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ABSTRACT: Kapton®100HN polyimide ~membranes
were heat treated at temperatures ranging from 623 to
1073 K. The precursor and the heat-treated membranes
were characterized by thermogravimetric analysis, X-ray
diffraction, Raman spectroscopy, density measurement,
nitrogen adsorption at 77 K, and single gas permeation.
Compared with the precursor, the X-ray diffraction pat-
terns did not change greatly when the membranes were
heat treated at 623-748 K. The membranes treated at
623-723 K showed similar gas permeation rates as the
original polyimide membrane whereas those treated at
773-873 K showed remarkable increases in the gas per-
meances due to the decomposition of the polyimide.
Two minimum ideal selectivities were found for the
membranes treated at 673 and 723 K. An increase in the
temperature from 873 to 1073 K increased the crystallin-

ity and decreased the interplanar spacing in the carbon
membranes which had microporous structures as shown
by their Type I adsorption isotherms. The membranes
treated at 773 K were deemed to be at an intermediate
stage between polymer and amorphous carbon. By
increasing the temperature from 773 to 873 K, the polyi-
mide changed to a carbon membrane. The gas permean-
ces for He, CO,, O,,N,, and CH; were increased from
1.06 x 107, 1.10 x 1077, 1.90 x 107'%, 5.70 x 107", and
555 x 107" to 2.68 x 107, 3.62 x 107%, 9.98 x 107,
1.66 x 10°°%, and 5.17 x 10 '° mol/(m* s Pa), respec-
tively. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 113:
235-242, 2009
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INTRODUCTION

Carbon molecular sieve membranes have been inten-
sively studied for the past few years as a promising
candidate for gas separations."” These membranes
are porous with pores approaching the molecular
dimensions of the gas molecules. They have compa-
rable or even higher permselectivity and permeation
properties as well as thermal and chemical stability
than polymeric and other microporous inorganic
membranes. Carbon molecular sieve membranes are
prepared by the carbonization of polymeric substan-
ces (hollow fiber or thin polymeric films) or the car-
bonization of films deposited on macro- or
mesoporous supports (carbon disks, ceramic plates
or tubes, stainless steel tubes, and alumina tubes) by
brush-coating, spray-coating, dip-coating, or ultra-
sonic deposition techniques.>” Factors such as (1)
the choice of polymer precursor, (2) the membrane
formation method, and (3) the pyrolysis process are
believed to significantly affect the microstructure
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and gas separation properties of the resulting carbon
membranes.

Polyimides have been widely used to prepare car-
bon molecular sieve membranes. Geiszler and Koros
prepared hollow fiber carbon membranes from poly-
imide. The effects of pyrolysis parameters such as
the pyrolysis atmosphere, the final temperature, the
purge gas flow rate as well as the residual oxygen in
the inert purge gas were studied.” It was observed
that pyrolysis in an inert atmosphere enhanced the
degradation process due to the increased mass and
heat transfer as compared with pyrolysis under vac-
uum. The effect of the purge gas flow rate would
affect the gas permeation rate because the membrane
pores might be blocked by carbon deposited from
the polyimide decomposition byproducts and this
phenomenon was more pronounced when the pyrol-
ysis was carried out at low temperatures. The pyrol-
ysis temperature was found to significantly influence
the membrane properties by affecting (1) the pyroly-
sis kinetics of the polyimide, (2) the pyrolysis
kinetics of the polyimide degradation byproducts,
and (3) the compactness of the turbostratic carbon
structure. Tin et al. produced carbon molecular sieve
membranes from chemically modified and solvent
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Figure 1 Structure of Kapton® polyimide.

treated polyimides.® Before pyrolysis under vacuum
at 1073 K, the membranes prepared from Matrimid®
polyimide with a thickness of 60 pm were modified
through either crosslinking by immersing them into
a p-xylenediamine/methanol reagent for specific
durations or solvent treatment by immersing them
into pure methanol. The gas permeation rate of the
carbon membranes from the crosslinked Matrimid
polyimide decreased with increasing crosslinking
density while the maximum ideal separation factor
was achieved from the 1-day crosslinked Matrimid
polyimide. Methanol treatment of the precursor sig-
nificantly increased the carbon membrane selectivity
due to the induced chain mobility and the increased
interstitial space among the Matrimid chains.

Fuertes et al. obtained microporous carbon com-
posite membranes from two commercial polyimides:
Matrimid5218 and Allotherm®610-16.> The prepara-
tion procedures involved (1) coating of the macropo-
rous carbon supports with the polymeric solution,
(2) gellation of the resulting polymeric films by
immersion into a coagulant bath following the phase
inversion technique, and (3) heat treatment (723-973
K) of the polymeric membranes under vacuum. The
resulting carbon membranes showed ideal selectiv-
ities of 46-24, 5.9-2.9 and 32.9-5.4 for He/N,, O,/N>»
and CO,/CH,, respectively, with permeabilities of
9-69, 1-7 and 2-12 Barrers for He, O, and CO,,
respectively. They found that the carbon membranes
from Allotherm™ polyimide were more permeable
and less selective than those from Matrimid polyi-
mide. Barsema et al. found that the structure of
Matrimid polyimide changed to an intermediate
state upon heat treatment at 623-698 K for 5-30 min
under nitrogen and then to carbon after pyrolysis at
higher temperatures.” All the samples tested were
pretreated at 623 K for 120 min for the removal of
any thermal and physical history. It was observed
that the infra-red adsorption intensities decreased
with a more intense heat treatment. When treated at
temperatures from 623 to 698 K, the samples were
still dense polymeric membranes and showed
slightly increased densities and decreased gas per-
meabilities for O, and N, as compared to the pre-
treated samples. The increasing formation of charge
transfer complexes (CTCs) as well as the densifica-
tion of the polymer structure upon heat treatment
above the glass transition temperature might be the
reason for these phenomena. Heat treatment at 773 K
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or higher temperatures led to significant increase in
the membrane density due to the onset of carboniza-
tion and the resulting membranes exhibited
exponentially increased gas permeabilities. The
membranes heat treated at 748 K exhibited proper-
ties of an intermediate state between polymeric
membrane and carbon membrane and showed sharp
increases in the CO,, O, and N, permeabilities over
the polymeric membrane.

Shao et al. studied the evolution of the physico-
chemical and transport properties of 6FDA-durene
to carbon membrane.'’ During the heat treatment of
the polymeric membranes at 598-1073 K under vac-
uum, the imide characteristic peaks (C=O asymmet-
ric stretching at 1786 cm !, C=0 symmetric
stretching at 1716 cm ™' and C—N stretching of imide
groups at 1351 cm™ ') that were found to stay intact
below 723 K changed remarkably when the tempera-
ture was raised above 723 K. The scission of CF3
dominated in the intermediate stage (673-773 K)
while the degradation and transformation of imide
groups dominated in the early stage of the carbon-
ization process. Simultaneously, the 6FDA-durene
changed from the original amorphous state to an in-
termediate state at 723-773 K and then to carbon
molecular sieve membrane at higher temperatures.
The change of 6FDA-durene to carbon membrane
upon heat treatment improved the ideal selectivities
from 8.84 to 79.9 for He/N, and from13.6 to 137 for
CO,/CHy, respectively.

In this paper, commercial polyimide Kap-
ton®100HN was used as a precursor to study the
evolution of the membrane structure and the trans-
port properties from polymer to an intermediate
state and then finally to carbon membrane during
heat treatment. The weight change of Kapton100HN
during heat treatment was determined by thermog-
ravimetric analysis; the change in the transport
properties was studied through single gas permea-
tion tests; and the pore structure of the carbonized
membranes was analyzed by N, (77 K) adsorption
and Raman spectroscopy.

EXPERIMENTAL
Membrane preparation

All membranes described in this study were pre-
pared by heat treatment of a commercially available
Kapton100HN polyimide film. The Kapton film with
a thickness of 25 um was synthesized by polymeriz-
ing an aromatic dianhydride and an aromatic dia-
mine. The film has excellent chemical resistance with
no known organic solvents for it. The structure of
the Kapton polyimide is given in Figure 1. The heat
treatment of the Kapton film was carried out in a
tube furnace system which was given in a previous
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paper."! The Kapton film was cut into circular pieces
with diameters around 30 mm. These circular films,
located between porous graphite discs, were placed
inside the horizontal stainless-steel reactor (length of
950 mm and diameter of 70 mm) which was then
put at the center of the horizontal furnace (CTF 12/
75/700, Carbolite, UK). During heat treatment, nitro-
gen was passed through the reactor at a flow rate of
100 mL/min. Before the heat treatment or pyrolysis
process, the whole system was purged with nitrogen
for 1 h. For the membranes carbonized at tempera-
tures of 773 K or less, the polyimide film was sub-
jected to a heating rate of 5 K/min and held at that
temperature for 1 h. Otherwise, for the high-temper-
ature carbonized membranes, the polyimide mem-
branes were firstly heated to 673 K at a heating rate
of 5 K/min and subjected to a thermal soak time of
1 h, and then finally heated to the required tempera-
ture at a heating rate of 0.5 K/min with a thermal
soak time of 2 h at the final temperature. The mem-
branes after heat treatment were cooled to the ambi-
ent temperature at a rate of 2 K/min.

Characterization of the heat-treated membranes

A thermogravimetric (TG) analyzer (DTAG60, Shi-
madzu, Japan) was used to determine the membrane
weight loss during the pyrolysis process. Small
pieces of the Kapton film weighing about 2 mg were
placed onto the aluminum pan of the analyzer. The
TG experiments were carried out under a nitrogen
(99.9995% pure) flow of 50 mL/min. During pyroly-
sis, the samples were heated from room temperature
to 673 K at a heating rate of 5 K/min with a thermal
soak time of 1 h at this temperature and then heated
at different rates of 0.5, 2, 4, 6 and 10 K/min to a
final temperature of 1123 K, followed by cooling to
the ambient temperature.

An ultrapycnometer (1000, Quantachrome, USA)
was used to determine the true density of the pre-
cursor and the heat-treated membranes. These tests
were performed at 295 + 1 K using He as the analy-
sis gas.

Wide angle X-ray diffraction (XRD) was used to
study the structure of the polyimide precursor and
the membranes heat treated at various temperatures.
The tests were carried out using a X-ray diffractometer
(PW1830, Philips, Netherlands) with Cu-Ka radiation
of 1.54 A. The X- -ray generator operates at 40 kV and
30 mA with a step size of 0.02°. The average d-spac-
ing of the pyrolysed membranes was estimated
using Bragg’s law, i.e.,

nh = 2dsin 0 (1)

where n is the order ofo reflection, A is the wave-
length of X-ray (1.5405 A, Cu), d is the interplanar

spacing of the (002) plane, and 6 is the diffraction
angle.

Raman spectroscopy (1000, Renishaw, UK) was
used to study the structure of the membranes heat
treated at 873 and 1073 K. A HeNe laser was used
to emit an intense laser beam with a fixed wave-
length (632.8 nm). The emitted laser light passed
through a lens and was focused on the membrane
sample through a 50x magnification lens. The scat-
tered Raman light was collected and a plot of pho-
ton intensity (count) versus the wavenumber shift
from the laser line was obtained. Raman spectra
were routinely acquired in the range from 800 to
2000 cm ™! using a 1800 lines/mm grating.

Membrane structure analysis

The structural characteristics are useful to under-
stand the mechanism and efficiency of the carbon-
ized membranes for gas separation. N, (77 K)
adsorption experiments were performed using an
accelerated surface area and porosimetry system
(ASAP2010, Micromeritics). To eliminate possible
problems arising from helium entrapment inside the
micropores during free-space measurements, the
tests were always stopped after obtaining the free-
space and the samples were degassed again over-
night at 573 K before analysis.

Pure gas permeation

Permeances of four gases with their molecular diam-
eters in parentheses, viz., CO, (3.3 A) 0O, (3.46 A)
He (2.6 A), and N, (3.64 A) were measured at 295
+ 1 K using a high-vacuum time-lag method at a
feed pressure of 1 atm absolute at 295 + 1 K. Before
each test, a membrane was attached to the permea-
tion cell and both sides were evacuated to 10> Torr
vacuum using an oil-free molecular vacuum pump
(1025, Alcatel, France. The feed pressure (P}) was
measured using a differential pressure transducer
(DP15, Validyne, USA) and maintained at a constant
value of 1 atm during the test. The variation of the
downstream pressure was detected by a high-resolu-
tion absolute pressure transducer (627B, 10 Torr,
MKS, USA). The pure gas permeability PV for the
component i through the membrane is defined by'*:

=0

PO_Pz _ i *
ln[M]_A-T-V—L-(t—t) @)

where PY is the feed pressure, t* is a certain period
of time needed to attain a constant pressure in the
high pressure side, ¢ is the time required to attain a
pressure Pr(t) at the low pressure side, P; is the
pressure before each test at the low pressure side, A
is the surface area of the membrane, and V; is the
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Figure 2 Thermogravimetric curves on the pyrolysis of
Kapton® 100HN under nitrogen.

calibrated volume of the low pressure side. A plot of
In[(PY, — P;)/(PY — P.(t))] versus (t — t*) should give
a straight line from which the permeability could be
obtained. The thickness of the membrane, which is
required for the determination of the permeability, is
not readily measurable; therefore, the gas permeance
(PY/1) is used instead in this study to represent the
permeation rate of the single gas.

RESULTS AND DISCUSSION
Thermogravimetric analysis

Changes in the relative weight with heat-treatment
temperatures for the Kapton1l00HN polyimide film
for various heating rates are shown in Figure 2. The
color of the film when subjected to heat treatment
changed from transparent yellow to dark brown and
then to black due to pyrolysation and the films heat
treated above 773 K showed appreciable shrinkage.
The pyrolysis of the Kaptonl00HN polyimide cov-
ered a wide range of temperatures and the various
runs carried out under different heating rates pro-
duced nearly the same percent of residues at the
final temperature (Fig. 2). The decomposition begins
around 773 K and the sample weight decreases sig-
nificantly within a narrow temperature range of
773-923 K with the evolution of mainly CO and CO,
as the gaseous products. Beyond this temperature
range, the weight change eases, resulting in gradual
decreases with increasing temperature due to the
evolution of CH,, H,, and N,."*® The TG curves
shift to the right-hand side with increasing heating
rate, resulting in a faster time to reach a certain tem-
perature, and hence a lesser amount of volatiles are
released. It has been reported that these weight
changes are related to the activation energy of the
pyrolysis reaction.'® According to Jones and Koros,
heat treatment at higher temperatures will lead to a
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higher crystallinity, higher density, and a narrower
interplanar spacing of the pyrolysed carbon.'” Pyrol-
ysis at high temperature with low heating rate and
long soak time is needful to minimize the effective
pores but increases the possibility of the formation
of cracks in the resulting carbon membranes.

X-ray diffraction spectra

In the XRD experiments, the angle 26 was swept
from 10° to 50°. Figure 3 shows the XRD spectra of
the polyimide membrane and the membranes heat
treated at various temperatures. The X-ray spectrum
of the polyimide membrane displays three main
characteristic reflections with the peaks at 20
= 15.10°, 22.44°, and 26.12°, with the most intense
peak appearing at 20 = 22.44°. This diffraction pat-
tern elucidates the semicrystalline nature of the Kap-
ton polyimide. The membranes heat treated at low
temperatures (623-748 K) show very similar X-ray
diffraction patterns to that of the original polyimide
membrane. However, the pyrolysed membranes ex-
hibit more distinct peaks, indicating increased crys-
tallinity over the precursor. The broad asymmetric
peaks at 20 = 23.78° and 23.98° shown by the spec-
tra for 873 and 1073 K are typical of amorphous car-
bon and the peaks may be ascribed to disordered
graphitic 002 planes. With increasing heat-treatment
temperature from 873 to 1073 K, the 002 peak shift-
ing to higher degree verifies narrowing of the inter-
planar spacing and the development of increased
crystallinity. The average d-spacing values for the
two samples at 873 and 1073 K determined by
Bragg’s equation are 3.74 and 3.71 A, respectively.
The membrane heat treated at 773 K gives a broad
peak at 20 = 22.54° with an average d-spacing of
3.94 A; its pattern is similar to those of membranes
heat treated at 873 and 1073 K. The sample heat
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Figure 3 X-ray diffraction spectra for the polyimide
membrane (1), and the membranes heat treated at 623,
673, 698, 723, 748, 773, 873, and 1073 K (2-9).
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Figure 4 Raman spectra of the membranes heat treated at
873 and 1073 K.

treated at 773 K is at the particular temperature
whereby the decomposition of the Kapton polyimide
has just begun as seen from the TG analysis in Fig-
ure 2. Thus, the membrane at 773 K possesses cer-
tain properties of polymer membrane as well as
amorphous carbon membrane. This unique property
may be an intermediate state between polymer and
carbon as suggested by Barsema et al.” and Shao
et al.'’

Raman spectra

Amorphous carbon film usually gives two peaks in
the Raman spectrum: the G-peak around 1580 cm ™'
and the D-peak around 1350 cm™'. The G-peak is
the Raman active E,,, mode of graphite involving
the in-plane bond-stretching motion of sp”-hybri-
dized C atoms while the D-peak is a breathing mode
of Ay, symmetry involving phonons near the K zone
boundary.'®2° As shown in Figure 4, the G-peaks at
1593 cm ™' and 1592 cm ™! and the D-peaks at 1340
cm ! and 1338 cm ' can be found in the Raman
spectra of the membranes heat treated at 873 and
1073 K, respectively. The G-peak and the D-peak for
the two samples are broad and overlapping occurs,
resulting in smaller separation of the two spectral
components due to the laser excitation wavelength.
With increasing heat-treatment temperature from
873 to 1073 K, the carbon membranes show marked
decreases in the absorption peak intensity of the G-
peak and D-peak. These carbon membranes are
amorphous based on the Raman spectra patterns
because the D mode is invisible in perfect graphite
and only becomes active in the presence of disor-
der.® The intensities of the G-peak (Ig) and the D-
peak (Ip) were estimated from the two-peak Gaus-
sian curve fitting. A decrease in the Ip/I; ratio
based on the peak width from 2.51 to 2.46 was
shown on the spectra for the membranes heat

treated at 873 and 1073 K, respectively. The Ip/I; ra-
tio can be used to determine the in-plane size of the
graphitic clusters (L,) using the Tuinstra-Koenig rela-
tion:

Lo(nm) = C(2)(Ip/Ic)~" 3)

where C()) is a constant related to the wave length
of the laser which is determined using the method
developed by Matthews et al.*! The calculated val-
ues of L, for the membranes heat treated at 873 and
1073 K are 3.30 and 3.36 nm, respectively. Based on
the L, values and the peak positions, these two sam-
ples may have nanocrystalline graphitic structures
with graphitic cluster diameters of 3.30 and 3.36 nm.
As the increase of the Lp/I ratio is inversely pro-
portional to the crystalline size for the disordered
graphite and sp®/sp” ration in the amorphous car-
bon, a more “ordered” structure and increased sp”
content in the pyrolysed samples are obtained with
increasing heat-treatment temperature from 873 to
1073 K.

Structural analysis of the carbon membranes

Figure 5 shows the N, (77 K) adsorption isotherms
of the carbon membranes heat treated at 873 and
1073 K. The isotherms are characterized by abrupt
increases in the low-pressure region and then
become flat with increasing relative pressure. The N,
(77 K) adsorption isotherm of the membrane heat
treated at 1073 K shows an upsurge as the saturation
pressure approaches. Both isotherms are typical
Type I isotherms which are associated with solids
containing micropores no more than a few molecular
diameters in width.>® The carbon membrane
obtained at 873 K shows higher nitrogen uptake
than the membrane obtained at 1073 K, indicating
the existence of more pores available for nitrogen
adsorption in the former. With increasing heat-
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Figure 5 N, adsorption isotherms of the membranes heat
treated at 873 and 1073 K.
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TABLE I
Pore Structural Properties of Carbon Membranes Heat
Treated at 873 and 1073 K

Temperature BET surface Total pore Micropore
(K) area (m?/ g) volume (em®/ g) volume (em®/ g)
873 497.61 0.2354 0.1974
1073 334.29 0.1823 0.1464

treatment temperature from 873 to 1073 K, the BET
surface area, the micropore volume and the total
pore volume decrease from 497.61 m?/g, 0.1974
cm®/g, and 0.2354 cm®/g to 334.29 m?/g, 0.1464
cm?/ g, and 0.1823 cm?/ g, respectively (Table I). An
examination of the TG curve (Fig. 2) for a heating
rate of 0.5 K/min shows that the decomposition of
the precursor commences at about 773 K with a
maximum weight loss rate occurring at about 825 K.
The rate of pyrolysis reaction is very high for the
temperature range of 773-873 K, but slowing down
after 873 K. The maximum decomposition rate at
about 825 K usually results in the maximum rate of
pore formation. Hence, in Figure 5 and Table I, for a
pyrolysis temperature of 873 K and a hold time of 2 h,
a large amount of pores including micropores and
mesopores are created. Further increase in the heat
treatment temperature to 1073 K with the same ther-
mal soak time of 2 h results in significant shrinkage
of the existing pores although a certain amount of
new pores are generated by this pyrolysis reaction.
On the whole, at this higher pyrolysis temperature,
the pores accessible to nitrogen adsorption signifi-
cantly decrease. Figure 6 shows the pore size distri-
butions of the carbon membranes heat treated at 873
and 1073 K using a density functional theory (DFT)
software (V2.02, Micromeritics). For the 873 K car-
bon membrane, a comparatively high proportion of
pore size between 20 and 30 A was detected while
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Figure 6 Pore size distributions determined from N,
adsorption data using DFT method for the membranes
heat treated at 873 and 1073 K.
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Figure 7 Pure gas permeances for the polyimide mem-
brane and the membranes heat treated at temperatures in
the range of 623-1073 K.

none was detected for the 1073 K carbon membrane
in the same range. It could be surmised that the lat-
ter membrane could have shrunk with high temper-
ature heat treatment. Pore sizes less than 20 A could
not be detected by the normal N, adsorption at
77 K. Pore sizes greater than 800 A appeared for the
1073 K carbon membrane; this could possibly be
attributed to the formation of crevices or cracks due
to the membrane shrinkage at this high pyrolysis
temperature.

Gas permeation properties of membranes heat
treated at different temperatures

The effect of heat treatment on the membrane trans-
port properties is shown in Figure 7. The changes in
the gas permeance with the kinetic diameter of the
various penetrating gas molecules are indicative of
the degree of molecular sieving property of these
membranes. The membranes heat treated at 623, 673,
698, and 723 K show very low and comparable gas
permeances for all the gases tested. A heat-treatment
temperature of 748 K results in an increase in the
gas permeance despite that this membrane shows
similar XRD pattern to those of the membranes sub-
jected to lower temperatures (Fig. 3). Further
increases in the heat-treatment temperature to 773
and 873 K result in significant increasing gas perme-
ation rate. However, the membrane heat treated at
1073 K show very low gas permeance, indicating a
dramatic change in the pore structure as compared
to that of the membrane heat treated at 873 K. This
significant decrease in the gas permeance lends sup-
port to the earlier thesis of membrane shrinkage
with reference to Figure 6. Overall, the change in the
gas permeance with the heat-treatment temperature
is consistent with the results of the TG analysis: the
decomposition of the Kapton® polyimide commen-
ces around 773 K which coincides with the
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Figure 8 Ideal selectivities for the polyimide membrane
and the membranes heat treated at temperatures in the
range of 623-1073 K.

significant increase in the gas permeance in Figure 7
and thereafter the sustained weight loss in the tem-
perature range of 773-873 K gives rise to sharp
increases in gas permeance.

Figure 8 shows the effect of heat-treatment tem-
perature on the ideal selectivity (ratio of the pure
gas permeances) for O,/N, and CO,/CH,. Increas-
ing temperature from 623 to 673 K decreases the
ideal selectivity for both O,/N, and CO,/CH,. At
the treatment temperatures of 673 and 723 K, the
minimum values of selectivity for CO,/CH,; and
O,/N; respectively, are shown. As a semicrystalline
polyimide, Kapton film contains both amorphous
and ordered regions, and the heat treatment around
the glass transition temperature (673 K) may
improve the concentration of CTCs and promote fur-
ther ordering/packing of the polyimide chains.*
Consequently, the chains in the ordered regions are
capable of strong intermolecular interactions, reduc-
ing the d-spacing and may result in reduced permea-
tion rate of the gas molecules.”” The minimum ideal
selectivities shown by the membranes heat treated at
673 and 723 K may have resulted from the enhanced
chain mobility and the decreased d-spacing.'® The
values for the true density (p) as well as the specific
volume (1/p) determined for the polyimide mem-
brane and the derived membranes heat treated
between 623 and 773 K are given in Figure 9. It
could be seen that the two lowest values of density
also occurred at the same temperatures of 673 and
723 K which brought about the two minimum ideal
selectivities in Figure 8. The heat treatment may
affect the concentration of CTCs which in turn may
lead to changes in the polyimide chain packing pat-
terns and the fractional free volume, and therefore
bringing about changes in the true density and selec-
tivity. Also in Figure 8, treatment temperatures
higher than 723 K resulted in continuously increased
ideal selectivities for O,/N, and CO,/CHj. The

selectivities of O,/N, and CO,/CH, are 6.01 and
70.01 for membrane heat treated at 873 K and 16.75
and 320 for membrane heat treated at 1073 K,
respectively. As pores are considered to evolve due
to the diffusion of the gaseous products during py-
rolysis and significant weight loss occurs within a
temperature range of 773-923 K for a heating rate of
0.5 K/min (Fig. 2), it may surmise that the penetra-
ble pores in the membranes are mainly created dur-
ing the early stage of decomposition. The increased
crystallinity as observed from the Raman spectra
(Fig. 4) and the XRD spectra (Fig. 3) analyses of the
membrane heat treated at 1073 K may account for
the sharp decreases in the gas permeances from
those of 873 K membranes (Fig. 7): the carbon devel-
oping into a more compact structure that is nearly
impermeable for the gas molecules although the py-
rolysis is in progress and far from completion. The
decreased pore volume determined by N, (77 K)
adsorption (Fig. 5) is another proof of this suggested
occurrence. It can also be deduced that the heat
treatment at 1073 K leads to more pronounced
shrinkage of wide pores as compared with the nar-
row pores, thereby improving the permselectivities
(Fig. 8). It should be noted that some wide pores still
exist in 873 and 1073 K membranes as shown in Fig-
ure 6. Based on the separation factors shown in Fig-
ure 8, most of the mesopores may not exist as
straight pores. Otherwise, the carbon membranes
cannot give these separation factors. Consequently,
most of the wide pores may not exist as straight
pores. They may be connected through micropores,
narrow channels between meso- and/or micropores,
and the micropores predominantly control the trans-
port properties of the carbon membranes.*®

The membrane that was heat treated at 773 K
showed higher gas permeances than the membranes
heat treated at lower temperatures (Fig. 7) but all of
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Figure 9 Densities and specific volumes of the polyimide
membrane (1) and the membranes heat treated at tem-
peratures in the range of 623, 673, 698, 723, 748, and 773
K (2-7).
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them had comparable selectivities (Fig. 8). These
properties may be attributed to the decomposition of
the polyimide when subjected to heat treatment at
various temperatures. Thus, the membrane heat
treated at 773 K has an intermediate structure exhib-
iting properties of both polymeric material and
amorphous carbon. The change in the selectivity
shown by the membranes obtained at 673-748 K in
Figure 8 is also an indication of the structural
change upon heat treatment. The current study can-
not directly prove the possible variations such as the
concentration of CTCs, the chain mobility, the amor-
phousness, and the crystallinity of the polyimide
membrane undergoing heat treatment at tempera-
tures ranging from 673 to 773 K. Further study is
needed to investigate the influences of heat treat-
ment at 673-773 K on the physicochemical proper-
ties as well as the structure of the Kapton polyimide
and the separation characteristics of the resulting
carbon membranes.

CONCLUSIONS

The evolution of the structural and transport proper-
ties from Kapton polyimide membrane to carbon
membrane upon heat treatment was investigated. In
the temperature range of 673-748 K, the heat-treated
polyimide membranes showed similar XRD patterns
to that of the precursor, in terms of its semicrystal-
line structure. Two minimum ideal selectivities were
observed for CO,/CH, and O,/N, at the heat-treat-
ment temperatures of 673 and 723 K, respectively.
Processing the polyimide membranes at tempera-
tures higher than the glass transition temperature
(673 K) but lower than 773 K for possible decompo-
sition, the structural variation might be attributed to
the change in the chain mobility and the concentra-
tion of CTCs. The membranes heat treated at 773 K
showed appreciably higher gas permeances but com-
parable ideal selectivities when compared with the
membranes processed at lower temperatures. The
membranes heat treated at 873 and 1073 K showed
typical XRD patterns of amorphous carbon,
decreased d-spacing, and larger crystalline size.
These structural changes exhibited very attractive
molecular sieving properties which were superior to
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those of the precursor and the membranes heat
treated at 623-773 K. Converting polyimide mem-
brane to carbon membrane by heat treatment at 1073
K, the membrane selectivities for O,/N, and CO,/
CH,4 improved from 4.23 to 16.75 and from 11.90 to
320, respectively.
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