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Transport Characteristics of Selected Dyes Through
Track-Etched Multiporous Pet Membranes

Secilmis Boyar Maddelerin iz Asindiriimis Coklu Gzenekli
Pet Membanlardan Tasinim Ozellikleri
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ABSTRACT

VVe have investigated the transport properties of track-etched poly(ethylene terephthalate) (PET)
membranes in order to pursue possible applications for effective separation and sensing purposes. We
have obtained cylindrical and conical nanopores on PET membranes using symmetrical and asymmetrical
track-etch methods, respectively. We have used the fabricated nanopores for the transport of charged dye
molecules. Effect of applied potential, temperature and pore geometry was shown for crystal violet dye. We
have also investigated the transport of methyl orange and shown negatively charged carboxylate groups on the
PET nanopore walls along with applied potential enhanced the selective transport of cations. The temperature
and the conical geometry were also found to promote the transport of cations.
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tkin ayirma ve algilama saglayabilecek uygulamalarin elde edilebilmesi amaciyla iz-asindiriimis poli

(etilen tereftalat) (PET) membranlardan tasinim 6zellikleri arastirilmistir. Simetrik ve asimetrik iz-
asindirma yontemleri ile PET membranlarda silindirik ve konik nanogdzenekler olusturulmustur. Elde edilen
nanogdzenekler ylikli boyar maddelerin tasinimi amaciyla kullaniimistir. Kristal Viyole boyar maddesi icin
potansiyel, sicaklik ve gozenek geometrisinin tasinima etkileri incelenmistir. Metil Oranj boyar maddesinin
tasinimi da ayrica incelenmis ve PET nanog6zeneklerinin duvarinda bulunan negatif yiklu karboksil gruplari ve
uygulanan potansiyelin katyonlarin secici tasinimini arttirdigi gosterilmistir. Sicaklik ve konik geometrinin de
katyonlarin tasinimini arttirdigi bulunmustur.
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INTRODUCTION

anoporous (or nanochannelle) structures

formed in solid materials are used in various
separation techniques and sensing applications
for biomolecules [1-3]. These structures/materials,
canbebiological or synthetic,and can be prepared
to including single or multiple nanopores [4].
While single nanoporous materials are used for
determination and detection at molecular level,
studies based on selective transport of analytes
from multiple nanopore membranes can also be
performed.

Biological nanoporous structures are usually
obtained with ion channels isolated from bacteria
(eg, «a-hemolysin, maltoporin) inserted into
lipid bilayer [5,6]. Biological nanopores are not
resistant to factors such as pH, temperature, ion
concentration and potential, which entails the
production of these structures synthetically [7].
The desired attributes for nanopores are that they
are low cost, reproducible, chemically and thermally
robust and stable. For this reason, synthetic
nanoporous materials have been developed in
order to overcome the disadvantages of biological
nanopores. Some of the methods used to obtain
these materials are nanopipettes [8], electron beam
lithography [9,10], laser melting [11], and ion beam
shaping [12,13]. In addition to these techniques,
track-etching method, which is an easy method
yielding reproducible sized pores with desired
geometries, is often preferred [14-17]. Application
areas of synthetic nanopores that can be obtained
as aresult of the development of synthetic methods
include biomolecule characterization [18,19],
desalination [20], determination of DNA sequences
[19,21] and molecular separation [22].

Transport from multiporous membranes has
also high potential for biomedical applications [23].
Nanoporous membranes produced with desired
pore size, density and thickness are alternatives
for controlled release of pharmacological agents
[24]. However, in order to use a membrane in such
technologies, the selectivity or molecular flux of
the nanoporous structure must be able to match
the application in demand. It is also desired that
the process of obtaining nanoporous membranes is
economical and reproducible. For all these reasons,
extensive research is needed on analyte transport
from nanoporous membranes.

One of the most frequently used nanoporous
materials is anodic aluminum oxide (AAO)
membranes [25,26]. The geometry of the
nanopores can be controlled by changing the
conditions of the anodization process. However,
the thickness of AAO membranes leads to very
low molecular flow and transport rate making
them unsuitable for most processes. Cylindrical
nanopores can also be obtained by controlling
various advanced technologies such as the use of
focused ion beams in silicon (Si) and silicon nitride
(SiN) membranes [27]. Although these membranes
are thermally and chemically stable, the process
of forming nanopores is quite expensive. Similarly,
nanopores created on graphene are often used for
purposes such as DNA analysis [19]. The greatest
advantage of these membranes is their high
durability, despite being very thin [28]. However,
preparation of films from these expensive materials
and subsequent processing of pores in these films
are not economically feasible because special
equipment is required. Therefore, in order to obtain
nanoporous membranes, techniques such as track-
etching which is both economically viable and
enable effective separation and transport, can be
preferred.

Charles Martin and his co-workers have
published a series of papers on molecular transport
using gold nanotubules obtained from track-
etched polymer (polycarbonate-PC) membranes
[29-33]. In order to control the surface properties
and enable easier functionalization, they have
performed electroless gold deposition onto the
pore walls and modified the surface with functional
groups using thiol chemistry. These functionalized
gold nanotubules made it possible to enhance the
selectivity and permeability of the membranes for
certain analytes depending on their charge and
size. Some examples on surface functionalization of
polymer nanochannels for enhanced transport rates
and selectivity include changing the surface charge
by adding L-cysteine on the surface and therefore
making it ion-permselective [29]; functionalizing
with various groups such as polymers, organic acids
etc. for discriminating different molecules [34]
and functionalizing the pore surface of polyimide
(PI) membrane with ethylenediamine, making it
selective towards anions [35].
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Figure 1. A: Crystal Violet (Triarylmethane dye, M: 407.99 g/mol); B: Methyl Orange (Azo dye, M: 327.33 g/mol).

Studies on  analyte transport  from
multiporous polymers can either focus on surface
functionalization of the nanopore in order to
enhance the transport rate of the analyte or taking
advantage of the already negatively charged wall
of PET membrane which possess negative carboxyl
(-CO0) groups at neutral pH due to track-etching
process [36].

In this work, we have prepared cylindirical
and conical nanopores on PET membranes using
track-etch method and investigated the transport
characteristics of charged analytes through these
membranes. The primary reasons for choosing PET
membrane for the mass transport experiments
were that it is easily track-etched (without the
need of high temperatures or additional chemicals),
mechanically robust, stable in extreme conditions of
pH and temperature with a slightly negative surface
charge density. The effects of applied potential,
pore geometry and temperature were studied and
the use of track-etched membanes for selective and
effective transport of the analytes were shown.

MATERIALS and METHODS

Experimental

Poly(ethylene terephthalate) (PET) membranes
(3 cm diameter, 12 um thickness) were obtained
from Gesellshaft flr Schwerionenforschung (GSlI,
Darmstadt-Germany). The membranes were
irradiated with heavy ions (i.e., Auion, 11.4 MeV) at
various ion densities even down to 1ion/membrane.

This was succeeded by defocusing the ion beam
and using a metal mask with a 0.1 mm diameter
aperture with a shutter system which shuts
down the ion beam as the single ion passage was
detected. All the membranes were exposed to
UV irradiation (254 nm) to saturate the damages

in tracks. All solutions were prepared from
deionized water (Millipore Direct-Q 5, Millipore
Co.). Formic acid (HCOOH), sodium hydroxide
(NaOH), crystal violet (CH,,CIN,) (Figure 1A),
methyl orange (C,H,,N,NaO,S) (Figure 1B) and
potassium chloride (KCl) were purchased from
Sigma Aldrich. All the chemicals were used as
received without further purification.

Fabrication of Nanopores

PET membranes were treated with long-wave
UV irradiation overnight in order to sensitize
the tracks, increase the track etching rate and
make the pores more homogeneous in size.
Cylindrical nanopores were obtained on PET
membranes using track- etch method. With
this purpose, batch etching was performed in
which the track membranes were suspended in
a beaker filled with etching solution (9 M NaOH)
for a predetermined time at room temperature.
Afterwards, the membrane was kept in a beaker
filled with stopping solution (1 M HCOOH) for 30
minutes and finally the membrane was washed
with di-water to remove possible residues from
the membrane surface.

Conically shaped nanopores were obtained
using a previously discussed asymmetric chemical
etching technique [37]. Shortly, the membrane was
mounted between the two halves of a conductivity
cellwith UV-treated side of the membrane facing the
alkaline etching solution (9 M NaOH) and the other
side facing the stopping solution 1M HCOOH and
1M KCI). Platinium (Pt) electrodes were immersed
into each cell and 1V transmembrane potential
was applied to monitor the breakthrough moment
(Keithley 6487 picoammeter/voltage source,
Cleveland, OH, USA). After the etching process,
etching solution was replaced with stopping
solution for neutralization. Then, both cells were
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Figure 2. SEM image of multiporous PET etched for 2 hours.

rinsed with di-water to remove possible residues
from the membrane surface. In the end, conically
shaped nanopore was obtained with two different
sized openings called base (large opening) and
tip (small opening). The large opening of the
nanopore (d_ ) was directly determined from
SEM images of multipore membranes while
electrochemical measurements were performed
for the calculation of small opening (d, ) of the
conical membrane. With this purpose, both halves
of the conductivity cell were filled with electrolyte
solution (i.e., 1 M KCI, 10 mM PBS buffer at
pH =7) while the single nanopore membrane was
mounted between these cells. Ag/AgCl electrodes
were used and potential was stepped between -1
V and +1 V. The resistance of the nanopore (R) is
proportional to the conductivity of solution (p) the
length of nanopore (I, thickness of the membrane),
d,... @and d, as given in Equation 1. R value was
the reciprocal of the slope of I-V curve obtained
from the electrochemical measurement and the
tip diameter was calculated using Equation 1
(Conductivity measurements were carried out
with a Mettler Toledo FE 30 conductivity meter).

_ 4pl
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tip " base

R M

Mass Transfer Experiments

The membranes were mounted between the two
halves of an H-cell to investigate the transport
properties of charged analytes. The cell volumes
were 5 mL with an effective permeation area
of 0.3 cm?. The feed half-cell was filled with the

known concentration of the analyte in phosphate
buffer 10 mM, pH = 7) and the permeate half-cell
contained only pure buffer solution. Phosphate
buffer at pH 7 was selected because at neutral
pH, nanopore surface charge of PET membrane
is negative because of -COO" groups on its pore
walls [38], crystal violet is positively charged
and methyl orange is negatively charged
(PK, o= 3-47; PK, = 9.4). Both halves of the
cell were continuously stirred with a magnetic
stirrer (~1050 rpm). Samples were collected
from the permeate cell at regular time intervals
and the concentration of the analyte was
determined using a UV-Vis spectrophotometer
(Shimadzu-2600). A linear calibration curve of
analytes of known concentrations was used for
the spectrophotometric calculations.

RESULTS and DISCUSSION

Pore diameters of cylindrical pores and base
diameters of the conical nanopores were obtained
from the SEM images of multipore membranes
(10° nanopores/cm?). SEM image of a multipore
PET membrane etched for 2 hours is given in
Figure 2 with a calculated base diameter value of
533+47 nm. An average of 20 pores were used
to calculate the diameters with Image-J software
and standard deviation values were taken into
account.

A linear relationship was observed between
etching time and pore diameter (Figure 3). The bulk
etching rate, which equals the slope of the obtained
linear plot, was found as 4.5+0.2 nm.min". This
linear relationship enabled reproducible production
of nanopores with desired diameters.
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Figure 4. Permeation of CV* through 25+1 nm nanopores (Pore density: 10° pore/cm?).

Permeation of the Analytes

Permeation of CV* through the nanoporous
membrane was conducted using a multiporous
(10° pore.cm®) PET membrane with a pore diame-
ter of 25 £ 1 nm. The transport of the positively
charged dye was continued for three hours and
the transported amount of the analyte (per cm?)
increased linearly. Figure 4 shows the linear rela-
tionship of molecular flux and time with an R? va-
lue of 0.990. The permeation rate was calculated
from the slope of the obtained line, which yielded
the amount of analyte transferred per unit time.

Effect of Potential on Analyte Transport Rate
In order to investigate the potential dependency
of molecular transport, an electric field was
applied. Anode was immersed in the feed cell and
cathode was immersed in the permeate cell in

order to promote the transport rate of CV*. The
flux data for the transport of CV* through the
PET membrane with different applied voltages
is presented in Figure 5. The promotive effect of
potential on flux can be seen in Figure 5, that as
the potential was increased, the flux of CV* gave
a direct correlation as expected. This correlation
can be explained by the contributing forces to the
transport (i.e., electro-osmosis, electrophoresis) of
the analyte. When there is no electric field applied,
the transport is only due to diffusion from feed cell
to the permeate cell because of the concentration
gradient; however, as a certain potential is applied,
electrophoretic and electro-osmotic forces also
contribute to the transport, driving the positively
charged analyte to thecounter electrode (i.e.,
cathode side).
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Figure 5. CV* flux under various applied potentials.

400

el 15V

05V
oV

4ren

300

250

200 4

150

Flux (nmol/cm?)
<

100

50+

T T T T T T T T T T T 1
100 120 140 160 180 200
Time (min)

Figure 6. MO" flux under various potentials.

In order to compare the nanopore selectivity
towards oppositely charged analytes, MO~ was
transported through the same membrane under
various potentials. The effect of potential on
MO" flux was the opposite of CV+ and is shown in
Figure 6. The negatively charged analyte is driven
to the anode (the feed cell) electrophoretically
under applied potential which decreases the overall
molecular flux of MO

The plots between molecular flux and time were
all linear with R? values over 0.990 and 0.938 for
CV* and MO, respectively. Transport rates (nmol.
cm?min?) were calculated from the slope of these
linear plots. In order to inspect the selectivity of the
membrane towards the positively charged analyte
CV*, selectivity coefficients which are defined as
the ratio of transport rates of the analytes were
calculated using Equation 2. The obtained  values
are presented in Table 1.

L T L T ¥ T ¥ T . T L 1
100 120 140 160 180 200
Time (min)

The results indicated that with the increasing
potential, the membrane became selective towards
the positively charged analyte CV*. When no
potential was applied, MO" was transported with
a higher rate than that of CV* which contradicts
with the argument of PET being selective towards

) Rate(cw)

" Rate (MOf ) @

a

positively charged analytes. But in our case, the
analytes differ in molecular volume and structure
so that the net charge of the molecule is not the
only contributing factor to the permeation rate.
MO which is an azo dye has a molecular volume of
257 A2 whereas the triarylmethane dye, CV* has a
molecular volume of 378 A3,
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Table 1. Selectivity coefficients with respect to applied potential.

Rate (nmol.cm?2.min™)

Potential (V)

Selectivity (a)

MO cv*
0 2.03 0.99 0.49
0.5 1.92 1.05 0.55
1 0.57 112 1.97
1.5 0.53 1.22 2.30

Figure 7. Molecular structures of CV* and MO (Produced using Molinspiration Cheminformatics Software [39].

This difference in molecular volume, and
the linear structure of MO" (shown in Figure 7)
enhances its transport rate. Therefore without any
applied potential, its transport rate is higher than
CV* despite having a negative charge. But as the
potential is increased, electrokinetic phenomena
(i.e. electrophoretic and electro-osmotic forces)
have a significant impact on transport selectivity
towards positively charged analyte, CV*.

Effect of Temperature on Analyte Transport
Rate

Another parameter of interest on transport rate
was temperature. The transport of CV* through
25+1nmpore membrane was carried on under 1.5

V potential and four different temperature values.

According to the obtained results, transport rate
increased from 1.22 to 7.23 nmol.cm2.min™ as a
function of temperature which was raised from
298 K to 328 K, respectively (Figure 8). This
behavior indicated that the transport of the CV*
has an endothermic nature and favored higher
temperatures (due to the positive dependence of
diffusion coefficient to temperature). Arrhenius

equation can be used to explain the temperature
dependence of diffusion coefficient (Equation
3); where D is the diffusion coefficient, D, is the
diffusion coefficient at infinite temperature,
E, is the activation energy, T is the absolute
temperature and k is the Boltzmann constant.

Effect of Pore Geometry on Analyte

Transport Rate

In order to investigate the effect pore
geometry on the transport rate of the analyte,
multiporous PET membranes with conical
geometrieswerefabricatedandsubsequentlyused
for the transport of CV*. The prepared nanopores

E,

D=Dye 7 ©

had tip openings of 25 nm for comparison with
cylindrical ones. This was achieved through a
second etching step developed by Wharton et.
al. [40]. Shortly, after the first step of etching,
a more dilute etching solution (2 M NaOH)
was introduced in both half cells and under a
transmembrane potential of 1 V. This second step

7
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Figure 9. CV* flux through pores with different geometries.

of etching was stopped when the pore reached
the desired size by monitoring the current values
and once again the etching solution was replaced
with the stopping solution content to terminate
further widening of the pore. Thereafter, the half
cells were rinsed with water and the membrane
was then used for the experiments.

Analyte was added to the tip side of the
membrane and the transport of CV* through the
membrane was performed. The dependence of CV*
flux to nanopore geometry is shown in Figure 9. It
is obvious that the transport rate significantly
increased when the nanopores have conical

geometry. The trapping zone, which is formed
near the nanopores’ tip entrance, was shown to
have a positive effect on the transport of charged
analyte doubling its molecular flux. The effects of
nanopore geometry on the sensing phenomena
have been widely researched especially for single
nanopores and it was shown that the ionic current
is directly affected by the pore's resistance which
isrelatedtothe pore'sgeometry [41]. Furthermore,
the promotive effect of conical geometry was
previously reported for multipore asymmetrical
nanopores for the transport of charged analytes
as well [42]. Further investigations were
performed to analyze the effect of geometry on
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Figure 10. CV* flux through pores with different geometries at various potentials.

the molecular flux at varying potentials (Figure
10). Once more it was shown that the potential
has a promoting effect on CV* transport because
applying a potential entails electrophoretic forces
that enhance the transport of positively charged
analyte. It was also found that the increase in the
flux was more significant for conically shaped
pores than that of cylindrical ones.

Conclusion

In conclusion, we have demonstrated the effect
of potential, pore geometry and temperature (etc.)
on the transport phenomenon by the transport rate
of charged dye molecules across a track-etched
polymeric membrane. We have shown here that the
nanoporous membranes can be used as molecular
sieves, can show transport selectivity, and can be
used both for anions and cations. Applying potential
across the membrane has promoted the transport
of CV* but decreased the transport of MO, thus
increased the membrane selectivity towards
positively charged analyte. The studies on the
geometry of nanopore showed that the transport of
CV* was faster using a conical nanopore. In addition,
high temperature was also found to enhance the flux
of CV*. The nanopore diameter and its geometry
can be arranged, so, these membranes are
applicable for model studies and for fundamental
investigation of how the transport phenomena
occur. We are pursuing possible applications of
track-etched polymer membranes in chemical and
bio-separations and sensors. For such applications,
flux or throughput across the membrane is an

important issue and these membranes perhaps hold
promise for the development of highly selective
membranes for chemical separations and sensors.
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