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ABSTRACT: A poly(ethylene terephthalate) (PET) membrane was used to study the
effect of heavy-ion irradiation on gas permeability and selectivity. In an ambient
temperature range of 303–333 K, permeability coefficients for He, N2, O2, and CO2 were
determined with the vacuum-pressure and time-lag methods. Gas-permeability coeffi-
cients of the membranes, which were irradiated with some specific heavy ions, in-
creased remarkably without a significant change in the polymer structure by ion
irradiation. The permeation rates of these membranes were inversely proportional to
the square root of the molecular weight of the gasses and showed Knudsen flow because
of the formation of pores caused by heavy-ion irradiation. © 2001 John Wiley & Sons, Inc.
J Appl Polym Sci 82: 206–216, 2001
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INTRODUCTION

Recently, there has been growing interest in the
heavy-ion irradiation of polymer membranes.
Heavy-ion irradiation often causes different
chemical effects as a result of g-ray or electron-
ray irradiation.1–6 Energetic heavy ions are ion-
izing particles that create zones of high-density
excitations and ionizations as they pass through
membrane materials and cause many effects due
to the high local dose within the ion tracks. These
damage zones are called latent tracks, and they
are greater than those caused by g-rays or elec-
tron rays.7–9 In addition, it has been proven that

an interaction occurs between heavy ions and
polymer materials in which the degree of damage
to the polymer material differs with the kind of
ions irradiated.10–13 It is possible that ion-irradi-
ated membranes of poly(ethylene terephthalate)
(PET), a copolymer of diethyleneglycol-bis-allyl-
carbonate, polycarbonate, and cellulose nitrate,
form cylindrical pores by etching with an aqueous
solution of strong alkali.7–10 Particularly, the me-
chanical strength of PET is high, and it seems to
be the optimum material to easily undergo vari-
ous chemical changes by the ion irradiation. In
addition, it is impossible to form cylindrical pores
in polyethylene (PE) and polytetrafluoroethylene
by irradiation. The pores formed by etching can
be observed by scanning electron microscopy
(SEM). The presence of pores cannot be confirmed
by SEM or transmission electron microscopy
without etching after irradiation. Furthermore, it
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has also been found that the potential for the
damage of polymer materials differs with the
kinds and energy of ions irradiated. Generally,
the depth of ion penetration tends to increase
with the decrease in the atomic number of the
irradiated ion. Also, the dimensions of the dam-
age tend to increase with the increase in atomic
number of the irradiated ion. It is considered that
the damage is caused by the energy and size of
irradiated ions. Before ion irradiation, the size
(atomic radius) of the atoms of irradiated ions in
this study were as follows: Xe 5 2.20 Å, Kr 5 2.01
Å, Ar 5 1.91 Å, Ne 5 1.59 Å, and N 5 0.53 Å.
Therefore, the order of ion size was as follows: Xe
. Kr . Ar . Ne . N.

In recent years, heavy-ion irradiation has been
utilized and studied in many fields, including nu-
clear fusion, medicine, materials technology, and
other scientific fields. For example, Yoshida et al.
reported the first successful synthesis of a novel
thin film with a pore structure that opened and
closed in aqueous solution depending on the tem-
perature.14 Tamada et al. reported the thermal
response of ion-track pores in various copolymer
films.15

In this study, heavy-ion irradiation was uti-
lized for the modification of membranes. The ef-
fect of irradiation by various heavy ions on the
gas permeability of PET membranes was investi-
gated. PET is a polymer that is widely used for
fibers, films, and bottles. It was assumed that for
PET, which is often used as a gas-barrier film, it
would be easy to effect changes in its gas perme-
ability by modifications, such as ion irradiation.
We also examined the possibility of controlling
gas permeability by ion irradiation. So far, the
study of the gas permeability of heavy-ion-irradi-
ated membranes has not been reported.

EXPERIMENTAL

Material

The PET membranes used in this study were
obtained from Toppan Printing Co., Ltd. (Tokyo,
Japan). The thickness of the PET membranes was
12 mm.

Heavy-Ion Particle Irradiation

For heavy-ion particle irradiation, a PET mem-
brane of 12 mm was cut into a 40 3 40-mm square
and then attached to a 50 3 50 3 1-mm glass plate.

The chamber for the formation of ion-track
pores in the membrane, which was connected
with the azimuthally varying field (AVF) cyclo-
tron in the Takasaki ion accelerators for ad-
vanced radiation applications (TIARA), Japan
Atomic Energy Research Institute (Gunma, Ja-
pan), was new and was designed for the alternate
use of turntable-type and roll-type film-carrying
systems. The schematic representation of this
chamber is illustrated in Figure 1. The ion beam
from the AVF cyclotron was followed, and the
geometry and distribution of the ion beam in the
neighborhood of the target holders were mea-
sured by both the three-wire profile monitor (Irie
Co., Ltd., Tokyo, Japan) and a charge-coupled
device camera connected with an alumina moni-
tor. The widespread occurrence of ions was con-
trolled by a combination of defocusing with a qua-
druple electromagnet and collision with metal
foils, such as Al, Ta, and Cu, for scattering. The
turntable-type film-carrying system could irradi-
ate the six square films (40 3 40 mm) by rotation
of the turntable. The roll-type film-carrying sys-
tem, which could irradiate the 100 mm wide film
at the maximum by the combined use of a wide-
spread occurrence and a scanning mechanism.

For ion-beam irradiation, 15N31(56MeV), 20Ne41

(75MeV), 40Ar81(150MeV), 84Kr171 (150MeV) and
129Xe231 (450MeV) were supplied from the AVF
cyclotron, TIARA. The fluence (the number of ir-
radiated ions per unit area) of ion irradiation was
changed, and the effect of the fluence on the gas
permeability was also confirmed. Etching with an
aqueous solution of strong alkali, in this study,
was not carried out after the ion irradiation.

Measurement of Membrane Characterization

The densities of all of the PET membranes was
determined with an aqueous solution of calcium
nitrate at room temperature. The Fourier trans-
form infrared (FTIR) spectrometer (JASCO FT/
IR–7300) was used to scan the IR spectrum of the
untreated and the ion-irradiated PET mem-
branes. The d-spacing was measured by wide-
angle X-ray diffraction (WAXD; RIGAKU RINT-
1200) with the Braggs equation: l 5 2d sin u(Cu
Ka, l 5 1.54 Å).

Gas-Permeation Properties

The gas permeability of the membranes was de-
termined by vacuum-pressure methods.16 The ap-
paratus for the gas-permeation measurement is
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illustrated in Figure 2. C in Figure 2 is poly(1-
trimethylsilyl-1-propyne) (PTMSP) powder that
adsorbs vacuum-pump oil vapor.17,18 When an oil
rotary vacuum pump was used, the effect of the
oil vapor was not completely removed even
though liquid nitrogen was used for the cold trap.
An adsorption column filled with PTMSP powder
was placed between the membrane and the cold
trap as one of the countermeasures against
oil-vapor contamination. The gas transport
study was carried out according to the general
method.16,19,20 The permeability coefficient (P)
was calculated from the slope of the time–pres-
sure curves in the steady state. The apparent
activation energy of permeation (Ep) was deter-
mined with the Arrhenius equation:21

P 5 P0exp~2Ep/RT! (1)

where P0 is the preexponential factor, R is the gas
constant, and T is the absolute temperature.

The ideal separation factor through the mem-
brane was calculated with the Ps for components
A and B:

aA/B 5 PA/PB (2)

The gas-permeation measurements were carried
out for pure He, N2, O2, and CO2 in an ambient
temperature range of 303–333 K. However, the
gas-permeation measurements for a few ion-irra-
diated PET membranes were carried out only at
303 K. These gasses were used without further
purification. Their main characteristics are given
in Table I.

RESULTS AND DISCUSSION

Characterization

The d-spacing and density of the untreated PET
membrane and heavy-ion-irradiated PET mem-
branes are shown in Table II. The d-spacing, den-
sity, and FTIR spectrum did not show much dif-
ference between the untreated PET membrane
and all of the irradiated PET membranes. Hama
et al. investigated the effects of heavy-ion-beam
irradiation on a thick slab of low-density PE by
micro-FTIR measurement.22 They observed the
presence of trans-vinylene, carbonyl, and hy-
droxyl groups in ion-beam-irradiated PE film. In
this study, however, these chemical structural

Figure 1 Schematic representation of the chamber connected with the AVF cyclotron
in the TIARA.
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changes were impossible to detect with an FTIR
spectrum.

Permeation Properties

In general, the permeability of a gas across the
membrane depends on both solubility and diffusibil-
ity, which vary from a glassy polymer to a rubbery
polymer. Gas dissolves into the membrane material
and diffuses across it. If the membrane contains
pores large enough to allow convective flow, how-
ever, separation does not occur. If the size of the
pores is smaller than the mean free path of the gas
molecules, these pores allow lighter molecules to
preferentially diffuse through the pores. This per-
meation property is Knudsen flow. Moreover, if the
pores are small enough, large molecules are unable
to pass through them and are excluded by the mem-
brane. This molecular sieving is potentially useful
in separating molecules of different sizes. In this
study, the effect of fluence and the types of irradi-

ated ions on the gas permeation of PET membranes
was investigated. It was observed that the transi-
tion between the Knudsen flow and solution–diffu-
sion mechanism depended on the size and amount
of formed pores.

Effect of Heavy-Ion Irradiation

When the fluence of ion irradiation was over 1013

ions/cm2, the irradiated membranes became brit-

Table I Molecular Properties of
Penetrant Gasses

Gas
Molecular

Weight

Boiling
Point
(°C)

Critical
Temperature

(°C)

Critical
Volume

(cm3/mol)

He 4 2268.9 2267.9 57.4
O2 32 2183.0 2118.8 73.4
N2 28 2195.8 2147.2 89.8
CO2 44 278.5 31.0 93.9

Figure 2 Schematic illustration of the apparatus for the gas-permeation measurements:
(A) transistor relay, (B) pressure transducer (MKS Baratoron 270, MKS Instruments, Inc.,
Tokyo, Japan), (C) permeation cell, (D) thermoregulator, (E) heater, (F) water bath,
(G1–G4) gas reservoir, (J) cold trap, (K) PTMSP, (L) vacuum pump, and (M) manometer.
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tle and discolored. Therefore, all gas-permeation
measurements were carried out when the fluence
of heavy-ion irradiation was below 1012 ions/cm2.
If an interaction occurred between the irradiated
ions and the PET membrane, all the used ions
were expected to pass through the thin PET mem-
brane (12 mm).

The Ps at 303 K of PET and five kinds of
ion-irradiated PET membranes are shown in Ta-
ble III. There was no difference between PET and
Ar-ion-irradiated membranes, Ar-1 and Ar-2. It
was considered that the changes in permeabilities
were essentially not generated by Ar-ion irradia-
tion because the interaction between the PET
membrane and Ar ions was very weak. It was
probably caused by the closing of the ion track
formed by the recombination of free radicals in-
duced by irradiation. However, the change in the
gas permeation of other ion-irradiated mem-

branes was confirmed. Notably, the Ps of N-2,
Ne-2, and Xe-2 were remarkably increased by
heavy-ion irradiation. N and Ne ions showed
higher Ps at 1011 ions/cm2. As noted previously,
the depth of ion penetration tended to increase
with the decrease in atomic number of the irradi-
ated ion. The ions of smaller atomic number, such
as N and Ne, passed through the PET membrane
of 12 mm thickness but were not able to cause
heavy damage to the membrane compared with
an ion of higher atomic number, such as Xe. It
was assumed that the increase in the permeabili-
ties of N-1, Ne-1, and Kr-1 depended on the num-
ber of pores formed. Because of recombination
with fellow induced radicals, a part of the ion
track formed by ion irradiation was closed again.
The remarkable increase in the permeabilities of
N-2 and Ne-2 were caused by the overlapping of
the ion tracks at the higher fluence (1012 ions/
cm2). The overlapping of ion tracks at the higher
fluence brought about a decrease in the yield of
the radicals and enlarged the formed pore size.
The overlapped pore was too large to recombine.
Therefore, the pores formed by ion irradiation
were fixed at high fluences. In the case of Xe ions,
a higher P was obtained at the lower fluence, 3.0
3 1010 ions/cm2. The energy of the Xe ion was
very high, and it caused greater damage to the
polymer chain network of PET. Therefore, the
radicals could not recombine because of the en-
largement of the pore size, and the formed pores
were fixed.

Table II Characterizations of Untreated and
Heavy-Ion-Irradiated PET Membranes

Sample
Density
(g/cm3)a d-spacingb

Untreated PET membrane 1.40 3.4
All of the irradiated PET

membranes 1.39–1.40 3.4

a Density was determined with an aqueous solution of cal-
cium nitrate at room temperature.

b d-spacing was determined by WAXD with Bragg’s equa-
tion.

Table III Permeability Coefficients for Various Gasses in Untreated and Heavy-Ion-Irradiated
PET Membranes at 303 K

Samplea
Ion

Beam
Fluence

(ions/cm2)

Permeability Coefficientb (P 3 1010)

He O2 N2 CO2

PET — — 1.30 0.034 0.0045 0.16
N-1 15N31 5.7 3 1010 2.20 0.33 0.33 0.42
N-2 56 MeV 1.2 3 1011 860.00 570.00 590.00 510.00
Ne-1 20Ne41 8.7 3 1010 2.20 0.40 0.40 0.47
Ne-2 75 MeV 1.7 3 1011 390.00 180.00 200.00 180.00
Ar-1 40Ar81 8.6 3 1010 1.20 0.034 0.0045 0.16
Ar-2 150 MeV 1.3 3 1011 1.20 0.037 0.0057 0.19
Kr-1 84Kr171 6.0 3 1010 1.60 0.19 0.17 0.26
Kr-2 322 MeV 1.0 3 1011 4.30 0.91 1.40 1.33
Xe-1 129Xe231 3.0 3 108 1.10 0.033 0.0047 —
Xe-2 450 MeV 3.0 3 1010 480.00 230.00 210.00 230.00

a Thickness 5 about 12 mm.
b Unit 5 cm3 (STP: Standard Temperature and Pressure) cm/cm2 sec cmHg.
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Relationship of Activation Energy and Penetrant
Gasses
The Arrhenius plots for various gasses with each
sample were made to show their permeation be-
havior and are shown in Figure 3(a–c). These

Arrhenius plots show that the permeation mech-
anism of the ion irradiation membrane were clas-
sified into at least three types. Ep was calculated
from the eq. (1). The relationship between the Ep

and the critical volume of the penetrant gasses is

Figure 3 Temperature dependence of the Ps for (a) helium, (b) oxygen, and (c)
nitrogen in the PET membrane and ion-irradiated PET membranes.

EFFECT OF HEAVY-ION IRRADIATION 211



shown in Figure 4. The Ep of Ar-1 and Ar-2 ex-
hibited values that were almost equivalent to that
of PET. Moreover, the Ep of PET, Ar-1, and Ar-2
increased with an increase in the critical volume.
The permeation behavior was determined exclu-
sively by a solution–diffusion mechanism. How-
ever, N-2, Ne-2, and Xe-2, which had higher Ps, as
shown in Table III, had low activation energy
values; especially those of N-2 and Xe-2 were neg-
ative. The Ep values of N-1 and Kr-2 were also
very low. The level of Ep values decreased with
the increase in the critical volume and was in
reverse ratio to the size level of formed pore. That
is to say, the lower Ep meant that penetrant gas-
ses permeated through the larger pore. The Ep of
N-1 and Kr-2, which showed a small change in
permeability, also decreased with an increase in
the critical volume. It was assumed that pene-
trant gasses permeated through the pores. There-
fore, the effect of ion irradiation on the membrane
depended on the energy, fluence, and kind of ion.

Knudsen Flow

When the size of the pores of the membrane is
smaller than the mean free path of the gas mole-
cules as noted previously, gas separation occurs.
In the range of r/l , 1 (where r is the radius of
pore and l is the mean free path), gas permeation
of the penetrant molecules is considered to be

Knudsen flow.23 Gas molecules interact with the
pore walls much more frequently than with other
molecules. Low-molecular-weight gasses are able
to diffuse more rapidly than heavier ones. In a
vacuum state, the difference in the permeation
rates of the two components is inversely propor-
tional to the square root of the ratio of their mo-
lecular weights. In the case of the membranes,
Knudsen flow was expressed by the following
equation:

Q 5
4
3 r« z S2RT

pM D 1/2

z
~p1 2 p2!

, z RT (3)

where Q is the amount of permeant, e is the
porosity, M is the molecular weight of the pene-
trant, p1 and p2 are the pressures of the penetrant
at the feed side and permeate side, respectively,
and , is the thickness of the membrane. The re-
lationship between the permeability rate and the
reciprocal of the square root of the gaseous mo-
lecular weight is shown in Figures 5–7. All mem-
branes of Ar-1, Ar-2, and PET, as shown in the
Figure 5, did not have penetrating pores. Thus,
the gasses permeated through the polymer chain.
As shown in Figure 7, the permeability rates of
Ne-2 and Xe-2 were inversely proportional to the
square root of the molecular weight of gasses.
These results seemed to indicate that Knudsen
flow occurred. Moreover, the relationships of the
permeation behavior for Ne-1, Kr-1, and Kr-2
were also similar to the results for Ne-2 and Xe-2,
as shown in Figure 7. The permeation behavior of

Figure 5 Relationship between the permeability rate
and the reciprocal of the square root of the molecular
weight of gasses at 303 K.

Figure 4 Relationship between the activation energy
of each membrane and the critical volume of the pene-
trant gasses He, O2, and N2.
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N-1, Ne-1, and Kr-1, as shown in Figure 6, were
nearly proportional to the reciprocal of the square
root of the molecular weight of gasses. Thus, gas
permeation takes place (1) through pores, (2) by
permeation through the polymer chain, or (3) by a
mixed mechanism. Regarding the permeation be-
havior of Kr-2, it seemed to show almost Knudsen
flow. This assumes that pores were formed at the
Knudsen flow level by heavy-ion irradiation. Our
conclusion is that the permeation mechanism of
heavy-ion-irradiated membranes is classified into
three types as follows:

1. The radicals induced by ion irradiation
were recombined, and all of the formed ion
tracks were closed again. The penetrant
gasses permeated by a solution–diffusion
mechanism similar to that of the untreated
PET membrane (PET, Ar-1, Ar-2, and
Xe-1).

2. A part of the ion track formed by ion irra-
diation was closed again. The permeation

Figure 8 Effect of temperature on the relationship
between the permeability rate and the reciprocal of the
square root of the molecular weight of gasses on the
untreated PET membrane.

Figure 9 Effect of temperature on the relationship
between the permeability rate and the reciprocal of the
square root of the molecular weight of gasses on the
Xe-ion-irradiated PET membrane.

Figure 6 Relationship between the permeability rate
and the reciprocal of the square root of the molecular
weight of gasses at 303 K.

Figure 7 Relationship between the permeability rate
and the reciprocal of the square root of the molecular
weight of gasses at 303 K.
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was by both the solution–diffusion mecha-
nism and the Knudsen flow (N-1, Ne-1,
Kr-1, Kr-2).

3. The penetrant gasses preferentially per-
meated through the pore that was formed
by ion irradiation (N-2, Ne-2, Xe-2).

Dependence of Temperature

The comparison of dependence of temperature be-
tween the Knudsen flow mechanism and the so-
lution–diffusion mechanism was also investi-
gated. The effects of the temperature in these
relationships are shown in Figures 8 and 9. Fig-
ures 8 and 9 show the results for PET (as a
solution–diffusion mechanism) and Xe-2 (as a
Knudsen flow mechanism), respectively. In Fig-
ure 8, the permeability rate is shown to increase
with increased temperature because the polymer
chain motion became more active at the higher
temperatures. The results of Figure 9 show a
higher permeability rate at the lower tempera-
ture; however, they also seem to show permeation
behavior through the pores.

Separation Factor of the Knudsen Flow

The theoretical separation factor of the Knudsen
flow was defined by the following equation:

aK A/B 5 ~MB/MA!1/2 (4)

The theoretical value of the separation factor
(aK A/B) of Knudsen flow and the ideal gas sepa-
ration factor (aA/B) were calculated from eqs. (4)

Figure 10 Temperature dependence of the ideal sep-
aration factor (PO2/PN2) in each PET membrane.T
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and (2), respectively, and are shown in Table IV.
The relationships between these separation fac-
tors of O2/N2 and CO2/N2 and temperature are
shown in Figures 10 and 11, respectively. The
ideal gas separation factor (aA/B) of all membrane
in which the P increased because of heavy-ion
irradiation nearly agreed with the line of the the-
oretical separation factor (aK A/B). When heavy
ions penetrated the membrane by irradiation,
therefore, the permeation behavior of the mem-
brane showed Knudsen flow through the pores.

CONCLUSIONS

We carried out the modification of PET mem-
branes by irradiation with various heavy ions and
investigated the effect of heavy-ion irradiation on
gas permeation. The d-spacing, density, and FTIR
in the characterization spectrum did not show
much difference between the untreated PET
membrane and all of the irradiated PET mem-
branes. In the fluence study, there was no differ-
ence between untreated PET membranes and Ar
ion-irradiated membranes. However, membranes
irradiated with other ions showed a remarkable
change in gas permeation without a significant
change in the polymer structure by ion irradia-
tion. The permeation behavior of these mem-
branes showed Knudsen flow because of the for-
mation of pores by heavy-ion irradiation. Notably,
the gas permeation of N-2, Ne-2, and Xe-2 in-

creased remarkably on heavy-ion irradiation. As
a result, the permeation behavior of these mem-
branes in this study were classified into three
types as follows: (1) a solution–diffusion mecha-
nism, (2) the coexistence of solution–diffusion
and Knudsen flow, and (3) a Knudsen flow mech-
anism.

In this study, the potential of damage to a PET
membrane was in the following order for various
ions:

129Xe231~450 MeV! . 15N31~56 MeV!

. 20Ne41~75 MeV! . 84Kr171~322 MeV!

. 40Ar81~150 MeV!

The effects of the ion irradiation on the gas-per-
meability properties of membrane were depen-
dent on the type of ion irradiated, especially the
energy and fluence of the ions. We believe that the
control of gas permeability in a polymer mem-
brane by ion irradiation is difficult. In the future,
however, it is expected that many applications
utilizing heavy-ion irradiation may emerge.
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