
1. Introduction
Helium has significant applications in fields of sci-
ence, medicine, and industry because of its very low 
boiling temperature and chemically inert nature [1, 
2]. It is used as a coolant in magnetic resonance im-
aging (MRIs), an inert gas in welding, a carrier gas 
in analytical and scientific equipment, helium/oxy-
gen mixtures for deep-sea scuba divers, and in pres-
surizing and purging of pressure vessels, such as in 
rocket technology [1, 3].
The major source of helium is a natural gas field, 
mainly in the USA, where helium concentrations in 
natural gas can be up to 4 mol% [2, 4]. Natural gas

consists of 30–90% of methane with light hydrocar-
bons depending on resource location. The process of
He recovery from natural gas includes a pre-treat-
ment process for removing acid gases, water, and
heavy metals, the liquid natural gas (LNG) produc-
tion process to recover natural gas, and a nitrogen
rejection unit (NRU) in which N2 is separated from
off-gas from the LNG production unit. Conventional
helium recovery and purification is done directly
from the natural gas or the off gas from the NRU of
a traditional natural gas processing plant [5], the lat-
ter being a more feasible option. The technologies
used for helium recovery are membranes, pressure
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swing adsorption (PSA), and cryogenic technique
[6]. Membrane technology, being cost-effective,
simple to install, low maintenance, environment-
friendly, and easy to scale up, has greater acceptabil-
ity [7–13]. Membranes are used in various gas sepa-
ration applications, like the separation of C2–C4
olefins from nitrogen in petroleum plants [14], ni-
trogen or volatile component from the air [15], hy-
drogen sulfide from methane [16], volatile organic
compounds (VOCs) from the air [17], oxygen en-
richment [18], and air dehydration acid gases such
as hydrogen sulfide and carbon dioxide from
methane [19]. Cellulose acetate (CA) membranes
have been studied for helium separation and their hy-
drogen permeability was found to be around 14 bar-
rer [20]. Cu-BDC (where BDC2− = 1,4-benzenedi-
carboxylate) nanosheets blended polyimide mixed
matrix membranes for helium separation were de-
veloped and found to be highly selective for He [21].
Density functional theory (DFT) calculations and
molecular dynamic (MD) simulations of 2D
graphitic carbon oxide have shown that these mem-
branes are selective for He [22].
Generally, the dense membranes of polysulfone,
polyetherimide, and polyimide are used for gas sep-
aration through a solution diffusion mechanism [23–
25]. However, in the case of porous membranes, vis-
cous transport and Knudsen diffusion are the main
mechanisms of gas permeation. The viscous trans-
port takes place when the pore diameter is higher
compared to the mean free path of the gas molecules.
The permeability of porous membrane is governed
by viscous flow is given by Equation (1):

Permeability (1)

where ε is the porosity, c is the geometric factor that
accounts for the shape, connectivity, aspect ratio of
pores, and tortuosity of the pores, and r is the pore ra-
dius (in metres). Knudsen diffusion takes place when
the pore size is larger than the molecule size but small-
er than the mean free path of the gas molecule. In this
regime, collisions between gas molecules and the pore
wall are dominant over the collisions between the gas
molecules themselves. Gas transport by Knudsen dif-
fusion occurs in the gaseous state without any adsorp-
tion because the interaction between diffusing mole-
cules and the pore wall is negligibly small [26–28].
The permeability of porous membrane governed by
Knudsen diffusion is given by Equation (2):

Permeability (2)

where, η is the viscosity, r is the pore radius, R is the
universal gas constant, T is the temperature and v is
the molecular velocity given by Equation (3):

(3)

where M the is molecular weight of the gas.
A uniform pore size is a crucial requirement of mem-
branes to get a good separation in the case of porous
membranes. Pores generally have irregular shapes
and cage-like/spherical mesoporous structures [19,
28–32]. Track-etched membranes are a good alter-
native for gas separation applications, as they offer
very narrow pore size distribution [33, 34]. The
track-etched membranes are polymer films in which
pores are formed by etching the polymeric films
after irradiation with high-energy particles. During
etching, the polymer degraded during irradiation is
etched out and a narrow pore size distribution is ob-
tained in comparison to the membranes fabricated
by other methods [35]. Hence, these membranes
have note-worthy applications in gas separation [36],
medical [37], nano-wire production [38], and bio-
medical industries [39]. Polycarbonate (PC), poly-
ethylene terephthalate (PET), polypropylene (PP),
polyvinylidene fluoride (PVDF), and polyimides
(PI) are good candidate materials for fabricating
track etched membranes, as ion track pores with high
aspect ratio can be produced in theses polymer films.
In the case of PC and PET mostly alkaline etching
is used, while in the case of PP and PVDF, strong
oxidizers can be used for etching. The etching of PI
is a difficult task due to its stability at high temper-
atures. A mixture of NaOCl and H2O2 can be used
for the etching of the PI membrane. Krypton ions
[40], uranium fission products, xenon ions, and deu-
terium ions [41] are generally used for the irradiation
of polymer films. PET polymer has good resistance
towards acids, and hence acid-based etching of PET
irradiated polymers is usually not considered. As the
etching resistance of PET towards bases is low, a
basic etchant is used for the etching of PET films. In
PET film, the partially charged ester group gets hy-
drolyzed by an alkaline solution, which breaks the
bonds between carbon and oxygen during etching,
resulting in pore formation in the irradiated polymer
film [42]. A disadvantage of using PET membrane
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is its susceptibility to hydrolysis in the presence of
water vapors [43, 44].
In the present study, PET track etched membrane
was synthesized using Si-28 and Cl-35 ions as irra-
diation beam and NaOH as etching media. Paramet-
ric studies involving etchant concentration, etching
time, temperature, UV irradiation, and ultrasonica-
tion were carried out, and optimization of etching
conditions was done. Modeling and simulation stud-
ies of the effect of radiation on the membrane was
studied using the FLUKA code. The samples were
characterized by scanning electron microscope
(SEM), atomic force microscope (AFM), thermo-
gravimetric analyzer (TGA), and differential scan-
ning calorimeter (DSC). The gas permeation studies
of track-etched membranes were carried out for the
separation of helium from nitrogen. In this work, for
the first time, the authors report a detailed and quan-
titative parametric study for the fabrication of PET
track etched membrane, its testing for helium-nitro-
gen separation, along with theoretical studies in
order to understand irradiation of PET film with ions
as well as the contribution of gas flow domains to-
wards observed permselectivity for helium.

2. Experimental
2.1. Irradiation of PET film
PET film (ultimate tensile strength: 170 MPa, burst-
ing strength: 0.45 MPa, ultimate elongation: 120%,
thickness: 25 μm, and density: 1.395 g/cm3) was pro-
cured from M/s Garware Polyesters, India. Figure 1a
shows the schematic of the irradiation setup. The
magnetic beam scanner is an AC magnet, powered
by AC mains (230 V, 15 A). The 50 Hz line frequen-
cy is used to scan the beam horizontally. The ions
(beam) were deflected in one direction during the
upward cycle and in the opposite direction during
the downward cycle of AC. In every cycle, the beam

was scanned from left to right and vice versa once.
The deflection at the end of the magnet is of few cm.
As the distance from the magnet increases, the deflec-
tion increases proportionally. To accommodate the
large deflection, a horn chamber was used. The ver-
tical distribution of ions was carried out by moving
the film in a vertical direction using a rolling mech-
anism. The horn chamber is 1 m long and 50 cm
wide. It could accommodate a 45 cm wide film for
irradiation. The chamber has a rolling mechanism to
move the film vertically. The film was wound on
stainless steel rod (10 mm diameter and 45 cm long)
supported at the ends of ball bearings. These rods
were rolled using a DC motor via vacuum rotary
feed-through.
PET film ~25 μm thickness was irradiated with
Si-28 and Cl-35 beams of various energies at a par-
ticle flux of 6.2·109/sec at BARC-TIFR Pelletron
Accelerator (Figure 1b). Heavy ions were produced
using a Source of Negative Ions by Cesium Sputter-
ing (SNICS). SiC was used as the source of Si ions
and AgCl for Cl beams. Desired ions were selected
using a mass analyzer magnet and injected into the
pelletron accelerator. Negative ions from the ion
source were accelerated towards the terminal and
converted into positive ions using a carbon foil strip-
per. Multiply charged states were produced in vari-
ous proportions depending upon terminal voltage.
The desired energy of ions was obtained by selecting
the terminal voltage and suitable charge state given
by the formula in Equation (4):

(4) 

where E is the energy in eV , V is the terminal volt-
age of the accelerator in Volts, and q is the charge
state. Different charged states had different energies
for the same terminal voltage, and desired energy

E V q 1= +R W
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Figure 1. a) Schematic of irradiation setup, b) Indigenously developed setup for irradiation of polymer films.



was selected by using an energy-analyzing magnet.
These ions were further stripped for higher charge
states using a post-stripper. Among the multiple
charges formed in the post-stripper, the highest
charge state of reasonable yield was selected using
a switching magnet for irradiation. The higher
charge for a given energy gives wider deflection
when the beam is scanned on the PET film. The
beam was scanned on PET film by a magnetic scan-
ner to achieve horizontal scanning. Vertical scanning
was done by moving the film in a vertical direction
using a geared DC motor and rotary vacuum feed-
through. The linear speed of the film was kept at
40 cm/min. Scan width and film length per unit time
give the area of irradiation per unit time. Controlling
the ion flux in that given time provides the desired
pore density. The pore size was determined by the
energy loss of ions while passing through the film.
The higher the energy loss (which is a function of
the atomic number (Z)), the larger the pores formed.
The entire irradiation setup is functional at BARC-
TIFR Pelletron Accelerator Facility. The irradiated
films were cut, and etching studies were carried out.

2.2. Etching rate determination of PET film
During etching, both unirradiated and irradiated
polymer films were placed in an alkaline solution
(NaOH, Merck). The weights of the irradiated and
unirradiated films were taken before the start of the
etching process. The effect of ultrasonication was
studied by keeping the sample in an ultrasonication
bath (LAB MAN Scientific Instruments, LMUC-2).
The ultrasonicator was operated at a frequency of
40 kHz, and a power of 50 W. Etching rate was de-
termined with different concentrations (3, 6, 8, and
10 N) of NaOH at different temperatures (40, 50, 60,
and 70 °C) with/without ultrasonication and UV
(Chemito, India) irradiation at ~400 nm. It was cal-
culated by Equation (5):

Etching rate of polymer (5)

where wi is the initial weight of the polymer in g, wf
is the final weight of the polymer in g, t is the etching
time in minutes. The etching of the sample was car-
ried out in reflux mode to avoid the change in con-
centration of the etching bath. The control and the
etched membranes were characterized by SEM (Zeiss
evo18), AFM (NT-MDT-Multimode 3, Ireland), TGA,
and DSC techniques  (Mettler-Toledo AG (MTANA),

Switzerland). TGA and DSC analyses were carried
out in a nitrogen gas atmosphere with a gas flow rate
50 ml/min at a heating rate of 10°C/min. The analysis
was carried out in the temperature range of 50–600°C.

2.3. Pure water permeation studies
Pure water permeation studies of track-etched mem-
branes were carried out at room temperature. The
film was exposed to the water, and a steady-state
permeate flow rate was measured. The pressure of
the feed side was maintained at 1 bar.

2.4. Gas permeation studies
The gas permeation studies of membranes etched
under an optimized set of conditions were carried out
with individual gases of helium (He) and nitrogen
(N2) at room temperature in a dead-end mode. The
pressure of the feed side was maintained at a partic-
ular value, and the corresponding flux of gas was
measured. Figure 2 shows a pictorial representation
of the gas permeation setup. P1 is the absolute down-
stream pressure, and P2 is the feed side absolute pres-
sure [Pa]. Flux and selectivity of the membrane were
calculated using Equations (6) and (7), respectively:

(6)

(7)

where F is the flux of gas through the membrane, Q
is the flow rate of gas through the membrane, A is
the cross-section area of the membrane, αE is the se-
lectivity of the membrane calculated from experi-
mental flux.
The membranes were tested for flux and selectivity
in a mixed gas environment using a calibration gas
mixture of 20% He and 80% N2. The composition of
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Figure 2. Pictorial representation of gas permeation setup.



the mixed gas was analyzed using Quadrupole Mass
Spectrometer.

2.5. Characterization of membrane
The membranes were characterized by their surface
roughness, pore size and thermal stability. The sur-
face roughness of the membrane was determined by
atomic force microscopy (AFM, NT-MDT-Multi-
mode 3, Ireland) for a sample area of 10×10 μm. The
pore size of the membrane was determined using
scanning electron microscopy (SEM, Oxford Instru-
ment, Zeiss Evo 18) at a voltage of 20 kV and mag-
nification of 15000×. SEM and AFM images were
analyzed with ImageJ software to determine the pore
size of the membrane. While analyzing the samples
with AFM, larger pores formed due to pore mergers
have not been considered. For thermal stability,
membranes were analyzed using TGA and DSC
analysis. To study the effect of radiation on the mem-
brane, the relative crystallinity of samples was ana-
lyzed using X-ray diffraction (XRD, GNR Analyti-
cal Instruments, Italy).

3. Modeling and simulation studies
3.1. Dose deposition studies using

Monte Carlo simulations
Monte Carlo simulations were carried out using
FLUKA code (2021.2.0) [45]. The ion beam was
incident normally on a PET film of 45 cm width,
0.33 cm breadth, and 25 µm thickness. The simulated
geometry is shown in Figure 3. The dose deposited
by the ions in the PET film (25 microns thick) and
the displacement per atom (DPA) in the film were
evaluated.

3.2. Permeance and theoretical selectivity
The permeance of gas was calculated using Equa-
tion (8):

Permeance (8)

where F is the flux of gas and P is the partial pres-
sure difference.

The flux of gas through the membrane is inversely
proportional to the square root of the molecular
weight of the gas in the case of Knudsen diffusion
flow. The theoretical selectivity of the membrane
was calculated by Equation (9):

(9)

where αt is the theoretical selectivity, MN2 is the mo-
lecular weight of nitrogen, and MHe is the molecular
weight of helium. In the mixed-flow domain, the con-
tributions are from Knudsen diffusion and viscous
flow, wherein the viscous flow falls in the nonselec-
tive domain. Equation (10) shows the relationship
between theoretical and experimental selectivity:

(10)

where, αE is experimental selectivity and k is the con-
tribution from Knudsen diffusion.

4. Results and discussion
4.1. Dose deposition studies using

Monte Carlo simulations
Table 1 shows the details of the ion beams and the
corresponding range in the PET film calculated by
SRIM code. It was observed that with the increase
in the energy of the beam for Si ion from 70 to
90 MeV, the energy deposited per nucleon increases
from 2.5 to 3.2 MeV, while the range of ion increases
from 28.9 to 38.5 µm. Thus, there is a direct corre-
lation between the range of the ions and their energy.
The higher the energy of the particle, the lesser is its
interaction with the film, and hence it is able to cover
a higher distance in the film before losing its energy.
A similar trend has been observed for Cl ions. It can
be seen that the range of the ions in all cases is higher
than the thickness of the film.
Figure 4 shows the distribution of absorbed dose in
the film as a function of thickness. It can be observedP
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Table 1. Mean absorbed dose and the mean displacement per
atom in the PET film.

Ion Energy
[MeV]

Energy/nucleon
[MeV]

Range of the ion
calculated by SRIM code

[µm]
Si 70 2.5 28.9
Si 90 3.2 38.5
Cl 84 2.4 28.4
Cl 100 2.9 33.6
Cl 115 3.3 39.8Figure 3. The simulated geometry in FLUKA code.



that the absorbed dose increases with the increase
in thickness of the film and decreases with an in-
crease in the energy of an incident ion. This is be-
cause the range of all the ions is higher than the
thickness of the film. Hence, with the increase in the
thickness of the film, the interaction of ions also in-
creases, and more energy is deposited in the film.
The decrease in absorbed dose with an increase in
the energy of the beam is because as the energy of
the particle increases, its speed also increases, which
results in a lower interaction of particles with the
polymer.
Figure 5 shows the mean absorbed dose as a func-
tion of the energy of the ion. It can be seen that with
the increase in ion energy, the absorbed dose de-
creases. Figure 6 shows the DPA at various depths
in the film, and it can be observed that DPA increas-
es with the depth. With the increase in depth, the ion
loses its energy, and as the energy of the ion re-
duces, its interaction with film increases due to

higher interaction time, and this leads to higher DPA.
Figure 7 shows the mean DPA as a function of inci-
dent ion energy. The DPA decreases as the energy of
the ion increases. This is because, with the increase
in the energy of ions, the interaction of the ion with
the film decreases. This is also confirmed and vali-
dated experimentally, as is evident from the results
discussed in Section 4.6. In the case of Si irradiation,
it was observed that the etching rate had increased
nearly by a factor of 1.5, with an increase in energy
from 70 to 90 MeV. A similar observation was also
made in the case of the Cl beam. It is due to the high-
er degree of damage caused by the high-energy ions
in the polymer matrix. Based on the results, it was
observed that DPA was minimum in the case of Si
(90 MeV), and at the same time, it has a higher range.
Hence, for experimental studies, a 90 MeV beam of
Si-28 was used for the irradiation of the PET film.
However, the etching rate at optimized conditions
was studied for membranes exposed to both Si and
Cl ion beams of different energies.
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Figure 4. Absorbed dose as a function of the thickness of the
film.

Figure 5. Absorbed dose as a function of ion energy.

Figure 6. DPA as a function of the thickness of the film.

Figure 7. Mean DPA as a function of ion energy.



4.2. Effect of concentration of etching solution
on weight loss of PET film

Figure 8 shows the effect of the concentration of
NaOH solution on weight loss of control and irradi-
ated polymers (irradiated with Si-90 MeV) at 60 °C.
The NaOH interacts with –COO groups of PET
which get hydrolyzed during etching. It is observed
that the weight loss of both (control and irradiated)
films increases with the concentration of etchant, but
the rate of increase in weight loss is higher when the
concentration of alkali is increased from 3 to 6 N.
However, when the concentration increases from 6
to 10 N, the rate of increase in weight loss is re-
duced. It is also observed that the difference in weight
loss in irradiated and unirradiated polymers first in-
crease with an increase in the concentration of
etchant from 3 to 6 N, and thereafter it remains near-
ly constant. Therefore, for further studies, the con-
centration of etchant was fixed as 6 N.

4.3. Effect of temperature of etching solution
on weight loss of PET film

Figure 9 shows the effect of temperature on weight
loss of control and irradiated polymers (with Si-
90 MeV) with a 6 N concentration of NaOH. It was
observed that the rate of etching of both irradiated
and unirradiated polymers increases with the increase
in temperature, since the etching of PET is a chemical
reaction, and the rate of chemical reaction increases
with temperature. However, it is observed that the
difference between weight loss of irradiated and unir-
radiated polymers increases sharply with an increase
in temperature from 50 to 60°C, while it becomes
nearly constant thereafter. Hence, for subsequent

studies, the temperature was fixed at 60 °C. Hydrol-
ysis of PET is a first-order reaction [46]. Usually, in
first-order chemical reactions, the etching rate in-
creases by a factor of ~2–3 for an increase in tem-
perature by 10°C. Therefore, in technical processes,
high throughput necessitates high etching tempera-
tures. Alternating the etching temperature can aid in
obtaining ion tracks with high aspect ratios and large
diameters. At room temperature, diffusion processes
can be faster than chemical reactions of the etchant
within the polymer.

4.4. Effect of ultrasonication during etching
on weight loss of PET film

Figure 10 shows the effect of ultrasonication on the
etching rate (weight loss) of irradiated and unirradi-
ated PET films. It can be observed that the rate of
etching of control and irradiated polymers increases
with ultrasonication. Also, the difference in weight
loss of unirradiated and irradiated polymers is higher
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Figure 8. Weight loss of unirradiated and irradiated PET
film v/s concentration of NaOH solution at a tem-
perature of 60°C.

Figure 9. Effect of temperature on weight loss of unirradiat-
ed and irradiated PET film in 6 N NaOH.

Figure 10. Effect of ultrasonication during etching on
weight loss of PET film.



in the case of ultrasonication, compared to the films
that were etched without ultrasonication.

4.5. Effect of UV irradiation before etching
Tables 2 and 3 summarize the effect of UV irradia-
tion on the weight of polymer samples with one as
well as both sides of the membranes exposed to UV
radiation, respectively. It is observed that there is no
weight loss in samples after UV treatment.
Figure 11 shows that the weight loss during etching
(after exposure to UV radiation) is more in the case
of irradiated membranes as compared to unirradiated
membranes. Hence, UV treatment was found to be
necessary to enhance the etching rate. This is be-
cause UV irradiation causes photo-oxidation in the
polymer matrix, leading to a higher etching rate. It

was also observed that UV treatment on both sides
of PET film has a higher deteriorating effect, com-
pared to that in the case of single-sided UV expo-
sure.

4.6. Effect of energy of irradiation beam on
weight loss of PET film

Table 4 shows the effect of the energy of irradiating
beams (Si and Cl) on the etching rate of irradiated
polymers. In the case of Si irradiation, it is observed
that the etching rate has increased nearly by a factor
of 1.5 with an increase in energy from 70 to 90 MeV.
A similar observation was also made in the case of
the Cl beam. It is due to the higher degree of damage
caused by the high-energy ions in the polymer ma-
trix. The simulation studies also confirmed that the
absorbed dose increases with an increase in the en-
ergy of ions. A higher absorbed dose leads to a high-
er degree of damage to the polymer.
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Table 2. Effect of UV irradiation (one side of polymer film exposed) on the weight of PET film.

Table 3. Effect of UV irradiation (both sides of polymer film exposed) on the weight of PET film.

Sample Time
[min]

Initial weight
[g]

Final weight after UV treatment
[g]

PET 10 0.0567 0.0567
PET 20 0.0597 0.0597
PET 30 0.0484 0.0484
PET irradiated with Si-90 MeV 10 0.0684 0.0684
PET irradiated with Si-90 MeV 20 0.0629 0.0629
PET irradiated with Si-90 MeV 30 0.0513 0.0513

Sample Time
[min]

Initial weight
[g]

Final weight after UV treatment
[g]

PET 10 0.0618 0.0618
PET 20 0.0498 0.0498
PET 30 0.0759 0.0759
PET irradiated with Si-90 MeV 10 0.0543 0.0543
PET irradiated with Si-90 MeV 20 0.0380 0.0380
PET irradiated with Si-90 MeV 30 0.0578 0.0578

Figure 11. AFM image of unirradiated PET film.

Table 4. Effect of incident beam energy on etching rate of
PET film.

Ion Energy
[MeV]

Weight loss
[g/(g·min)]

Si 70 1.3858·10–3

Si 90 2.3102·10–3

Cl 84 2.6210·10–3

Cl 100 2.9120·10–3

Cl 115 3.5340·10–3



4.7. Characterization of PET films
4.7.1. Surface roughness studies
Figures 12 to 14 show the AFM images of control, ir-
radiated, and etched polymer samples, respectively. It
is observed that surface roughness has increased after
irradiation and etching. The increase in the density of
bright spots after irradiation is an indication of an in-
crease in surface roughness. The average surface

roughness has increased from ~3 to ~6 nm after ir-
radiation with Si-90 MeV, while it increases to
~53 nm after being etched. The image has been an-
alyzed with ImageJ software and its pore size deter-
mination. The pore size was found to be ~300 nm.

4.7.2. Morphological studies
Figure 15 shows a typical SEM image of PET film
etched at 60 °C in 6 N NaOH with UV irradiation
and ultrasonication. It is clear from the SEM image
that there is a good pore density. The image was fur-
ther analyzed using ImageJ software to determine
the pore size, and it was found that the membrane
has an average pore size of ~150 nm. SEM image
clearly indicates the presence of distinct pores in the
membrane, and pore merger is not observed except
in very few locations. This is also confirmed by the
AFM analysis discussed earlier.

4.7.3. Thermal analysis
The TGA analysis of different samples is shown in
Figure 16. It shows that the weight loss increased
with irradiation (with Si-90 MeV and UV), indicating
a decrease in the thermal stability of the polymer due
to irradiation. However, the onset of weight loss is at
around 375°C, which shows that thermal degradation
of the membrane takes place after 375°C. It can be
observed from the zoomed-in figures (Figure 16b–
16d) that a higher weight loss occurs in the case of
the irradiated membrane as compared to the unirra-
diated membrane. In the case of an unirradiated
membrane, a weight loss of ~60% takes place at de-
composition, while the weight loss for irradiated
samples is ~70%.
The DSC analysis of different samples is shown in
Figure 17. It is observed that the area of peak in the
case of irradiated (Si-90 MeV and/or UV) polymers
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Figure 12. AFM image of unirradiated PET film.

Figure 13. AFM image of irradiated PET by Si-90 MeV.

Figure 14. AFM image of etched PET (60 °C, 6N NaOH,
with UV and ultrasonication).

Figure 15. SEM image of etched PET (60 °C, 6 N NaOH,
with UV and ultrasonication).



is larger than that of the unirradiated ones since the
decomposition kinetics of PET increases with irra-
diation due to chain scission of the polymer. With an
increase in the kinetics of decomposition, the energy
gets released in a shorter span of time, leading to a
sharper peak. A drop in heat flow between 50 and
100°C may be due to the glass transition of polymer
followed by an increase (between 100–150 °C) in
heat transfer due to cold crystallization and a final
drop (between 200–250°C) due to melting. As com-
pared to unirradiated and untreated PET, DSC curves
of both UV and NaOH-treated PET samples show
enhanced crystallization, possibly due to chemical
or UV irradiation-induced degradation in the poly-
mer structure. Figure 17 also shows distinct peaks
for melting, glass transition, and crystallinity at tem-
peratures of ~250, 85, and 186°C respectively.
The degree of relative crystallinity (Xc) of PET is
calculated from the enthalpies of fusion (melting
peaks) using the Equation (11):

(11)

where ∆Hf and ∆Hf,100 are the heat of fusion (melt-
ing) as measured for a sample and the average heat
of fusion of 100% crystalline PET (or in this case,
as-procured PET being the base material to see rel-
ative changes), w is the weight fraction of polymer
which is 1 in this case.
From Equation (11), it was found that after etching,
the relative crystallinity of the polymer increased ap-
proximately 3 times, which was also observed through
XRD analysis. The heat of fusion was obtained by
calculating the area under the melting peaks in the
curves (shown in Figure 17). It was found that the
area under the curve for unirradiated, irradiated, and
etched membranes are 50, 100, and 150 mW·°C/mg.
UV treatment increases the relative crystallinity of
the membrane by forming an ordered arrangement
of molecules in the film [47]. The increase in relative
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Figure 16. TGA analysis of PET membrane samples and zoomed-in curves for decomposition peak. a) PET samples, b) unir-
radiated PET c) PET irrradiated with Si-90 MeV and UV treatment. d) PET iradiated with Si-90 MeV and etched
in NaOH.

Figure 17. DSC analysis of PET samples. a) Melting peak, b) glass transition peak, c) crystallinity peak.



crystallinity after etching may be due to the dissolu-
tion of less crystalline phases during the etching
process.

4.7.4. XRD analysis
XRD analysis of different samples is shown in
Figure 18. It is observed from the figure that there is
an increase in the relative crystallinity of the sample
with irradiation and etching. The same phenomenon
has been observed in DSC analysis as well. FWHM
(full width at half maximum) calculation was carried
out for the XRD curves, and it was found that for the
PET sample, the FWHM value is ~1.45; for the irra-
diated membrane, the FWHM is ~1.4, and for etched
membrane, the FWHM is ~0.62. Hence, it can be con-
cluded that crystallinity has increased after etching.

4.8. Pure water permeation studies
No flow of water was observed on permeate side at
a trans-membrane pressure of 1 bar which may be
due to the small pore size with low porosity. A sim-
ilar observation has been reported in the literature
[48] for a membrane of pore size of around 0.25 µm
which has not shown any flux of water till a pressure
of 1.5 bar. However, in this case, the pore size is less
than 0.1 µm, and hence, no water permeation was
observed at a pressure of 1 bar.

4.9. Gas permeation studies
Table 5 shows the variation of selectivity of etched
membranes with pressure. The selectivity decreases
from 2.4 to 1.6 with an increase in pressure from 1
to 3 bar. This is due decrease in the mean free path
with an increase in pressure. Hence, the ratio of the
mean free path to the diameter of the pore decreases,
which leads to a shift of permeation flow from
Knudsen diffusion to the viscous flow regime. The
viscous flow is a non-selective regime, and hence

the selectivity decreases. Table 6 shows the gas com-
position of the product stream for 20% He-80% N2
gas mixture in feed. It is observed that the selectivity
is reduced when mixed gas is used instead of pure
gas, due to competitive adsorption-diffusion between
two species [48].
The permeance of the etched PET membrane was
calculated using Equation (8). The permeance of he-
lium was found to be higher than nitrogen due to its
lower molecular weight. At the same time, its theo-
retical selectivity calculated by Equation (9) was
found to be 2.64. The experimental selectivity was
found to be 2.4 (less than theoretical selectivity,
which is the inverse ratio of under root of molecular
weights [47]). This indicates that the flow domain is
a mixed one and there is a contribution of the non-
selective viscous domain. Table 7 shows the perme-
ance of the membrane for He and N2. The studies
confirmed that these membranes could be effectively
used for the separation of helium from helium-nitro-
gen mixture in industries. 
Figure 19 shows the extent of the contribution of the
Knudsen diffusion regime in the permeation with pres-
sure. It is clear from the figure that the contribution of
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Figure 18. XRD analysis of PET samples.

Table 5. Variation of selectivity of etched membranes (60°C,
6 N NaOH, with UV and ultrasonication) with pres-
sure.

Table 6. Composition of product stream from etched mem-
branes for 20% He-80% N2 gas mixture with pres-
sure.

Table 7. Permeance of membrane (60 °C, 6 N NaOH, with
UV and ultrasonication) for He and N2.

Pressure
[bar] Selectivity (He/N2)

1 2.4
2 1.8
3 1.6

Pressure
[bar]

He
[%]

N2
[%]

1 29.6 70.4
2 23.0 77.0
3 20.0 80.0

Gas Permeance
[mol/(m2·s·Pa)]

He 3.35·10–7

N2 1.40·10–7



Knudsen diffusion decreases with an increase in
pressure.
As the pressure increases, the mean free path length
decreases, reducing the ratio of the mean free path
length to the pore diameter. This drop in contribu-
tion from the Knudsen domain is not gradual, be-
cause the membrane has a pore size distribution. It
follows a quadratic polynomial with the equation:
0.06P2 – 0.39P + 1.23, where P is the pressure.
Based on the results obtained in terms of permeance
and selectivity of membrane for He/N2 system, it is
observed that the membrane has high permeability
(~2500 barrer) with relatively low selectivity (~2),
and in the Robeson trade-off line, its position lies in
the low selectivity and high permeability zone. How-
ever, its permeability is higher than the 1991 upper
bound. The studies confirmed that PET track etched
membranes could be deployed in the industry for the
separation and recovery of helium from the helium-
nitrogen system. As it is confirmed that the flow do-
main is in the Knudsen diffusion regime, the same
membrane, if used for He/CH4 separation, will give
a selective separation of He from CH4 due to differ-
ence in molecular weights of both the components.
An ideal selectivity of ~4 can be achieved for this
gas mixture (with Knudsen diffusion as the dominant
transport mechanism). However, in the realistic sys-
tem, the selectivity will be lower than the ideal se-
lectivity.

5. Conclusions
This is the first of its kind study undertaken for the
development of track-etched membranes for the sep-
aration of helium from nitrogen. Monte Carlo simu-
lations of membrane irradiation with ion beams were
carried out using the FLUKA code. It was found that

the absorbed dose increases with an increase in the
thickness of the film and decreases with an increase
in the energy of the incident ion. The simulation stud-
ies also showed that the DPA increases with the
depth in the film and the energy of the ions. Based on
the results, it was observed that DPA was minimum,
and the range was higher in the case of Si-90 MeV.
Hence, for experimental studies, a 90 MeV beam of
Si-28 was used for the irradiation of the PET film.
The etching rate at optimized conditions was studied
for membranes exposed to both Si and Cl ion beams
of different energies. The effect of parameters, such
as temperature, the concentration of NaOH, UV ra-
diation, and ultrasonication on the etching rate was
studied for the synthesis of PET track-etched mem-
brane. The parameters where the difference in etch-
ing rate of the irradiated and unirradiated polymer
was found to be maximum were taken as optimum.
The optimum set of operating conditions was found
to be 6 N NaOH as an etching agent at a temperature
of 60°C with ultrasonication and UV irradiation for
10 minutes on both sides of the polymer film. It was
found that both ultrasonication and UV treatment
leads to an increase in the etching rate of both irra-
diated and unirradiated polymer films. The surface
roughness and degradation kinetics of the sample
also increases with irradiation and etching. The gas
permeation studies of in-house fabricated membrane
offered a He permselectivity of up to 2.5, which is
close to Knudsen diffusion-based selectivity. The
studies confirmed that PET track etched membranes
can be deployed in industry for separation and re-
covery of helium from helium-nitrogen system.
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