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PET is a polymer widely used for fibers, films, and
bottles. The gas permeability properties of PET,
which is often used as a gas-barrier film, can easily
be modified using techniques such as ion irradiation.
PET membranes have higher mechanical strength
and undergo various chemical changes in response
to ion irradiation easily and thus are optimum material
for gas-permeation membrane.1–6 We previously
reported the effects of heavy-ion irradiation on the
gas permeation of a PET membrane.7 A portion of
the heavy-ion irradiated PET membranes exhibits
Knudsen flow during gas-permeation measurement.
Energetic heavy ions are ionizing particles that create
zones of high-density excitations and ionizations as
they pass through membrane materials and cause
many effects due to a high local dose within ion
tracks. We thus applied etching utilizing NaOH solu-
tion as an etchant control nanosized pores of the heavy
ion-irradiated PET membranes. In the past, much at-
tention was paid to track etching in various polymer
membranes with respect to applications in nuclear fu-
sion, medical, material technology and other fields.8–16

In the present study, PET membranes were irradiat-
ed at a fluence of 3� 109 ions/cm2 and etched in 6N
or 1N NaOH solution at 60 �C. Etching time was con-
trolled to observe changes in the gas-permeation be-
havior depending on the etching. Pore-size distribu-
tion in the membranes exhibiting Knudsen flow
during gas-permeation measurement was observed us-
ing the nano-permporometer and permporometer.

EXPERIMENTAL

The poly(ethylene terephthalate) (PET) membrane
used in this study was obtained from Hoechst Japan
Co., Ltd. Thickness of the PET membrane was 12

mm, and each had a semicrystalline structure of ap-
proximately40%crystallinityanddensityof1.4 g/cm3.
Xe ions were used at a fluence of 3� 109 ions/cm2

for heavy-ion irradiation. A PET membrane of 12 mm
thickness was cut into a 50� 50mm squares and then
attached to a glass 50� 50� 1mm plate. The cham-
ber for formation of the ion-track pores in the mem-
brane, connected to the Azimuthally Varying Field
(AVF) cyclotron in the Takasaki Ion Accelerators
for Advanced Radiation Applications (TIARA), Japan
Atomic Energy Research Institute (JAERI), was de-
signed for alternate use of turntable-type and roll-type
film-carrying systems. Irradiation was performed un-
der vacuum. The apparatus for Xe ion irradiation
has been described previously.7

We applied etching using NaOH solution to control
nanosized pores. PET membranes irradiated at a flu-
ence of 3� 109 ions/cm2 were etched in 6N or 1N
NaOH solution at 60 �C as shown in Figure 1. Etching
time was controlled to observe changes in the gas-per-

Etching

1N or 6N - NaOH
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Figure 1. Illustration of the nuclear track membrane-produc-

tion method.
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meation behavior depending on the etching.
Gas permeability of the membranes was determined

by vacuum-pressure methods.17 Measurement proce-
dures for the gas-permeation were carried out accord-
ing to previously established guidlines.17–19 The per-
meability coefficient (P) was calculated from the
slope of time-pressure curves in the steady state.
Gas-permeation measurements were carried out for
pure He, N2, O2, and CO2 at 303K. The gases were
used without further purification.
When pore size of membrane is smaller than the

mean free path of the gas molecules as noted above,
gas separation occurs. In the range of r=� < 1 (r, ra-
dius of the pore, � , mean free path), gas permeation of
the penetrant molecules is considered to exhibit
Knudsen flow.20 This implies that gas molecules inter-
act with pore walls much more frequently than with
other molecules and low-molecular weight gases are
able to diffuse more rapidly than the heavier ones.
In a vacuum state, the difference in permeation rates
of two components is inversely proportional to the
square root of the ratio of molecular weights. In the
case of the membrane, Knudsen flow is expressed
by the following equation:
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where Q is the amount of permeant, r, radius of a
pore, ", porosity, M, molecular weight of the pene-
trant, p1 and p2, pressures of the penetrant at the feed
side and permeate side, respectively, and ‘, membrane
thickness.
Pore-size distribution was observed using a nano-

permporometer from the Seika Sangyo Corporation.
Nano-permporometer measurement was initiated by
measuring the permeability of dry helium and check-
ing the steady permeability at the measurement tem-
perature. Vapor pressure was gradually increased
stepwise to a specific partial pressure, until helium
permeation was nearly blocked by capillary-condensa-
tion. The feed and permeate flow rate were computer-
controlled or measured. Helium was used as a noncon-
densable gas, and the liquid used as condensable va-
por was hexane.
Maximum pore size was also measured by the bub-

ble-point method using a Seika Sangyo Corporation
Permporometer, from which pore size can be calculat-
ed based on the Laplace equation from the pressure re-
quired to force air through a liquid-filled pore.
The tensile stress–strain curve at room temperature

was measured using a tensile testing machine
(SHIMADZU AGS-H 5kN AUTOGRAPH) with a
crosshead speed of 5mm/min. The capacity of the
clamp assembly was 5 kN/500 kgf. Sample specimens

were cut using a DUMBBELL SDMK-1000-D cutter
(DUMBBELL Co., Ltd.) according to JIS K-6251-6.

RESULTS AND DISCUSSION

Pores were created in the PET membrane by heavy-
ion irradiation essentially as described previously.7

Gas permeation in the dried state increased and exhib-
ited Knudsen flow. It was very difficult to control gas
permeation. We therefore attempted etching using
NaOH solution to control gas permeation and pore-
size of the heavy ion-irradiated PET membrane. The
PET membranes irradiated at a fluence of 3�
109 ions/cm2, were etched in 6N or 1N NaOH solu-
tion at 60 �C. Etching time was controlled so that its
effects on gas-permeation dependent on etching could
be observed. Figure 2 shows effects of etching on a
heavy ion-irradiated PET membrane. A white color
on the PET membrane gradually developed with in-
crease in etching time. It is thought that an etching-
cone formed by etching changed the refractive index.
Penetration into etched pores was judged based on
whiteness and etching time.
The relationship between gas permeability and the

reciprocal of the square root of gaseous molecular
weight is shown in Figure 3. Change in gas permeabil-
ity of etched membranes was confirmed. Permeability
coefficients of membranes, exposed to alkali etching
for more than 120 s, increased with etching time.
Gas permeation may thus exhibit Knudsen flow. In-
crease in permeability depends on etching time. In
the case of membranes etched for 28min by the 1N
NaOH etchant, higher permeability coefficients were
obtained, causing greater damage to the ion track of
PET. None of the membranes of 6N-60 s, 6N-110 s,
1N-26min and PET in Figure 3 formed penetrating
pores, and all exhibited the same gas-permeation be-
havior as untreated PET, indicating pore-diameters
to predict the gas-permeation procedure.
Pore-size distribution and maximum pore-diameter

in the membranes exhibiting Knudsen flow during

(a) (b)

Figure 2. Visual effects of etching on PET membranes.

(a) Heavy Ion Irradiated PET (3:0� 109 ions/cm2), (b) 120 s etch-

ing (6N-NaOH 60 �C) and 28min etching (1N-NaOH 60 �C).
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the gas-permeation measurements, were observed us-
ing nano-permporometer and permporopmeter, re-
spectively. Table I shows pore-diameter distribution
and maximum pore-diameter as a function of etch-
ing-time and etchant concentration in etched PET
membranes. All membranes of 6N-60 s, 6N-110 s,
1N-26min exhibited the same gas-permeation behav-
ior as untreated PET and contained no penetrating
pores. Erosion of the etchant may form etching-cones
along the core region, produced by the heavy-ion irra-
diation, as shown in Figure 4b. This was reported pre-
viously.21 When 6N NaOH is used as a etchant, pore-
diameter distribution widely varies. However, the
pore-diameter of membrane at more than 120 s of
etching was dependent on etching time. As a result,
the size of the pore was controlled on a nanometer
scale. Etchant at relatively high concentrations is thus
very useful for producing smaller nanosized pores in a
short time, but pore-diameter distribution varies wide-
ly. In contrast, etchant at lower concentrations produc-

es more homogeneous pore-diameters in heavy ion-ir-
radiated PET membranes. Etchant at lower concen-
trations may depress the heterogeneous pore diameter,
but precise control of the smaller nanosized pores is
difficult. In all membranes with pores formed by etch-
ing maximum pore diameter measured by the bubble-
point method is approximately 40 nm. Therefore, the
diameter of the core region, created as ionizing parti-
cles passing through the membrane materials as
shown in Figure 4a, is about 40 nm.
The tensile stress-strain behavior of materials stud-

ied in this investigation is represented in Figure 5. As
described in a previous paper.5 PET has high tensile
strength and elongation, i.e., so-called tough material.

Table I. Pore-diameter distribution and maximum pore diam-

eter as a function of etching-time or etchant in the etched PET

membranes. The membranes were irradiated with Xe ion

(3� 109 ions/cm2)

Etch-temp.
Pore diameter Maximum

Etchant
(�C)

Etch-time distribution pore diameter

(nm) (nm)

6N-NaOH 60 60 s — —

6N-NaOH 60 110 s — —

6N-NaOH 60 120 s
1.5–3.8

40.6
6.7–9.2

6N-NaOH 60 135 s
3.8–5.0

38.2
22.6–38.2

1N-NaOH 60 26min — —

1N-NaOH 60 28min 23.9–39.8 39.8

(b) Heavy ion irradiation + Etching membrane

(a) Heavy ion irradiated membrane

Core region
Penumbra

Penumbra

Figure 4. Representation of a modified membrane. (a) Heavy

ion-irradiated membrane, (b) Heavy-ion irradiation + Etching

membrane.
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Figure 5. Typical stress-strain curves for (a) PET, (b) Xe ion

irradiated PET (3:0� 109 ions/cm2) and (c) Ion-irradiated PET

(3:0� 109 ions/cm2) etched by 6N-NaOH for 180 s.
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Figure 3. Relationship between the permeability rate and re-

ciprocal of the square root of gaseous molecular weight at 303K.
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The PET used in this study was tough material with
elongation breaking at around 275% [Line (a) in Fig-
ure 5]. Xe-ion irradiation of 3� 109 ions/cm2 en-
hanced the tensile strength but decreased the elonga-
tion at the break. However, elongation of an ion-
irradiated membrane was reduced to one-half that of
PET [Line (b) in Fig. 5]. Significant cross-linking
may thus occur after heavy-ion irradiation. The
cross-linking region is known as the penumbra, as re-
ported in an earlier chapter.5 Decreasing elongation at
break may contribute to polymer chain scission by ion
irradiation. Elongation at the break and the tensile
strength was decreased by etching [Line (c) in Figure
5]. The curve line is similar to Line (b) and shows re-
sidual cross-linking. Decreasing elongation at the
break and tensile strength are due to decreasing
cross-linking in response to etching and production
of penetrating pores, respectively. The formation of
cracks in response to etching was not confirmed.
However, these membranes involve have relatively
high tensile strength.

CONCLUSION

PET membranes, irradiated at a fluence of
3� 109 ions/cm2 , were etched in 6N or 1N NaOH
solution at 60 �C. Etching time was controlled to ob-
serve changes in gas-permeation behavior depended
on etching. Heavy ion-irradiated PET membranes
gradually developed and became white with increase
in etching time. Permeability coefficients of mem-
branes subject to etching in alkali for more than
120 s increased with etching time. Permeation behav-
ior of the membranes exhibited Knudsen flow. Pore-
size distribution and maximum pore-diameter in the
membranes, which exhibited Knudsen flow during
gas-permeation measurement, were observed using a
nano-permporometer and permporometer, respective-
ly. Pore size was thus controlled on a nanometer scale.
Etchant at high concentrations is thus very useful for
producing smaller nanosized pores in a short time,
but pore-diameter distribution widely varies. Also,
the diameter of the core region, created as ionizing
particles pass through the membrane materials, is ap-
proximately 40 nm. The stress–strain curve of etched
PET membranes is similar to the one for the heavy
ion-irradiated PET membranes and suggests residual
cross-linking. Mechanical properties of the etched
PET membranes may decrease due to decreasing
cross-linking region in response to etching and pro-
duction of penetrating pores. Etched heavy ion-irradi-
ated PET membranes may thus be used as membranes
with nanosized pores owing to high tensile strength.
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