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ABSTRACT: Gas permeability in hydroxypropyl cellulose (HPC), cellulose triacetate (CTA), and poly(methyl

methacrylate) (PMMA) membranes under microwave irradiation was investigated in comparison with permeability ob-

tained without microwave (conventional method). Permeability coefficients for several gases in HPC, CTA and PMMA

under microwave were higher than those obtained by conventional methods. That is, the enhancement of gas perme-

ability (microwave irradiation effect) by microwave was made clear, additionally it was suggested that accelerated mo-

lecular motion of –OH and –COO– moiety in side chains contribute to the enhancement under microwave irradiation.

The degree of the enhancement of gas permeability depended on the combination of polymers and gases. Consequently,

the size of gas molecule, polar groups and free volume spaces in polymer are assumed to affect the microwave irradi-

ation effect. [DOI 10.1295/polymj.38.376]
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Microwave has been commonly used for radar,
communication, and heating in our daily life. In par-
ticular, Microwave irradiation has been industrially
applied for heating and drying of materials, and so
on as one of powerful techniques of non-contact heat-
ing.1 Microwave instantaneously penetrates into heat-
ed objects and heats them from within. Utilization
of microwave has been attracted attention from the
aspect of green chemistry, good efficiency and so
on. Utilizations of microwave on reaction of organic
molecules and synthesis of polymer2,3 have been ac-
tively investigated. Specific results shown in these
microwave irradiation process not seem to be uncon-
nected with selective actions to polar functional
groups by microwave.
Gas transport properties in polymers are dependent

on the amount of the space through which gas mole-
cules diffuse and the mobility of polymeric chains,4–9

that is, the high mobility of main chains and side
groups leads to high gas permeability and diffusivity.
Even in dense polymeric membranes, the enhance-
ment and control of permeability due to accelerated
molecular motion of polar functional groups by
microwave irradiation could be expected. Reports of
this type by other researchers have apparently not
been published to date. In our previous study,10,11

gas permeability of cellulose acetate (CA) membranes
having polar functional groups were accelerated under
microwave irradiation, while gas permeability of
polystyrene (PS) membranes having no polar func-
tional groups were not affected by microwave irradia-

tion. The enhancement of gas permeability for the CA
membrane was considered to be due to enhanced mo-
lecular motion of polar side groups under microwave
irradiation. CA contains –OH and CH3COO– as a po-
lar side group. That is to say –OH and/or CH3COO–
were suggested to contribute to the enhancement of
gas permeability under microwave.
The purpose of this paper is to investigate factors

governing the enhancement of gas permeability under
microwave. Therefore gas permeability coefficients
for cellulose triacetate (CTA), hydroxypropyl cellu-
lose (HPC), and poly(methyl methacrylate) (PMMA)
membranes were obtained under microwave irradia-
tion and compared with the values obtained by using
a conventional method.

EXPERIMENTAL

Membrane Preparation
Cellulose triacetate (CTA) and hydroxypropyl cel-

lulose (HPC) were purchased from Aldrich Co., and
Poly(methyl methacrylate) (PMMA) was supplied by
Mitsubishi Rayon Co. Ltd., Japan. Sample membranes
were prepared by a solution-casting method with di-
chloromethane for CTA, water for HPC, and chloro-
form for PMMA, respectively. The solutions were cast
at room temperature and dried thoroughly at 30 �C and
then annealed at 120 �C, 6 h for PMMA, 100 �C, and
12 h for HPC and CTA under vacuum and slowly
cooled. Transparent CTA, HPC and PMMA dense
membranes were obtained. In previous study, Trans-
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parent CA (the degree of substitute: 2.4) dense mem-
brane was prepared by a solution-casting method from
THF solution. The membranes had been stored under
vacuum in a desiccator with silica gel.

Characterization of Sample Membranes
Glass transition and melting behaviour of the sam-

ple membranes were characterized using a differential
scanning calorimeter (DSC), Perkin-Elmer Pyris Dia-
mond DSC. Experiments were performed at a heating
rate of 20 �C/min in nitrogen atmosphere. Glass tran-
sition temperature (Tg) was defined as a half specific
heat point in the baseline shift. The melting tempera-
ture (Tm) was taken as the peak of the melting endo-
therm. The degree of crystallinity was evaluated from
the melting enthalpy in the first scan of each sample.
Thermal gravimetric analysis (TGA) was perform-

ed using a Perkin-Elmer Pyris 1 TGA at a heating rate
of 10 �C/min under N2. The amount of residual sol-
vent and water in membranes was determined from
the weight loss observed over the range 40–150 �C.
Density of sample membranes was determined by a

floating method at 25 �C using o-xylene and carbon
tetrachloride for CTA, benzene and carbon tetrachlo-
ride for HPC, and aqueous solution of calcium nitrate
for PMMA, respectively.

Permeation Measurements under Microwave Irradia-
tion
Gas permeation measurements of the membranes

under microwave irradiation were performed using a
hand-made apparatus, which can irradiate a micro-
wave (2,450MHz) to the membrane.10 The apparatus
was made up by a conventional gas permeation appa-
ratus (based on constant volume method12,13) and a
microwave generator connected to a permeation cell
through a waveguide. In a typical experiment, a mem-
brane was set into the permeation cell. The total sys-
tem, including the membrane, was exposed to vacuum
to degas the membrane. Satisfactorily drying was con-
firmed by minimum leak rate in the downstream side.
Permeant gas of 76 cmHg was introduced on the up-
stream side, while the downstream pressure was rela-
tively kept at zero. The permeation rate (the slope of
the downstream pressure versus time) was monitored
using a low-pressure transducer (MKS-Baratron) con-
nected with a personal computer. After steady-state
gas permeation, microwave (2,450MHz, 500W) was
radiated to the membrane. Permeability coefficients
were evaluated from a series of data for 1800–2200 s
after beginning of microwave irradiation. In this time,
temperature of the membrane measured by a ther-
mometer sensor was 35 �C because of heat generated
by driving of the apparatus. Permeability coefficients
under microwave irradiation were obtained for He,

O2, Ar, CO2, N2, Kr and Xe. Additionally, for the
comparison purposes the permeability coefficients
without microwave irradiation at 35 �C were obtained
using conventional constant volume method.

RESULTS AND DISCUSSION

Characterization of Sample Membranes
Thermal and physical properties for the sample

membranes are listed in Table I. Glass transition tem-
perature (Tg) for HPC could not clearly be observed in
our DSC analysis. However, Tg of 7–40 �C were re-
ported as a result of DSC measurements and dynamic
mechanical analyses (DMA).14–17 Therefore, Tg for
HPC is approximately equal to the temperature of per-
meation measurement (35 �C). On the other hand, Tg
for CA, CTA and PMMA were higher than 35 �C.
Therefore, CA, CTA and PMMA are glassy state in
permeation measurement.
One melting endothermic peak was observed in

DSC thermograms for HPC, CA and CTA except
for PMMA. The weight fraction crystallinity (�c) in
the membranes was estimated as follows:

�c ¼
�H

�Hc

ð1Þ

where �H is the melting enthalpy obtained from the
peak area of a melting endothermic peak, and �Hc

is the melting enthalpy for a perfect crystallite. The
value of �Hc ¼ 6:44 cal/g for HPC17 and 8.2 cal/g
for CA and CTA18 were used in this study. One exo-
thermic peak derived from cold crystallization was ap-
peared at about 215 �C in DSC thermograms of CTA,
so�H for CTA was defined as the difference calculat-
ed by subtracting the enthalpy of crystallization from
the melting enthalpy. In general, gas molecules do not
permeate crystal region. Additionally, microwave is
supposed to have no direct effect on the crystal lattice
because we confirmed permeability coefficients after
microwave irradiation are equal to those before micro-
wave irradiation.11 Consequently, it is believed that
the crystal phase has no direct effect on gas permea-
bility under microwave irradiation.

Table I. Thermal and physical properties of HPC,

CA, CTA and PMMA membranes

HPC CA CTA PMMA

Tg (�C) 7–40� 190 188 101

Tm (�C) 198 210 285 —

�c 0.1 0.03 0.4 —

Density (g/cm3) 1.189 1.304 1.308 1.201

FFV 0.169 0.183 0.214 0.125

Weight loss (%) 0.1 0.1 0.2 0.1

� References 14–17.
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Since water having high dielectric loss coefficient is
easily heated by microwave irradiation, water sorbed
in sample membranes is an unfavourable factor in this
study focusing on microwave and polymers. The
small amounts of residual solvent and water (0.1–
0.2%) in the membranes estimated from TGA sug-
gests that the membranes are in a state of sufficient de-
hydration, so the influence of sorbed water and resid-
ual solvent on the microwave irradiation effect is
negligible.
The amount of free volume in a polymer has been

recognized as a major factor contributing to gas per-
meability and diffusivity.4–7 The fractional free vol-
ume (FFV) of amorphous regions provides indirect
information about mobility of gas molecules in the
polymer matrix, so FFV of the amorphous phase
for each sample membrane were estimated as fol-
lows:5,6,19

FFV ¼
Vsp � 1:3Vw

Vsp

ð2Þ

where Vsp is the specific molar volume of amorphous
phase, and Vw is the van der Waals volume of the re-
peat unit, which can be estimated by group contribu-
tion method.19 The density (�a) of amorphous phase
can be calculated from the experimental density (�)
data and the crystallinity (�c) by assuming that the
ratio of the density for crystal phase to amorphous is
1.13 as follows:19

�a

�
¼ 1�

0:13�c

1:13
ð3Þ

Molecular chain packing of PMMA that has a FFV
of 0.125 is tighter than those of other polymers in this
study. On the other hand, chain packing of CTA that
has a higher FFV of 0.214 is looser, that is, gas mole-
cules can be expected to have a higher mobility.

Permeability under Microwave Irradiation
Permeability coefficients obtained in measurements

with or without (conventional) microwave irradiation
for the seven gases in HPC, CTA and PMMA mem-
branes at 35 �C are listed in Table II. Permeability co-

efficients for Xe in PMMA are so small as to be un-
able to be obtained by our permeation apparatus.
The gas permeability obtained using conventional
method increase in the order PMMA < HPC < CTA,
which is generally consistent with the order of FFV.
Permeability coefficients for a number of gases under
microwave irradiation are higher than those without
microwave in HPC, CTA and PMMA membranes as
well as the CA membrane. This result indicates the
enhancement of gas permeability by microwave irra-
diation. Furthermore it can be considered that the
enhancement of gas permeability under microwave
irradiation result from accelerated molecular motions
of polar functional groups, which is more active than
the mobility at actual temperature (35 �C in here) of
the membrane. HPC has –OH moiety, while CTA
and PMMA have –COO– moiety as a polar functional
group. The enhancement of gas permeability for
HPC, CTA and PMMA membranes by microwave
irradiation demonstrates a contribution of –OH and
–COO– to the microwave irradiation effect. Therefore
it is supposed that the microwave irradiation effect in
the CA membrane reported elsewhere10 is attributable
to –OH and CH3COO– groups.
Degree of the enhancement of gas permeability de-

pends on the kinds of polymers and gases. The relative
permeability, the ratio of the permeability coefficient
with microwave to that obtained by the conventional
method, can be considered as a magnitude of micro-
wave irradiation effect (the enhancement of permea-
bility). Additionally, it can be considered that the en-
hanced gas permeability under microwave irradiation
is attributable to the enhancement of diffusivity. Gas
diffusivity in polymers has been reported the strongly
correlations with gas molecular size that the logarithm
of diffusion coefficients is inversely proportional to
the squared effective molecular diameter, def

2.20,21

Figure 1 shows a correlation between the relative per-
meability and def

2 for HPC with the previous result of
CA.10 Figure 2 shows a correlation between the rela-
tive permeability and def

2 for CTA and PMMA mem-
branes.
For glassy polymer, some researchers have reported

Table II. Permeability coefficients in the HPC, CTA and PMMA membranes

at 35 �C with or without microwave irradiation

Polymer Method
Permeability coefficient �1010 (cm3(STP) cm/cm2 s cmHg)

He O2 Ar CO2 N2 Kr Xe

HPC
Microwave 9.7 0.69 0.93 6.1 0.32 0.68 0.50

Conventional 7.6 0.62 0.48 3.9 0.17 0.35 0.26

CTA
Microwave 28 1.8 0.88 9.5 0.32 0.53 0.22

Conventional 26 1.7 0.82 9.2 0.33 0.36 0.11

PMMA Microwave 12 0.31 0.14 1.1 0.079 0.066 —

Conventional 12 0.23 0.083 0.78 0.039 0.022 —
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that sub-Tg relaxations involved in a local chain mo-
tion and/or side chain motion, which be investigated
by the dynamic mechanical analysis and so on, corre-
late with gas permeability,6,8,9 that is, small scale local
motions such as local and side chain motion as well as
FFV affects gas permeability and/or diffusivity. The
enhanced gas permeability under microwave is as-
sumed to be due to the accelerated molecular motion
that produce excess diffusion path. In such cases, the
degree of enhancement and its dependence on the gas
molecular size demonstrated in Figures 1 and 2 are
thought to depend on the kinds of polar groups influ-
enced by microwave and the amount of free volume in
a polymer, which the kinds of polar groups probably
determines the types of molecular motion under
microwave and the FFV represents the size of the
space through which gas molecules diffuse, addition-
ally, even the same motion in the same space (i.e.
same polymer) give the different effect to each gas

that has different size because the size of available
space to diffusion depends on the size of gas.
As compared with the CA membrane showing the

most remarkable microwave irradiation effect at Kr,
the enhancement of permeability for HPC under
microwave is relatively low, moreover there are no
great differences in the relative permeability among
the sizes of gas molecules for the HPC membrane.
HPC were in glass transition range at 35 �C (experi-
mental temperature), that is, micro-Brownian motions
begin to occur. Microwave irradiation is believed to
induce locally enhanced molecular motions of polar
functional groups attached to the polymer backbone.
Thus the effect of small-scale motions enhanced by
microwave on the gas permeability is thought to be
relatively low at around Tg because great chain mo-
tions such as micro-Brownian motions contribute the
gas permeability and reduce the impact of small-scale
motions enhanced by microwave. As a result, the en-
hanced permeability and its dependence on gas molec-
ular size for HPC membranes, which is in glass tran-
sition range, is generally lower than CA membranes.
It is assumed that the small-scale motion accelerat-

ed by microwave is limited space and local motion at
molecular level, and specified diffusion path extended
by the small-scale motion has an advantage in diffu-
sion of specified gas molecular size as was pointed
out in the previous paper.10 Then, microwave irradia-
tion is considered to have a small effect on permeabil-
ity for too large or small gas molecules relative to the
specified diffusion path. For PMMA, the relative per-
meability of He indicates 1 signifying lack of the en-
hancement in permeability. Additionally the relative
permeability increases with def

2 from O2 to Kr. For
CTA, the permeability for He, O2, Ar, CO2 and N2

has little enhancement, on the other hand, the en-
hancement of permeability for Xe is higher than that
for Kr. There is a similarity between microwave irra-
diation effect of PMMA and CTA membranes. In
other words, the larger gas molecule tends to show
the higher enhancement of permeability derived from
microwave irradiation. It is thought that the same
–COO– moiety results in similarity between the en-
hanced permeability of CTA and PMMA, the local
motion of dipoles induced by microwave irradiation
might locally generate relatively large space that con-
tributes to diffusion of relatively large gas molecules.
Gas molecular size at which the relative permeabil-

ity increases and the magnitude of relative permeabil-
ity should depend on polymer properties such as the
kinds of polar groups and free volume space. The
microwave irradiation effect is larger and occurs at
smaller gas molecule in PMMA relative to CTA. Fur-
thermore the FFV of PMMA is lower than that of
CTA, that is, gas molecules are in small space and
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lower mobility state in PMMA. Therefore, It can be
considered that the enhancement in diffusion for gas
molecules having lower mobility is larger, because
accelerated small-scale motions under microwave
have a larger impact on diffusivity in close space con-
sisting of smaller FFV and larger gas molecules.

CONCLUSIONS

Microwave irradiation results in the enhancement
of permeability for various gases in HPC, CTA and
PMMA, which the enhancement cannot be obtained
by the usual thermal motion of overall polymer mole-
cules with increasing temperature. As a result, it is
suggested that –OH and –COO– moiety in polymers
contribute to the enhancement of gas permeability
under microwave. The degree of the permeability en-
hancement depends on the combination of polymers
and gases, that is, relatively low enhancements and
its poor dependences on the size of gas molecules
are observed in HPC, additionally, the enhancement
in CTA and PMMA are larger for large gas molecule,
the enhancement in PMMA is greater than that in
CTA. These results suggest that the enhanced gas per-
meability caused by accelerated small-scale molecular
motion depends on the size of gas molecule, the kinds
of polar groups and free volume space in polymer.
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