 0.618 0.746 0.0959 3.48 7.78
DMPEK-C 1.96 0.295 0.639 0.0597 6.64 10.7
TMPEK-C 3.31 0.516 1.22 0.142 6.41 8.57
IMPEK-C 9.12 2.25 3.83 0.634 4.06 6.04

Table 4. Gas Solubility and Solubility Selectivity at 30 °C

S (cm3 (STP)/(cm3 atm))

polymers O2 N2 CO2 CH4 SO2/SN2 SCO2/SCH4

PEK-C 0.336 0.238 2.78 0.651 1.41 4.27
DMPEK-C 0.337 0.246 3.09 0.828 1.34 3.73
TMPEK-C 0.356 0.276 3.40 0.980 1.29 3.47
IMPEK-C 0.405 0.316 5.03 1.717 1.28 2.93

Table 5. Gas Physical Properties

gases
critical temp21

Tc (K)
kinetic diameter22

θK (Å)
collision diameter23

θC (Å)

H2 33.2 2.89 2.83
CO2 304.2 3.30 3.95
O2 154.6 3.46 3.47
N2 126.2 3.64 3.80
CH4 190.6 3.80 3.76

Figure 1. Relationship of log S vs Tc in the four polymers (a)
PEK-C, (b) DMPEK-C × 2, (c) TMPEK-C × 4, and (d)
IMPEK-C × 6.

Figure 2. Plots of log D vs penetrant size (θ) for these
polymers: (×) DMPEK-C; (b) PEK-C; (O) TMPEK-C; (9)
IMPEK-C.
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annealing, the â and γ transitions did not result from
packing defects among the polymer chains but are
attributed to the small molecule unit rotational move-
ment around the flexible bond in the polymer chain. In
substituted cardo poly(aryl ether ketone)s, the â transi-
tion is ascribed to the rotations of the substituted phenyl
ring about the C-C bond, and the γ transition is
associated with the unsubstituted phenyl rings around
the C-O bond.30

The substitution of phenylene hydrogens with methyl
and isopropyl groups hindered the intrachain rotational
motion considerably. As shown in Table 6, relative to
PEK-C, the methyl substitution made TMPEK-C and
IMPEK-C exhibit higher â transition by 93.8 °C and
112.9 °C, respectively. The â transition of DMPEK-C
was found to be only slightly higher than that of PEK-C
because there is no substituent ortho to the C-C bond.
The γ transitions of DMPEK-C, TMPEK-C, and IMPEK-
C, with methyl or isopropyl substitution ortho to the
ether bond, increased from -80.5 °C of PEK-C to -50.3,
-41.3, and +3.95 °C, respectively.

Wide-angle X-ray diffractograms of the four polymers
are illustrated in Figure 4. All of the polymers are

amorphous due to the presence of the packing disruptive
cardo phthalide groups and alkyl substituents. It can
be seen from Figure 4 that PEK-C and DMPEK-C had
a similar diffraction pattern, but the patterns for
TMPEK-C and IMPEK-C were broadened considerably,
suggesting that the packing regularity of the polymers
decreased greatly with the increase in number and size
of alkyl substituents.

The free volume generally can be used as a measure
of polymer chain packing density or the “tightness” of
the polymer structure, while CED can be used as an
indicator of interaction of polymer chains and facility
of segmental motion. The cohesive energy densities
(CED), calculated according to the group contribution
method,31 and free volumes (VF) are presented in Table
6. High VF is more favorable for polymer segmental
motion, and the CED order (from high to low) is opposite
to the order of VF. When only one phenyl hydrogen atom
ortho to the ether bond was replaced by a methyl group,
the relatively small methyl group is not enough to force
the polymer chain apart but may occupy the free volume
space between polymer chains. Consequently, the di-
methyl-substituted DMPEK-C exhibited lower VF (by
9.7%) and higher CED (by 3.6%) than that of PEK-C.
TMPEK-C, which had two phenyl hydrogens meta and
ortho to the ether bond substituted by methyl groups,
displayed completely different packing density behavior
from that of DMPEK-C. Its free volume increased by
5.6% and CED decreased by 6.4% compared to that of
PEK-C. As expected, the bulky isopropyl substituted
polymer IMPEK-C has the highest free volume and
lowest cohesive energy density among the four poly-
mers.

The gas permeability through the four polymers can
be clearly understood by correlating it with the polymer

Figure 3. Log tan δ as a function of temperature for the four
polymers.

Table 6. Physical Properties of Polymers

polymers Tg/°C Tâ/°C Tγ/°C
VF

20/
(cm3/g)

CED20/
(kJ/cm3)

PEK-C 249 53.3 -80.5 0.124 458.4
DMPEK-C 239 63.2 -50.3 0.112 474.8
TMPEK-C 266 147.1 -41.8 0.131 429.1
IMPEK-C 241 166.2 +3.95 0.159 418.6

Figure 4. WAXD patterns of the polymer membranes.
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structure data. Compared to the unsubstituted PEK-
C, DMPEK-C had simultaneously increased polymer
chain packing density and molecule rotation hindrance
around the flexible linkage. Both of these factors were
disadvantageous for gas diffusion but favorable for gas
diffusion selectivity, resulting in the DMPEK-C mem-
brane the lowest permeability coefficients and the
highest selective coefficients for O2/N2 and CO2/CH4. For
TMPEK-C, the high free volume was very advantageous
for gas diffusion, especially for the smaller gas molecules
such as H2, O2, and CO2. But, the methyl substitution
meta and ortho to the C-O bond severely restricted the
phenylene unit rotation motion so that accessible free
volume elements in the polymer were more difficult to
open to allow gas molecules of bigger size to jump from
one “hole” to another. Therefore, TMPEK-C revealed
both high permeability due to its high free volume and

high permselectivity due to its low intrachain rotation
ability. For IMPEK-C, its intrachain rotation was also
inhibited, but the factor of free volume may play a
dominant role in gas permeability. As a result, its gas
permeability increased significantly but permselectivity
decreased.

Temperature Dependency. The curves of log P vs
1/T for the four polymers are given in Figure 5. In the
temperature range 30-100 °C, the relationships of gas
permeabilities and temperature were consistent with
the Arrhenius equation P ) P0e-Ep/RT, where P0 is a
preexponential factor, R is the gas constant, and Ep is
the apparent activation energy.27,32

The Ep values for the five gases were calculated from
the slope of Arrhenius plots. These values and the
permeability at 60 and 100 °C are listed in Table 7.
Similar to other polymers, these four polymers also show

Figure 5. Plots of gas permeability as a function of temperature: (b) H2; (9) CO2; (×) O2; (2) N2; (O) CH4.
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increased permeability and decreased permselectivity
with increasing temperature. The Ep’s in this series of
polymers were in the order DMPEK-C > PEK-C >
TMPEK-C > IMPEK-C. For the five gases, Ep’s were in
the order CH4 > N2 > O2 > H2 > CO2. Among the four
polymers, DMPEK-C and IMPEK-C exhibited the high-
est and the lowest temperature dependency, respec-
tively. It should be noted that, even though the tem-
perature was increased to 100 °C, TMPEK-C still
maintained a high gas selectivity (RH2/N2 of 68.3 and
RO2/N2 of 5.71), which were higher than that of Bisphenol
A polysulfone (PSF)12 at 35 °C. This characteristic is

very useful for high-temperature gas separation ap-
plications.

To elucidate the relationship between temperature
dependency and polymer structure, Arrhenius plots (log
D vs 1/T) for the diffusivity of CH4, CO2, O2, and N2
through the polymers are shown in Figure 6. The
apparent diffusion activation energies were calculated
from the slopes. The heats of solution for these gases
were obtained by the equation Hs ) Ep - ED.27,32

As shown in Table 8, among the four gases, CH4
exhibited the highest diffusion activation energy be-
cause it was the largest molecule considered. The strong

Table 7. Apparent Activation Energy and Gas Transport Properties at 60 and 100 °C

Ep (kJ/mol) 60 °C 100 °C

polymers H2 O2 N2 CO2 CH4 PH2a RH2/N2 PO2 RO2/N2 PH2 RH2/N2 PO2 RO2/N2

PEK-C 13.3 14.9 19.3 5.43 22.9 12.0 57.6 1.50 5.08 31.5 48.9 2.88 4.48
DMPEK-C 14.1 16.2 21.6 5.94 22.4 15.6 68.4 1.45 6.37 29.4 54.5 2.91 5.39
TMPEK-C 9.70 11.7 16.6 5.58 16.8 26.2 82.1 2.09 6.56 44.3 68.3 3.70 5.71
IMPEK-C 6.84 6.69 10.4 1.32 9.82 43.3 36.7 4.98 4.18 64.4 31.8 7.99 3.94

aP: barrer.

Figure 6. Plots of gas diffusivity as a function of temperature: (0) CO2; (×) O2; (2) CH4; (O) N2.
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affinity of CO2 for the polymer chains, which was
reflected in its large negative heat of solution, greatly
inhibited its diffusion through polymer membrane,
leading to higher ED values than those of O2 although
the θ of CO2 is smaller than that of O2.

According to Meares’s gas diffusion model, gas diffu-
sion takes place along a somewhat cylindrical volume
(π/4)δ2λ, which is related to the thermal-energy-induced
segmental motions as well as shape and size of the gas
molecules. Here δ is the diameter of the cylinder, and λ
is the diffusional length. On the basis of this hypothesis,
he equated ED to the product of CED and the volume of
the diffusional cylinder as ED ) (π/4)δ2λ(CED).33,34

As a measure of the size of gas molecules, kinetic
diameter and Lennard-Jones collision diameter are
usually used. The kinetic diameter is the calculated
value, equal to the intermolecular distance of two
molecules collision with zero initial kinetic energy, and
is taken to respond to the smallest diameter that allow
the given gas molecule to enter the inner cavity. The
collision diameter is often determined from viscosity
data and, therefore, is an average dimension over all
possible orientations. As shown in Table 5, the differ-
ences between gases collision diameter and kinetic
diameter are very small except for CO2, which has the
largest collision diameter among the gases studied.
Considering the fact that CO2 has the larger diffusion
coefficient in this series of polymers as well as in many
other glassy polymers, it is reasonable to take kinetic
diameter rather than collision diameter to represent the
cylinder diameter of Meares’s model.

The plots of ED vs CED of polymers for O2, CO2, N2,
and CH4 are shown in Figure 7. For the smaller gas
molecules such as O2 and CO2, satisfactory linear
relationships were observed between ED and CED. But
for the larger gas molecules such as N2 and CH4, the
plots of ED vs CED obviously curved upward, indicating
that the larger gas molecules were more sensitive than
the smaller gases. In the case of the four poly(aryl ether
ketone)s studied here, the cardo phthalide group and
alkyl substituents on the phenylene unit lead to very
stiff polymer chains. For smaller gases, the passage way
may be sufficient, and only low levels of segmental
motion energy were needed for gas molecules diffusion,
whereas for larger gas molecules, more energy was
require to diffuse through a stiff polymer matrix,
resulting in positive deviation from Meares’s equation.
The slope of CO2 was seen to be lower than that of O2,
indicating that CO2 had a relatively small diffusional
diameter. A possible reason for this may result from the
fact that CO2 has a straight-line-shaped molecule
structure, and the kinetic diameter of CO2 is also
smaller than that of O2.

Transport Property Evaluation. The polymers in
this study exhibited simultaneously higher permeability
and perselectivity, as can be seen in the O2/N2 tradeoff
curve in Figure 8 for a representative group of com-
mercial polymers used for gas separation, as well as for

the poly(aryl ether ketone)s in this study. Typically,
highly permeable polymers always exhibit low gas
selectivity, and vice versa. For example, polyimide (Ube)
has a high selectivity but a relatively low permeability,
while poly(phenylene oxide) has high permeability but
low selectivity. However, for the newly synthesized
substituted cardo poly(aryl ether ketone)s, all of them
were found to be in the upper-right region relative to

Table 8. Apparent Diffusion Activation and Solution
Heat

ED (kJ/mol) Hs (kJ/mol)

polymers O2 N2 CO2 CH4 O2 N2 CO2 CH4

PEK-C 17.6 22.4 19.5 30.1 -2.70 -3.14 -14.1 -7.15
DMPEK-C 20.7 26.5 20.8 33.7 -4.52 -4.90 -14.9 -11.3
TMPEK-C 13.7 19.2 17.2 26.7 -2.01 -2.61 -11.6 -9.89
IMPEK-C 11.4 18.7 16.9 26.3 -4.74 -8.30 -15.6 -16.5

Figure 7. Relationship between ED and CED for the four
polymers.

Figure 8. Tradeoff curve of PO2 vs RO2/N2.20 PSF ) bisphenol
A polysulfone;12 PC ) bisphenol A polycarbonate;13 CA )
cellulose acetate;35 PET ) poly(ethylene terephthalate);36 PI1
) polyimide (Ube);37 PI2 ) polyimide (Kapton);38 PMP ) poly-
(4-methylpentene-1);39 PS ) polystyrene;40 PPO ) poly(phen-
ylene oxide).41
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the conventional polymers. IMPEK-C has O2 perme-
ability of 4.9 barrers, over twice as higher that of PSF
with a comparable O2/N2 separation factor. The H2 and
O2 permeability of TMPEK-C are 54% and 10.7% higher
than that of PSF, while its H2/N2 and O2/N2 separation
factors are also increased by 106% and 46%, respec-
tively.

Conclusion
The above study clearly demonstrated that polymer

design for specific applications in gas separation could
be achieved by variation of structural factors such as
free volume, cohesive energy density, mobility of poly-
mer chain segments, intrachain rotational mobility, etc.
Similar to most glassy polymers, for the uncondensable
O2/N2 gas pair, the gas permeability behavior in the four
polymers was primarily governed by diffusivity and
diffusivity selectivity. On the contrary, for CO2/CH4,
high CO2 solubility leads to an increased contribution
of solubility selectivity to gas permeability and perm-
selectivity of CO2 over CH4.

The gas permeability through the four cardo polymers
was greatly affected by the number, position, and size
of the alkyl substituents. The dimethyl substitution
seemed to result in DMPEK-C a specific chain orienta-
tion so that the relatively small methyl may occupy
between the polymer chains, and this was responsible
for the DMPEK-C high permselectivity and low perme-
ability. TMPEK-C displayed both high permeability and
permselectivity owing to its loose packing density and
severely inhibited intrachain rotation. The highest free
volume among the four polymers made IMPEK-C 4
times more permeable than PEK-C with correspond-
ingly decreased permselectivity.

The gas permeability temperature dependency was
studied according to the gas permeation apparent
activation energy, diffusion activation, and solution
heat. The results revealed that the solution heat was
mainly determined by the gas critical temperature, and
the diffusion activation energy was dependent on the
free volume, segmental mobility, and the gas molecule
shape and size. The combination of excellent permeation
and separation properties at room temperature and
fairly low temperature dependency made TMPEK-C
display O2 permeability of 3.70 barrers and H2 perme-
ability of 44.3. Meanwhile, it still maintained the higher
gas permselectivity even at 100 °C, providing a promis-
ing candidate used as high-temperature gas membrane
material.
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