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ABSTRACT: Microporous carbon membranes (MCM)
were prepared from sulfonated poly(phthalazinone ether
sulfone ketone) (SPPESK) through stabilization and pyrol-
ysis processes. The effects of sulfonation degree (SD) of
SPPESK and the stabilization temperature on the structure
and gas permeation of MCM were investigated. The ther-
mal decomposition behavior of SPPESK was studied by
thermogravimetric analysis-mass spectrometry. The evolu-
tion of functional groups on membrane surface was
detected by Fourier transform infrared spectroscopy dur-
ing heat treatment. The resultant MCM was characterized
by X-ray diffraction, Raman spectroscopy, nitrogen
adsorption technique and pure gas permeation test

(including the gases of H2, CO2, O2, and N2), respectively.
The results have shown that the removal of sulfonic acid
groups in SPPESK leads to a weight loss stage in the tem-
perature range of 250–450�C. The surface area, maximum
pore volume, and gas permeability of MCM increase with
the SD increasing from 59 to 75%, together with the reduc-
tion of selectivity. Similarly, the gas permeability of MCM
also increases with elevating the stabilization temperature
from 350 to 400�C at the loss of selectivity. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 122: 1190–1197, 2011
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INTRODUCTION

The increasing demand for ‘‘clean,’’ low cost and ef-
ficient gas separation technology has resulted in
global interest to develop membrane separation tech-
nology.1 Because of the fact that the gas separation
performance of membranes is directly connected
with the chemical, thermal, and mechanical proper-
ties of intrinsic membrane materials, it has become
an everlasting hot topic to successively develop new
membrane materials with high performance.1,2 The
most promising gas separation membrane materials
are capable of operating under harsh conditions
while maintaining their efficiency.3 Microporous car-

bon membranes (MCM) is one kind of these newly
developed membrane materials during the last two
decades. They have outstanding gas separation per-
formance, as well as better thermal and chemical sta-
bility than traditional polymeric materials.4 These
advantages provide MCM with enormous potential
in a wide variety of gas separation applications,
such as the recovery or removal of hydrogen, he-
lium, carbon dioxide, air and organic vapors from
gas mixtures, as well as catalytic membrane reac-
tors.5–7 Unfortunately, to date MCM has not yet be
widely commercialized due to some unresolved
problems, such as the choice of suitable precursors,
the complicated mechanism of porous structure for-
mation, low permeability, and high fabrication cost,
although great efforts have been taken as reported
in literature.4,5 In the case of precursors, a large
number of polymeric materials, including polyimide
(PI) and their derivatives,8 polyfurfuryl alcohol
(PFA),9 cellulose,10 polyacrylonitrile (PAN),11 phenol
formaldehyde,12 poly(vinylidene chloride-co-vinyl
chloride) (PVDC-AC),13 polyphenylene oxide,14 etc.,
have been reported to prepare MCM. However, the
gas separation performance of their MCM exhibits
big difference due to their various thermal degrada-
tion behaviors and porous structure formation mech-
anisms. In addition, a supported carbon membranes
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should also consider the effects of support on mem-
brane formation (e.g., micro-crack) and permeation
performance.15

Generally speaking, the porous structure forma-
tion of MCM can be divided into two stages during
pyrolysis. At the first stage (usually in the tempera-
ture range of 200–500�C), thermal degradation reac-
tions (such as side-group elimination, random scis-
sion, and depolymerization, etc.16) take place,
leading to the formation of amorphous carbon. As
the result, the initial porous structure of MCM is
generated by the random stacking of amorphous car-
bons.17 During this stage, the gas permeability of
MCM increases with elevating the pyrolytic temper-
ature. When the pyrolysis progresses to the second
stage (during the temperature range of 500–1100�C),
with the bourgeoning of graphite-like carbon, the
rearrangement and reorganization of graphitic car-
bon gradually dominate the evolution of porous
structure of MCM in stead of the thermal degrada-
tion reactions. During this stage, the gas permeabil-
ity generally slows down with increasing the final
pyrolytic temperature. The morphology of resultant
porous structure of MCM is constructed by inter-
twining channels containing relatively wide open-
ings with narrow constrictions. The openings con-
tribute the major part of the pore volume and are
responsible for the permeation capacity, while the
constrictions hinder the passage of larger molecules
in a mixture and are responsible for the selectiv-
ity.5,18 Through the microporous structure, gases can
be effectively distinguished from mixtures by their
size and shape. Therefore, the gas separation per-
formance of MCM could be modified through the
control of the microporous structure by adjusting
the chemical structure of precursors and preparation
conditions.

Zhou et al. markedly increased the gas permeabil-
ity of MCM through increasing the content of
decomposable sulfonic acid groups in precursor phe-
nolic resin molecular chain.19,20 Islam et al. signifi-
cantly improved the gas permeability of MCM by
adopting polyimide containing pendent sulfonic acid
groups as precursor at lower pyrolytic temperature
(from 250 to 450�C).21 Xiao et al.22 and Park et al.23

also increased the gas permeability of MCM by
introducing larger groups to molecules and chang-
ing the bridging linkage in dianhydride monomer of
precursor polyimides, respectively. Yoshimune et al.
remarkably enhanced the gas permeability of CO2

and O2 without affecting the selectivity by incorpo-
ration of transition metal ions such as Agþ and Cu2þ

into poly(phenylene oxide)-based MCM.24 Park et al.
led to a drastic increment in the gas permeability of
MCM containing silica from poly(imide siloxane) at
a loss of selectivity.25 Park et al.26 demonstrated an
effective route to obtain dense polymer polyimide

film with outstanding molecular and ionic transport
and separation performance through rational tailor-
ing of free-volume element architecture (such as
pores and channels) by thermally driven segment
rearrangement between 350 and 450�C. Kim et al.27

found that the gas permeability through metal
doped carbon membranes increased and the gas se-
lectivity decreased with increasing the diameter or
the contents of substituted metal ions in the metal-
substituted (including Liþ, Naþ, and Kþ) sulfonated
polymide precursors.
In our previous work, poly(phthalazinone ether

sulfone ketone) (PPESK) has been successfully devel-
oped as a kind of promising precursor, from which
the best ideal O2/N2 separation factor reaches to
above 24 for the MCM prepared at the pyrolytic
temperature of 800�C.28 Here, sulfonic acid groups
were introduced to PPESK molecular chain to
explore their effects on the microstructure and gas
permeation property of MCM.

EXPERIMENTAL

Materials synthesis

PPESK, with the molar ratio of sulfone over ketone
units of 1 : 1, was kindly supplied by Dalian Poly-
mer New Material Corp. of China. The synthesis of
SPPESK was based on the poly(phthalazinone ether
sulfone ketone) (PPESK) by the substitution of sul-
fonic acid groups according to the method reported
in pervious article.29 The sulfonation degree (SD) of
SPPESK is determined by acid and base titration.
Figure 1 shows the schematically chemical structure
of SPPESK created by ChemOffice software. In this
work, SPPESK with the SD of 59 and 75% were

Figure 1 Schematically chemical structure of SPPESK
with the sulfonation degree of 200%. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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synthesized and used as precursors for making
MCM. Compared with PPESK, SPPESK possesses
better solubility and hydrophilicity due to the strong
polarity of -SO3H and hydrogen bonding.30 The
introduction of bulky sulfonic acid groups will pro-
vide more steric hindrance to intersegmental rotation
of polymer chain, which is helpful to form MCM
with more porous and less compact structure. In
addition, the pendent sulfonic acid groups are ther-
mally labile, which would be escaped from the car-
bonaceous backbone of SPPESK during the early
stage of heat treatment. Consequently, the micropo-
rous structure and gas separation performance of
MCM could be expectantly tuned by the introduc-
tion of sulfonic acid groups.

Membrane preparation

First, SPPESK was dissolved in N-methyl-2-pyrroli-
done (NMP) to make a solution at the concentration
of 10 wt %. Then, the solution was poured onto hori-
zontally sanitary glass plates. Yellowish polymeric
membranes were formed after the solvent evapora-
tion at 60�C for 2 h and 100�C for 12 h. The obtained
polymeric membranes were not further dried to
keep a small portion of solvent in the matrix because
that a quite dried polymeric membrane is very frag-
ile and difficult to handle at the later steps. To pre-
vent the polymeric membranes from melting during
the subsequent pyrolysis, a stabilization process was
undertaken at 350 or 400�C for 30 min in the air. Py-
rolysis was performed in a tubular furnace that was
ramped to 650�C at a rate of 1�C/min in flowing ar-
gon, and then was kept at 650�C for 60 min before
cooling down to room temperature. The as-prepared
homogeneous MCM with the thickness around 20
lm was sealed in a vacuum desiccator to avoid the
influence of water vapor and other gases. The MCM
was designated as CM(x-y), where x and y represent
the SD of SPPESK and stabilization temperature,
respectively.

Characterization

Thermogravimetric analysis-mass spectrometry
(TGA-MS) of SPPESK was undertaken on a
NETZSCH STA449C thermogravimetric analyzer
connected to a Balzers MID mass spectrometer. The
TGA analysis was conducted in flowing nitrogen at
a heating rate of 10�C/min from ambient tempera-
ture to 800�C. Ion currents at m/z equaling to 18, 43,
44, 48, 64, and 78 were detected in on-line measure-
ments to monitor the possible evolved gases during
pyrolysis, such as H2O, C3H7-, CO2, O3, SO2, and
C6H6, etc.

The evolution of functional groups on membrane
surface was monitored by a Nexus 470 Attenuated

Total Reflection Fourier Transform infrared spectros-
copy (ATR-FTIR) (Thermo-Nicolet) in the wavenum-
ber range of 4000–680 cm�1, which was analyzed
with OMNIC software.
X-ray diffraction (XRD) patterns were recorded

using a D/Max-2400 diffractometer with CuKa radi-
ation in the range of diffraction angle 2y from 5 to
60� with the scanning step of 0.02�. The indicator of
interlayer distance d002 of samples was calculated by
the well-known Bragg equation.
Raman spectra (500–1800 cm�1) were collected on

a Renishaw2000 spectrometer with 514 nm laser ex-
citation and a CCD detector, operating at a power of
100 mW. Spectra were averaged over 5 scans and
recorded at a resolution of 1 cm�1. Raman spectrom-
etry is commonly used to characterize the micro-
structure of carbon materials due to its convenient
La measurement from the intensity of Raman D-band
(disordered or amorphous structures) and G-band
(graphitic structures) using an empirical equation, La
¼ 4.35 (IG/ID) (nm).31

Nitrogen adsorption isotherms of MCM were
measured on an ASAP 2020N analyzer at �196�C.
Prior to the adsorption measurements, all samples
were degassed at 200�C for at least 6 h. The pore
size distribution and porous parameters (such as
BET surface area, maximum pore volume, etc.) were
calculated by H-K method based on the adsorption
isotherms.32

Pure gas permeation of membranes was tested by
conventional variable volume-constant pressure
method according to the previous reports.28,33 The
permeability P, within 6 10% in precision, was
obtained from the flux of the tested pure gas on the
permeating side, normalized by the partial pressure
difference of the gas across the membrane, the effec-
tive permeating area and thickness of the membrane.
The ideal selectivity a is obtained from the ratio of
two pure gas permeabilities,

aO2=N2
¼ PO2

PN2

(1)

where PO2
and PN2

are the permeabilities for gas O2

and N2, respectively. Replicative experiments for
each membrane were performed at least three times
to ensure good reproducibility. All the gas permea-
tion data present in this paper are referred to the av-
erage value.

RESULTS AND DISCUSSION

Thermal degradation behavior

The thermal degradation curve of SPPESK with the
SD of 75% and the mass spectra of some evolved
gases are shown in Figure 2. For guidance, the
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thermal weight loss profile of PPESK is also given
on this figure, which is taken from Ref. 28. Their dif-
ferences in weight loss were not further compared
since they were obtained from different drying con-
ditions. Besides the common three weight loss stages
for SPPESK and PPESK (� 250�C, 450–650�C, and
650–800�C), SPPESK has an additional stage during
the temperature range of 250–450�C. Prior to the
temperature of 250�C, SPPESK successively reduced
in weight loss from the onset (beneath 100�C) of
thermal degradation measurement due to the release
of large amount of absorbed water and residual sol-
vent NMP (bp 202�C) in membrane matrix. At
250�C, the weight loss of SPPESK is 8.8 wt %. When
the temperature surpasses 250�C, another significant
thermal weight loss occurs for SPPESK, accompany-
ing with the release of large amount of SO2 and
CO2, as well as small amount of intermediates O3

and propyl group C3H7-. The release amount of CO2

and C3H7- reach their maximum values at the tem-
perature about 300�C, while those of O3 and SO2 are
around 335�C. It infers that the CAO bonds first
rupture between the two adjacent benzene rings in
sulfone and ketone units due to its lower bonding
energy.34 The variation trend of H2O and SO2 signals
detected from mass spectra is very close to the
report in literature.19,21 The evolved gases SO2 and
H2O above 250�C can be mainly ascribed to the sul-
fonic acid groups in SPPESK. During the tempera-
ture range of 250–450�C, some intermediates are also
produced, such as O3 and C3H7- free radical. The
presence of O3 and C3H7- free radical maybe pro-
mote the scission of CAO and CAS bonds in
SPPESK.18 The successive release of large amount of
H2O can also be partly ascribed to the decomposi-
tion of hydrogen bonds that is commonly formed
intra- or inter- molecular chains containing sulfonic

acid groups.35 At 335�C, the ion current intensities
of H2O and SO2 attain their peak values, revealing
that intensive decomposition reactions happen to
sulfonic acid from molecular chain. When the ther-
mal degradation temperature reaches to 450�C, the
weight loss of SPPESK is 24.0%. During the third
stage (450-650�C), another remarkable weight loss
range takes place. Seen from the MS spectrum, the
signals of SO2, O3 and CO2 also reach another peak
values about 500-530�C. When the temperature is
higher than 500�C, the weight loss of SPPESK is
almost in the same trend with that of PPESK. In
addition, a signal at m/z equaling 78 was observed
between 500�C and 650�C, which can be subjected to
the isolated benzene rings deduced during the ther-
mal degradation. As the temperature goes up to
650�C, the weight loss of SPPESK has reached about
45.0 wt %. During the fourth stage (650-800�C), the
weight loss curve tends to be flat with a little of
weight loss contributed by the reorganisation and
rearrangement of carbon matrix. At the final temper-
ature of 800�C, the weight loss of SPPESK is about
48.0 wt %. Therefore, the introduction of sulfonic
acid groups to PPESK (i.e., SPPESK) has changed
the thermal degradation behavior and would
undoubtedly modify the microstructure of resultant
MCM.

ATR-FTIR spectra

Figure 3 gives the change in functional groups of
SPPESK with SD of 75% during the process of car-
bon membrane formation. In the spectrum of poly-
meric membrane sample [Fig. 3 (a)], the characteris-
tic reflection appeared clearly, such as the stretching
vibrations of C¼¼O (1663 cm�1), the C¼¼N (1589

Figure 2 Thermal degradation curve of SPPESK and the
mass spectra of evolved gases during pyrolysis. Note: the
TGA curve of PPESK was taken from Ref. 28. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 3 ATR-FTIR spectra of SPPESK with SD of 75%
membrane samples through heat treatment: (a) polymeric
membranes; (b), (c) stabilized membranes at 350�C and
400�C; and (d) carbon membranes CM(75–350). [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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cm�1), the benzene ring (1478 cm�1), the asymmetric
and symmetric stretching vibration for sulfone
groups (1310 and 1151 cm�1), the ether linkage in
CAOAC or¼¼CAOAC groups (1244 and 1106 cm�1),
the asymmetrical and symmetrical stretching of
O¼¼S¼¼O in -SO3H groups (1086 and 1025 cm�1), etc.
This analysis is well consistent with the typical
chemical structure of SPPESK as shown in Figure 1.
After stabilization process [Fig. 3(b)], two reflection
peaks at 1086 and 1025 cm�1 become very weak. It
demonstrates that large amount of the -SO3H groups
have been peeled off from the main chain of SPPESK
molecules at 350�C. This conclusion is well agreed
with the TGA-MS results. In addition, the peak
intensities at 974 and 830 cm�1 become stronger,
which reflect the ACAOACA asymmetric stretching
in four- and three-membered heterocyclic rings,
respectively. This indicates that crosslinkings, such
as heterocyclic ether-like structure, have been
formed intra- or intermolecules after stabilization.
When stabilized at 400�C, the spectrum profile of
SPPESK is almost intact compared with the sample
stabilized at 350�C. Nevertheless, the background of
spectrum broadens and all the peak intensity weak-
ens. It can be ascribed to the further decomposition
of -SO3H and CAO groups from molecular at 400�C
as illustrated in TG-MS. In the case of carbon mem-
branes [Fig. 3 (d)], all the bands almost disappeared
except for aromatic structure. It infers that nonaro-
matic atoms gradually decompose from the matrix
in the form of gases as detected in TGA-MS. The re-
sidual structure would be simultaneously combined
and reorganized, leading to the formation of more
condensed aromatic structure, i.e., graphite-like
structure. The disordered stacking of graphite-like
structure, such as carbon sheet, amorphous carbon,
etc., forms the porous structure (voids and porosity)
of carbon membranes for gas permeation.

X-ray diffraction

Figure 4 shows the X-ray diffraction patterns of
MCM prepared by different SD in SPPESK and sta-
bilization temperature. There are two diffraction
peaks in each pattern of them. The peaks at the 2y
about 21–23� and 43–44� are due to the (002) and
(100) planar diffractions, respectively. The present
two broad peaks suggest the lower graphitization
degree of MCM. In another word, the proportion of
amorphous carbon is still at a rather high level. This
is similar to the analysis of MCM from other precur-
sors reported in literature, such as Kapton polyi-
mide36 and poly(phenylene oxide),37 etc. Although
the d002 values of carbon materials could not directly
yield information that can be interpreted as micro-
pore dimensions, they can serve as the average spac-
ing indicators between the individual layers of the

graphitic carbon. The d002 values of carbon materials
measured by XRD are commonly used as not only
the average interlayer distance of aromatic plane in
amorphous carbon but also the indicator of the por-
tion of amorphous carbon in matrix. Because the
void volume of MCM is mainly contributed by the
amorphous carbon, there will be a quantitative rela-
tionship between the d002 values and gas permeation
properties. However, it needs to be further investi-
gated in detail. The d002 values of MCM prepared in
the present work is in the range of 4.02–4.07 Å that
is slightly higher than that of PPESK-based MCM
(4.01 Å) at the same pyrolytic temperature.38 It
implies that the SPPESK-based MCM possesses
lower density and less compact structure. However,
the structure information obtained from XRD is very
limited due to the slight variation of d002 values
between the samples. Therefore, Raman spectra
were also used to further testify the changes in car-
bon structure of MCM.

Raman spectra

Figure 5 gives the spectra of carbon membrane sam-
ples CM(75–400), CM(75–350), and CM(59–400). For
all carbon membranes, two peaks can be found cen-
tered around the 1350 cm�1 and 1580 cm�1, reflect-
ing the D peak (disordered or amorphous structures)
and G peak (graphitic structures), respectively. As
suggested, the changes in the ID/IG ratio could
reflect the fraction variation of amorphous carbon
and graphitic carbon. The domain size La would also
be calculated from empirical equation proposed by
Tuinstra et al.,31 as inserted in Figure 5. With
increasing the stabilization temperature (i.e., CM(75–
350) to CM(75–400)), the La value decreases from

Figure 4 XRD patterns of MCM prepared from SPPESK.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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3.83 nm to 3.35 nm. In addition, with increasing the
SD in SPPESK from 59 to 75%, the La value
decreases form 3.45 nm to 3.35 nm. For carbon mate-
rials, their La values (or micro-domain size) will
become larger and larger as graphitization degree
elevated. So it deduces that the graphitization degree
of MCM will be improved by increasing stabilization
temperature or decreasing SD in SPPESK.

Nitrogen adsorption

To insight into the porous structure of SPPESK-
based MCM, nitrogen adsorption technique was
applied to characterize the pore size distribution as
shown in Figure 6. Although the measurement of
nitrogen adsorption is not accurate enough to char-
acterize the complete porous information of micro-
porous carbon membranes because the nitrogen mol-
ecules are too large to enter the smaller pores in the
membrane structure, it can also give some indicative
information on the overall porosity of carbon mem-
branes. The BET surface area and maximum pore
volume of samples are also listed in Figure 6. The
values are comparable to those of carbon mem-
branes in literature reports.39–42 Compared CM(75–
400) with CM(59–400), higher SD in SPPESK leads
MCM to higher BET surface area (i.e., 332.2 m2/g
and 153.1 m2/g) and larger maximum pore volume

(i.e., 0.102 cm3/g and 0.079 cm3/g). In another word,
the porosity of MCM increases with elevating the
SD in SPPESK. Therefore, the gas permeability of
MCM could be expectedly enhanced by increasing
the SD in SPPESK.

Gas permeation test

Table I lists the gas permeation properties of MCM.
With increasing the SD in SPPESK, the gas perme-
ability of the resultant MCM improves, e.g., the O2

permeability of 30 Barrer for CM(59–400) increasing
to 52 Barrer for CM(75–400). However, the selectivity
of them simultaneously reduces, e.g., the O2/N2

changes from 12 to 8.0. The effect of SD on the gas
permeability of MCM is due to the sulfonic acid
groups causing additionally more weight loss and
loose carbon structure. It indicates that the pendent
sulfonic acid groups in SPPESK could take a ‘‘tem-
plate-like’’ effect on pore-forming in carbon mem-
brane during pyrolysis. This conclusion is also
proved by the results and analysis from nitrogen
adsorption technique. Higher stabilization tempera-
ture is also helpful for improving the gas permeabil-
ity of MCM, e.g., the O2 permeability of CM(75–400)
being 33.1% higher than that of CM(75–350). The
effect of stabilization temperature is probably owing

Figure 6 Pore size distributions of MCM by H-K method
from nitrogen adsorption technique. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 5 Raman spectra of carbon membranes. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE I
Gas Permeation of MCM Derived from SPPESK (Measured at 30�C and 0.1 MPa)

Sample

Permeabilitya Ideal selectivity

H2 CO2 O2 N2 H2/N2 CO2/N2 O2/N2

CM(59-400) 200 120 30 2.5 80 48 12
CM(75-400) 240 160 52 6.4 38 25 8.0
CM(75-350) 150 140 35 3.4 43 41 10

a 1 Barrer ¼ 1 � 10�10 cm3 (STP) cm/cm2 s cmHg ¼ 3.35 � 10�16 mol m/m2 s Pa.
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to the thermal degradation degree because higher
stabilization temperature in oxidative atmosphere
would cause the matrix of original SPPESK poly-
meric membranes excessive degradation, which
results into more weight loss and less compact struc-
ture. This is well in accordance with the results of
TGA-MS and Raman. However, the change tendency
of selectivity for MCM is opposite to that of perme-
ability. This trade-off relationship between perme-
ability and selectivity is a most common case for all
membrane materials.43

To evaluate the gas separation performance of
MCM from SPPESK, the recommended upper
bounds for O2/N2 system of polymer and carbon
materials are shown in Figure 7.43,44 As reported,
most MCM locate in the region between the two
upper bounds and few can surpass the carbon’s
upper bound getting more commercial competition.
From Figure 7, it can be clearly found that all the
correlation points of O2 permeability against O2/N2

selectivity of MCM obtained in the present work fall
in the hatched region around the carbon’s upper
bound that is most commercially attractive. It dem-
onstrates that the SPPESK is comparable with other
high-performance precursors in literature, such as
PPES,48 PPESK,28 phenolic resin,49 poly(furfuryl alco-
hol)50 and polyimide.51–53 It is specially pointed out
that the CM(59–400) has lied on the upper bound for
MCM that is uncommon. The present work makes
us believe that SPPESK is a very promising precur-
sor to prepare MCM with good gas separation per-
formance and the gas permeation of MCM could be
well tuned by altering SD in SPPESK or the stabili-
zation temperature.

CONCLUSIONS

MCM was successfully prepared from sulfonated pol-
y(phthalazinone ether sulfone ketone) (SPPESK)
through stabilization and pyrolysis. Compared with
PPESK, SPPESK has an additional weight loss stage
in the temperature range of 250–450�C due to the
decomposition of pendent sulfonic acid groups dur-
ing heat treatment. The microstructure of MCM
becomes less compact and higher pore volume with
increasing the SD from 59 to 75% or the stabilization
temperature from 350 to 400�C. The O2 permeability
of MCM increases from 30 Barrer to 52 Barrer, along
with the O2/N2 selectivity decreasing from 12 to 8.0,
with the SD in SPPSK increasing from 59 to 75%. Sim-
ilarly, the O2 permeability of MCM also increases
from 35 Barrer to 52 Barrer, along with the O2/N2 se-
lectivity decreasing from 10 to 8.0, with the stabiliza-
tion temperature improving from 350 to 400�C.
SPPESK is a competitive precursor in comparison
with other precursors (such as PPESK, phenolic resin,
poly(furfuryl alcohol) and polyimide) in regard of the
gas separation performance of their MCM.
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