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Preface to the Special Issue “Track-Etched Membranes:
Future Prospects, Opportunities and Challenges”

Track-etched membranes (TeMs) represent a unique class of materials whose precise pore geometry and
adaptable surface chemistry have made them indispensable in many areas of modern science and technology.
Originally developed as filters for biological and analytical applications, they are now widely recognized as
versatile functional platforms in separation processes, energy devices, sensors, and biomedical technologies.
Their ability to combine reproducible nanoscale structure with tunable chemical modification explains the
sustained interest in this field and provides the motivation for this Special Issue.

The present volume brings together contributions that reflect both the maturity of TeM research and the
ongoing search for new directions. It includes two review articles. The first offers a concise overview of the
potential of TeMs in sensor development, highlighting how controlled pore structures can be integrated into
devices for highly sensitive detection. The second review, prepared within the framework of an international
collaboration, discusses the progress in functionalized composite and hybrid membranes, emphasizing the role
of TeMs as reliable supports for advanced materials. Together, these articles provide context and perspective
for the original works presented in this collection.

A central part of this Special Issue is devoted to the modification and development of new types of
TeMs. The papers in this section describe radiation-induced pore-confined grafting of PVDF membranes, graft
polymerization of long-chain acrylates on PET membranes for distillation applications, and the preparation of
cation-exchange membranes by pore filling with perfluorosulfonic acid polymers. Other contributions examine
the functionalization of PET membranes with amine-containing polymers. These studies collectively illustrate
the wide range of strategies now available for tailoring TeMs at the nanoscale, with direct implications for
transport behavior and selectivity.

The collection also includes contributions under the theme of prospective applications. Here, the use of
TeMs is explored in fields that extend well beyond their traditional role in filtration. Examples include the
design of membranes for X-ray and vacuum ultraviolet optics, studies of the biological compatibility of PET
membranes in cell culture systems, and the use of TeMs as substrates for surface-enhanced Raman scattering
(SERS) with gold nanowires. These works underscore the breadth of application spaces where TeMs are prov-
ing to be effective and reliable.

A further group of papers focuses on TeM-based composites. These include the immobilization of
nickel-based metal-organic frameworks on modified TeMs for dye removal, the preparation of copper—silver
composite catalysts supported on TeMs for electrochemical reduction processes, and comparative studies of
SERS effects on composite membranes with silver nanostructures obtained by different fabrication routes.

© 2025 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 5
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Such examples highlight how the intrinsic structure of TeMs can be combined with functional materials to
generate composites with enhanced catalytic and sensing properties.

Taken together, the contributions in this Special Issue document the steady progress of TeM research,
from methodological advances in membrane modification to the demonstration of new applications in diverse
areas. They also reflect the collaborative and international nature of the field, with studies carried out by re-
search groups from various countries, such as Kazakhstan, Russia, South Africa, and Tiirkiye.

It is a privilege to present this Special Issue to the scientific community. We hope that the collection of
articles will be of value to researchers working with membranes, nanostructured materials, and applied tech-
nologies, and that it will serve as a reliable source of current knowledge in this dynamic and interdisciplinary
area.

Information about Guest Editors*

*The editors' names are presented in the following order: First Name, Middle Name and Last Name

Anastassiya Alexandrovna Mashentseva — Prof., PhD, Head of the Technological Track-
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http://orcid.org/0000-0003-4393-5845

Alexander Nikolaevich Nechaev — Candidate of Chemical Sciences, Deputy Head of Cen-
tre of Applied Physics, Joint Institute for Nuclear Research, Dubna, Joliot-Curie street 6,
141980, Moscow region, Russian Federation; e-mail: nechaeffalexander@yandex.ru;
https://orcid.org/0000-0002-5138-4265
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A Mini Review on Track-Etched Membranes Potential for Sensors Development

Track-etched membranes (TeMs) have emerged as a promising class of nanostructured materials for the devel-
opment of advanced sensing platforms. Owing to their highly uniform pore architecture, controllable dimen-
sions, and versatile surface chemistry, TeMs can be used to create highly sensitive, selective, and robust sen-
sors. This review provides a comprehensive overview of recent advances in the use of TeMs for sensor devel-
opment, with a particular emphasis on functionalization strategies and application domains. The review dis-
cusses stimuli-responsive TeMs in detail which are capable of dynamic switching in response to environmental
triggers such as pH, temperature, light, or redox. Functional nanochannels engineered through various modifi-
cations, such as polymer grafting or metal-organic frameworks incorporation, exhibit unique ionic transport
behaviors suitable for real-time detection and biomimetic sensing. TeMs have also shown considerable poten-
tial in the detection of toxic metal ions, where tailored chemical groups and hybrid interfaces enable sub-ppb
sensitivity in complex matrices. Furthermore, their capacity to host biomolecules like DNA probes, antibodies,
or enzymes opens avenues for biosensing applications, including clinical diagnostics, virus detection, and neu-
rotransmitter detecting. Additionally, their integration into wearable devices highlights their potential for flex-
ible, real-time health monitoring. Challenges related to large-scale manufacturing, long-term stability, and
standardization remain and are addressed in this review. Looking forward, TeMs have potential to bridge the
gap between lab-scale innovation and practical sensor technologies, offering solutions for environmental, bio-
medical, and industrial applications.

Keywords: track-etched membranes (TeMs), composite track-etched membranes (CTeMs), biosensors, hybrid
membranes, functional nanomaterials, stimuli-responsive materials
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Sitekin, S.D., Rakisheva, S.R. et al.

Semiha Duygu Siitekin is a PhD (2016) and Assistant Professor in Polymer Chem-
istry since 2023. Dr. Siitekin’s research interests include controlled radical polymeriza-
tion techniques for the synthesis of polymeric nanostructures, the functionalization of
polymeric membranes, suitably designed for environmental applications as well as con-
trolled drug delivery systems. In particular, she has conducted extensive studies on the
controlled functionalization of track-etched membranes and their utilization as catalysts.

Saniya Rakisheva is 3™ year PhD student in the “Nanomaterials and Nanotechnol-
ogies” major at the Eurasian National University named after L.N. Gumilyov. Since
2025, she has been an engineer of the technological track-etched membranes laboratory
in the Astana branch of the Institute of Nuclear Physics of the Republic of Kazakhstan.
Saniya Rakisheva’s research interests include functionalization of track-etched mem-
branes, development of biodegradable polymeric track-etched membranes, as well as de-
velopment of composite track-etched membranes for environmental applications.

Anastassiya Alexandrovna Mashentseva is a PhD (2011) and Assocosiate Pro-
fessor (2017) in Chemistry, Full Professor in Nanotechnology (2023). Since 2011, she
has been leading the technological track-etched membranes laboratory in the Astana
branch of the Institute of Nuclear Physics of the Republic of Kazakhstan, providing ex-
pert guidance and leadership in research endeavours. Professor Mashentseva has con-
ducted extensive research in the field of materials science and nanomaterials, with a par-
ticular focus on their environmental applications. The primary areas of scientific research
also involve pioneering the development of new, promising applications of polymer
track-etched membranes in water purification processes using catalysis and sorption
methods, as well as the creation of all-solid-state supercapacitors based on track-etched
membranes.

Murat Barsbay is a PhD (2009) and Associate Professor (2014) in Polymer Chem-
istry, Full Professor in Chemistry (2021). Professor Murat Barsbay’s research centers on
radiation-induced polymerization and polymer surface modification, with a strong focus
on controlling structure and functionality at the nano- and micro-scale. His expertise co-
vers the design and fabrication of radiation-grafted membranes, nanogels, and other func-
tional polymer materials, achieved through advanced grafting and crosslinking tech-
niques. Building on this core competency, he has developed applications in energy stor-
age, including all-solid-state supercapacitors; biomedical technologies, such as nano-
sized drug carriers and antimicrobial surfaces; environmental remediation through ad-
sorptive and catalytic polymeric materials; and sustainable materials based on radiation-
modified natural polymers. He has led numerous national and international research pro-
jects, and continues to contribute to advancing polymer science through both fundamen-
tal studies and application-driven innovations.

Review Plan

Inclusion and Exclusion Criteria: This review summarises the latest advancements (mainly 2021-2025)
in TeM-based sensors for detecting organic/inorganic analytes. Foundational studies from 2001 to 2012 are
also included to provide historical context. Over 63 peer-reviewed articles were selected from Scopus, Web of
Science, and Google Scholar using the following keywords: track-etched membranes, biosensors, heavy metal
detection, composite TeMs, and stimuli-responsive sensors. Emphasis was placed on functionalization tech-
niques, sensor mechanisms, and applications, excluding non-peer-reviewed sources or studies lacking experi-
mental validation.

The review begins with an introduction that highlights the significance of TeMs in modern sensor tech-
nology. It highlights the limitations of conventional sensors, such as low sensitivity, slow response times, and
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instability under varying conditions, and explains how TeMs address these challenges through their unique
structural and chemical properties.

The main body is divided into three thematic subsections, each exploring a critical aspect of TeM-based
sensors. Section 2.1 presents stimuli-responsive sensors, emphasizing how TeMs can be engineered to react
dynamically to pH, temperature, and chemical stimuli. Case studies, such as poly-L-lysine (PLL)-modified
PET nanochannels, illustrate how these membranes mimic biological ion channels, enabling precise control
over ionic transport. The discussion extends to light- and redox-responsive systems, including azobenzene-
functionalized metal-organic frameworks (MOFs), which exhibit high on-off ratios for ion gating. Section 2.2
shifts focus to TeMs for inorganic pollutant detection, particularly heavy metals like Pb%*, Cd**, and Cu?". It
critiques traditional analytical methods (e.g., ICP-MS) for their cost and complexity, contrasting them with
TeM-based electrochemical sensors that offer portability and sub-ppb detection limits. Notable examples in-
clude grafted membranes and interpolyelectrolyte complexes, which enhance adsorption and signal amplifica-
tion. The section also addresses challenges, such as interference from competing ions, and proposes solutions
like selective chelating ligands. Section 2.3 explores biosensing applications, showcasing TeMs’ versatility in
immobilizing enzymes, antibodies, and DNA probes. Examples range from dopamine detection using poly(3-
aminobenzylamine)-functionalized nanochannels to SARS-CoV-2 antibody monitoring with optical-fiber-in-
tegrated membranes. The subsection highlights innovations in real-time monitoring, such as wearable TeM-
based sensors for physiological signals, while acknowledging limitations like the need for Raman spectrome-
ters in certain SERS-based designs.

The Conclusion summarises these themes, reiterating the advantages of TeMs, such as modularity, sta-
bility, and scalability, while identifying unresolved challenges, such as the sophisticated fabrication method.
It calls for future research into low-cost fabrication methods and biocompatible compositions to enable com-
mercialization. The section ends by envisioning TeMs as foundational tools for next-generation diagnostics
and environmental sensors, particularly in resource-limited settings.

1 Introduction

Polymers materials have demonstrated extraordinary potential across scientific and technological appli-
cations due to their versatile chemical structures and tunable physical properties [1-3]. Among these, stimuli-
responsive “smart” polymers stand out for their ability to dynamically alter their behavior in response to envi-
ronmental changes, finding applications in drug delivery, actuators, and sensing systems [4—8]. Particularly
promising are porous polymer membranes, where controlled nanostructuring can amplify these responsive
behaviors. Track-etched membranes (TeMs) represent a unique class of such materials, fabricated by irradiat-
ing polymer films with accelerated heavy ions followed by selective chemical etching [9—11]. This precise
fabrication method creates membranes with uniform, well-defined nanopores (typically 10—1000 nm in diam-
eter) while maintaining excellent mechanical stability [12—14]. The combination of high surface area, tailora-
ble pore geometry, and narrow size distribution makes TeMs ideal substrates for integrating smart functional-
ities through functionalization with various ligands or grafting of monomers [ 15—18]. Critically, their abundant
surface chemistry allows extensive functionalization with responsive polymers, nanoparticles, and biomole-
cules, creating hybrid systems that merge the advantages of porous scaffolds with smart material responses
[19-22].

The nanochannels within TeMs demonstrate unparalleled functionality in sensing applications due to
their ability to precisely modulate ionic currents in response to diverse stimuli. By engineering the surface
chemistry and physical properties of these nanochannels, researchers can create highly selective sensors capa-
ble of detecting targets ranging from small ions to complex biomolecules like DNA and proteins. For instance,
single nanochannel systems have achieved extraordinary sensitivity in detecting trace biomarkers, such as liver
cancer-associated microRNAs (miRNAs), with detection limits as low as 97.2 aM [23]. The dynamic “on-off”
switching behavior of these nanochannels in response to molecular interactions enables real-time monitoring
of biological processes, offering transformative potential for diagnostic and therapeutic applications [24]. This
biomimetic gating mechanism, which closely resembles natural ion channel regulation, positions TeMs as ideal
candidates for developing next-generation nanofluidic devices, including logic circuits and stimulus-respon-
sive drug delivery systems [25, 26].

Stimuli-responsive sensors based on TeMs represent a significant advancement in functional materials
engineering. Surface modification with responsive polymers such as poly(acrylic acid) (PAA), poly(N-iso-
propylacrylamide) (PNIPAM), or poly(L-lysine) (PLL) enables precise control over ionic transport in response
to environmental changes in pH, temperature, or redox potential [27]. When combined with asymmetric pore
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geometries (e.g., conical or bullet-shaped nanochannels), these functionalized TeMs exhibit advanced phe-
nomena like current rectification and molecular gating, closely mimicking the sophisticated regulation ob-
served in biological systems [28]. Their exceptional mechanical stability and chemical versatility make them
robust platforms for real-time, in situ analysis of complex chemical and biological environments [29].

Beyond biomedical applications, TeMs show tremendous promise for environmental monitoring, partic-
ularly in detecting hazardous heavy metal ions. While conventional analytical techniques like ICP-MS offer
high accuracy, their high cost, complex operation, and lack of portability limit widespread use [30]. In contrast,
TeM-based sensors provide an attractive alternative, combining low cost, portability, and exceptional sensi-
tivity. Functionalization with specific chelating groups (e.g., carboxyl, amine, or pyridyl moieties) enables
selective preconcentration of toxic metals such as Pb*, Cd**, and Cu?*. When integrated with advanced elec-
trochemical techniques like square wave anodic stripping voltammetry (SWASV), these systems achieve de-
tection limits at parts-per-billion (ppb) and even sub-ppb levels. Furthermore, hybrid membranes incorporating
nanoparticles demonstrate enhanced performance through improved electron transfer at the pore-electrolyte
interface [31].

The biosensing applications of TeMs have attracted growing interest due to their exceptional capacity for
precise surface engineering. By immobilizing biological recognition elements — including enzymes, nucleic
acids, and antibodies — onto nanochannel surfaces, these membranes enable highly specific interactions with
target analytes [32]. The combination of structural precision and chemical adaptability makes TeMs ideal scaf-
folds for constructing biosensing interfaces with superior selectivity, sensitivity, and customizability [33]. Re-
cent innovations have further expanded their capabilities through incorporation of molecular imprinting tech-
niques and metal-organic frameworks (MOFSs), enabling detection of ultra-trace analytes in complex biological
fluids. This modular design approach not only enhances performance but also facilitates integration with
emerging technologies like lab-on-a-chip systems and wearable sensors [34, 35].

This review provides a focused examination of track-etched membrane (TeM)-based sensors, building
upon our previous comprehensive analysis of composite TeM (CTeM) fabrication and functionalization tech-
niques [36]. Rather than revisiting fundamental grafting methods or material synthesis, which were thoroughly
covered in our prior review, we concentrate here on three groundbreaking sensor applications: (1) stimuli-
responsive systems exploiting pH-, temperature-, and chemically-triggered nanochannel gating mechanisms,
(2) inorganic pollutants, e.g. heavy metal ions, detection platforms achieving sub-ppb sensitivity through in-
terfacial engineering, and (3) advanced biosensors integrating biorecognition elements like enzymes, antibod-
ies, and DNA probes. Through critical analysis of recent studies (2021-2025), we demonstrate how TeMs’
nanoporous architecture enables unprecedented sensor performance, from biomimetic ionic rectification to
single-molecule detection, while addressing limitations in stability and reproducibility. The discussion culmi-
nates in a forward-looking perspective on emerging hybrid designs (e.g., MOF-integrated TeMs, wearable
sensor interfaces) and unmet challenges in scalable manufacturing and real-world deployment.

2 Track-Etched Membranes Potential for Sensors Development

2.1 Stimuli-Responsive Sensors Based on TeMs

Track-etched membranes (TeMs) featuring stimuli-responsive nanochannels have expanded the borders
of sensor design by merging precision-engineered pores with environmentally adaptive materials. The na-
nochannels of TeMs can be tailored via surface modification to regulate ionic and molecular transport [36]. A
notable example involves modifying PET-based conical nanopores with poly-L-lysine (PLL), a biocompatible
polymer known for its sensitivity to pH and temperature. As shown in the work by Li et al., such PLL-
functionalized nanopores exhibit a dual-responsive behavior, with their ionic conductance modulated by ex-
ternal stimuli [37]. The mechanism of operation relies on the transformation of surface charge characteristics
within the nanochannels. Pristine PET nanopores typically display carboxyl groups on their inner surfaces,
imparting a negative surface charge under neutral conditions. However, PLL modification converts these sur-
faces to amine-rich environments, which become protonated and positively charged at physiological pH val-
ues. This fundamental alteration in surface chemistry leads to a complete reversal of current rectification be-
havior, significantly expanding the operational range compared to unmodified nanopores [36]. Most remarka-
bly, these modified nanopores exhibit sharp, reversible transitions between nonconductive (“OFF”) states at high
pH (11.5) and elevated temperature (70 °C) to conductive (“ON”) states under lower pH or temperature condi-
tions (Fig. 1). The switching behavior shows exceptional reproducibility over multiple cycles, maintaining >90 %
of initial response amplitude after 50 switching events, making these systems highly suitable for applications
requiring robust, repeatable performance.
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Figure 1. Chemical equilibrium of the PLL layer in nanopores of PET TEMs is associated with the pH-dependent be-
havior of PET TEMs. Adapted with permission from [37]. Copyright 2020 American Chemical Society OMEGA

Fluorescence-based TeM sensors represent another important class of responsive systems. Soto Espinoza
et al. developed an innovative platform using track-etched PET membranes functionalized with fluorescent
reporters [38]. While conventional fluorescein tags showed limited pH sensitivity in this configuration, Green
Fluorescent Protein (GFP) demonstrated remarkable pH-dependent fluorescence changes across the physio-
logically relevant range of pH 4-—8. The modification process, achieved through radical-initiated grafting
polymerization, selectively altered the inner pore walls while preserving the bulk membrane properties. The
resulting biosensor not only detected buffer pH with high accuracy but also successfully monitored pH changes
in real-time during E. coli cell culture, demonstrating its potential for biological and microbiological applica-
tions.

For specific molecular recognition, Li's research group created an advanced glucose-sensing system using
conical PET nanochannels functionalized with 3-aminobenzeneboronic acid [39]. This design capitalized on
the pH-dependent binding affinity of boronic acid moieties for glucose molecules. The fabrication process
involved initial generation of carboxyl groups on the nanochannel surfaces through chemical etching, followed
by covalent attachment of the sensing moieties via EDC/NHSS coupling chemistry. The resulting sensor ex-
hibited exceptional selectivity for glucose, with minimal interference from common biological molecules like
ascorbic acid and urea. The operational principle relies on reversible transitions between “on” and “off” states
triggered by pH changes: glucose binding at neutral pH (7.38) decreases ionic current (“off” state), while acidic
conditions (pH 4.45) release glucose and restore conductivity (“on” state). This system maintained stable per-
formance through multiple cycles, demonstrating its potential for continuous glucose monitoring applications.

Multimodal sensing platforms achieved significant advancement through the work of Lou et al., who
developed a “smart gate” nanochannel system combining electrical and optical detection modalities [40]. The
design incorporated aggregation-induced emission (AIE) fluorophores that become highly fluorescent upon
interaction with target molecules. In this system, 1,2-diphenylethene-1,2-diyl-bis(1,4-phenylene)-1,1'-dibo-
ronic acid (TPEDB) served as both the glucose recognition element and fluorescence reporter. The modifica-
tion process involved UV irradiation and chemical etching of PET membranes, followed by sequential func-
tionalization steps to create stable boronic acid recognition sites. When glucose molecules interact with these
sites, they induce fluorophore aggregation, producing a strong fluorescence signal while simultaneously alter-
ing ionic current through the nanochannels (Fig. 2). This dual-output system provided built-in signal verifica-
tion, significantly enhancing detection reliability.

Recent advances in polyelectrolyte-modified TeMs by Wiedenhoft et al. demonstrated remarkable ad-
sorption capabilities for environmental pollutants [41]. The study compared two polyelectrolytes — poly(2-
acrylamido glycolic acid) (PAGA) and poly(N-acetyl dehydroalanine) (PNADha) — grafted onto PET track-
etched membranes. PAGA-modified membranes exhibited particularly strong responses to both pH changes
and Cu?' ions, showing complete wettability transitions and efficient methylene blue adsorption following
Langmuir isotherm behavior. These systems offer promising platforms for combined detection and removal of
environmental contaminants.
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Figure 2. Fluorescent dual-signal-output nanochannels and ionic current during oligomerization. TPEDB interacts
with glucose to form oligomers. PET membranes were UV-irradiated, etched, and then immobilized with
4-aminophenyl boronic acid. The sensor displayed high sensitivity and specific glucose recognition. Adapted
with permission from [40]. Copyright 2020 NPG Asia Materials with license under CC BY 4.0

The integration of metal-organic frameworks (MOFs) with TeMs has pushed the boundaries of nanoflu-
idic control. Qian et al. achieved unprecedented light-responsive gating by incorporating carboxylated azoben-
zene-coordinated MOFs (AZO-MOFs) into bullet-shaped PET nanochannels. The UiO-66-AZODC frame-
work, built using azobenzene-4,4'-dicarboxylic acid (AZODC) ligands, demonstrated remarkable light-trig-
gered conformational changes. Under illumination, these MOF-embedded nanochannels achieved staggering
on-off ratios up to 40.2 — outperforming conventional AZO-modified systems by 30-fold. The in-situ growth
technique used for MOF integration preserved nanochannel integrity while enabling sub-nanometer precision
in ion transport control [42].

For ultrasensitive metal detection, Miiller et al. developed peptide-functionalized nanopores capable of
femtomolar Cu** sensing [43]. The system utilized conical nanopores whose inner surfaces were modified with
peptides with strong specificity for copper ions. When exposed to Cu®" ions in aqueous media, the ionic
transport properties of the pores changed from exhibiting rectifying behavior to becoming selectively perme-
able to anions. This resuled in distinct, easily measurable changes in ionic current. Notably, the sensor per-
formed reliably even in complex sample environments, such as synthetic urine, without being affected by other
metal ions (Fig. 3). To enhance accuracy, electrical signals were cross-validated with fluorescence-based meas-
urements, yielding a robust sensing platform suitable for both clinical diagnostics and environmental analysis.
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Figure 3. Design and composition of a copper sensor utilizing ion-track etched polyethylene terephthalate (PET)
membranes. Adapted from [43]. Copyright (2020) with permission from Wiley-VCHVerlagGmbH&Co. KGaA

These developments highlight how stimuli-responsive track-etched membranes (TeMs) are changing sen-
sor design by integrating precise control over nanofluidics with functional, adaptive surface functionalities.
This field is open for further advancements, driven by continual improvements in sensitivity, selectivity, and
long-term stability.
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2.2 Inorganic Pollutant Detection with TeMs

Detecting hazardous heavy metals remains a pressing issue due to their long-term persistence and toxi-
cological risks. Traditional analytical methods like inductively coupled plasma mass spectrometry (ICP-MS)
and X-ray fluorescence spectroscopy (XRF) offer accuracy but are hindered by cost, complexity, and infra-
structure demands. In contrast, TeM-based sensing approaches are gaining attention for their ability to combine
nanoscale selectivity with operational simplicity. By leveraging tunable pore structures and chemical function-
alization, TeMs may provide a low-cost and portable alternative for detecting trace metals with high sensitivity.

A pivotal advancement in this field was demonstrated by Shang et al., who engineered asymmetric conical
nanochannels in PET films using track-etching techniques [44]. These nanochannels exhibited ionic current
rectification due to their geometric asymmetry and surface charge effects, preferentially transporting cations
from the narrow to the wide end under applied potential. To achieve selective Pb>" detection, the researchers
sputter-coated the nanochannel surfaces with gold, enabling subsequent immobilization of the '8-17'
DNAzyme through Au-thiol bonding. X-ray photoelectron spectroscopy (XPS) confirmed the successful
DNAzyme functionalization, while electrochemical measurements revealed exceptional selectivity for Pb*
over competing metal ions, with no observable interference. The sensor demonstrated remarkable stability
under varying environmental conditions, outperforming protein-based nanopore systems in robustness. This
work established an important paradigm for combining nanofluidic phenomena with biomolecular recognition
elements for heavy metal sensing.

Composite track-etched membranes (CTeMs) represent a sophisticated evolution of conventional TeMs,
incorporating secondary phases such as metal/metal oxide nanoparticles or carbon-based materials to enhance
functionality these hybrid structures typically consist of a polymeric membrane matrix integrated with
nanostructured inorganic components, creating synergistic effects that improve sensitivity and selectivity.
While some CTeMs employ physical deposition methods, others utilize advanced grafting techniques to cova-
lently attach functional polymers to the pore walls, followed by a modification step with inorganic functional-
ities [14]. A notable example is the work by Bessbousse et al., who developed B-poly(vinylidene fluoride) (B-
PVDF) track-etched membranes functionalized with poly(acrylic acid) (PAA) brushes for ultrasensitive Pb**
detection [45]. To fabricate the sensor, carboxyl groups were first introduced onto the inner surface of the
nanochannels through chemical etching, and the sensing molecules were subsequently attached via
EDC/NHSS coupling chemistry. The resulting device showed high selectivity for glucose, with minimal inter-
ference from typical biological compounds such as ascorbic acid and urea. Its operation relies on reversible
switching between “on” and “off” states driven by pH changes: at physiological pH (around 7.4), glucose binds
to the boronic acid groups, leading to a reduced ionic current (“off” state), whereas at acidic pH (around 4.5),
glucose is released and the ionic conductivity is restored (“on” state). The system demonstrated reliable and
effective performance using square wave anodic stripping voltammetry (SWASV) demonstrated sub-parts-
per-billion (ppb) detection limits across repeated cycles, making it a promising candidate for continuous glu-
cose monitoring applications.

The same research group later advanced this technology significantly by implementing reversible addi-
tion-fragmentation chain-transfer (RAFT) polymerization for controlled PAA grafting within B-PVDF na-
nochannels. Through RAFT-mediated polymerization, they achieved precise control over grafting densities
(5-63 % degree of grafting, DOG), as confirmed by comprehensive characterizations [46]. Size exclusion
chromatography and AFM analysis verified the controlled nature of the RAFT process, showing uniform pol-
ymer brush growth along pore walls. Interestingly, pore diameter was found to decrease systematically with
increasing DOG, with complete pore filling occurring beyond ~40 wt% DOG. The RAFT-derived membranes
exhibited superior performance when transformed into functionalized membrane electrodes with gold coatings.
In SWASV measurements, these RAFT-prepared sensors demonstrated nearly threefold higher sensitivity at
sub-ppb Pb*" concentrations compared to conventional free-radically grafted counterparts. This enhancement
was attributed to the more uniform and controllable distribution of PAA brushes within the nanochannels,
optimizing both metal ion binding capacity and subsequent electrochemical detection efficiency. These devel-
opments underscore how controlled polymerization techniques like RAFT can unlock new potential in TeM-
based sensors. Controlled surface modification methods such as RAFT-mediated graft copolymerization allow
for precise tuning of polymer brush structures within nanochannels, including adjustments to chain length and
grafting density. These carefully modified surfaces can significantly enhance properties like adsorption capac-
ity, electrochemical response, and fluid flow behavior. As techniques for surface modification continue to
progress, the improvements in sensitivity and selectivity will follow. Integrating these approaches with ad-
vanced electrode materials and tailored pore geometries could further boost performance.
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Another example of multicomponent graft copolymer-modified TeMs was reported by Zdorovets et al.,
who employed UV-induced graft copolymerization technique to functionalize PET TeMs with PAA and
poly(4-vinylpyridine) (P4VPy) [47]. This approach enabled the creation of membranes with tailored chelating
properties, where AA provided carboxyl groups for cation exchange, while 4-VPy introduced nitrogen-con-
taining ligands for enhanced metal coordination. The optimal performance was achieved with copolymer-
grafted membranes (PET TeMs-g-P4VPy/PAA), which demonstrated exceptional sensitivity toward Cu?*
(0.74 ug/L), Pb*" (1.13 pg/L), and Cd** (2.07 pg/L) through SWASV measurements (Fig. 4). The platinum-
coated electrodes ensured reproducible signal transduction, while the grafted polymer layers significantly im-
proved metal ion adsorption efficiency compared to unmodified TeMs.
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Figure 4. Calibration curves of peak currents for Cu?*, Cd**, and Pb?" concentration for the square wave anodic
stripping voltammetry after 30 min of adsorption in appropriate heavy metal ion solution in 0.1 M sodium acetate
electrolyte. Adapted from [47]. Copyright (2019) with permission from MDPI under CC BY 4.0 license

Another recent advance in this field was demonstrated by Zhumanazar et al. through the implementation
of RAFT polymerization for precisely controlled grafting of poly(methacrylic acid) (PMAA) on PET track-
etched membranes [48]. Unlike conventional grafting approaches, the RAFT technique enabled exact tuning
of polymer brush characteristics within the nanochannels, as illustrated in Figure 5. This controlled function-
alization strategy proved critical for optimizing both the binding capacity for Cd?* ions and the subsequent
electrochemical response characteristics [48].

Figure 5. Modification of PET TeM with PMAA. Adapted from [48].
Copyright (2021) with permission from NNC RK Bulletin under CC BY 4.0 license

The sensor fabrication followed a dual-phase approach: First, the RAFT-mediated PMAA grafting cre-
ated a uniform network of carboxyl groups along the pore walls, serving as selective binding sites for cadmium
ions. Subsequently, magnetron sputtering deposited a 40—50 nm gold layer on both membrane surfaces, trans-
forming the entire structure into a high-performance working electrode while maintaining nanochannel acces-
sibility, like previous works [47, 49, 50]. The gold coating allowed flexible configuration, with one side serving
as cathode and the other as anode during measurements. The detection protocol involved three carefully opti-
mized stages: (1) 30-minute preconcentration in Cd*" solutions (0.5-12.5 mg/L), (2) electrodeposition at —1 V
for 60 s (vs. Ag/AgCl reference) to enhance Cd° accumulation, and (3) anodic stripping voltammetry (—1 to
+1 V scan) yielding a distinct oxidation peak at —0.7 V corresponding to Cd°—Cd** conversion. The PMAA-
grafted membranes demonstrated tenfold improved sensitivity (LOD = 0.5 mg/L, R*> = 0.98) compared to un-
modified TeMs (LOD = 5.01 mg/L, R* = 0.985).
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Building upon these developments, Korolkov et al. explored photograft polymerization of methacrylic
acid (MAA) followed by interpolyelectrolyte complex formation with poly(allylamine) (PAIAm) to further
enhance sensor performance [51]. The resulting membranes exhibited a threefold improvement in Pb** detec-
tion limits (1.25 pg/L) compared to unmodified TeMs (3.03 pg/L), attributed to the synergistic effects of the
carboxyl-rich PMAA brushes and the amine-containing PAIAm complexes. This work underscored the im-
portance of multilayer surface engineering in optimizing heavy metal ion sensors.

Collectively, these studies demonstrate the remarkable versatility of TeM-based sensors for environmen-
tal monitoring. Through strategic combinations of nanochannel engineering, surface functionalization, and
electrochemical detection methods, researchers have achieved promising sensitivity and selectivity for toxic
metal ions. The ongoing development of surface modification techniques, well-defined grafting methods, hy-
brid nanomaterials, and optimized detection protocols continues to push the boundaries of what’s possible in
this critical field, offering promising solutions for real-world environmental and biomedical applications.

2.3 TeM-Based Biosensors

Biosensors based on TeMs have become an emerging tool in analytical research, merging the well-de-
fined structure of nanochannels with selective biorecognition functionalities. The ability to decorate membrane
pores with biologically active components, such as nucleic acid sequences, enzymes, or antibodies, has un-
locked applications in diagnostics, environmental monitoring, and food safety. These biofunctionalized inter-
faces offer high specificity and can be adapted for both electrochemical and optical detection platforms. Their
structural uniformity and chemical modification potential position TeMs as highly adaptable scaffolds for tai-
lored biosensing devices.

An important study by Laucirica et al. represents a significant advancement in neurotransmitter detection
technology through their development of a dopamine-responsive iontronic device [52]. This innovative bio-
sensor utilized bullet-shaped single nanochannels in PET membranes that were carefully functionalized with
poly(3-aminobenzylamine) (PABA). The key innovation lies in the PABA modification, which introduces pH-
sensitive amino-pendant groups along the inner channel surface. These functional groups enable remarkable
reversible switching of charge carrier selectivity — shifting from anion-dominated transport under acidic con-
ditions to cation-selective behavior in basic environments. The biosensor demonstrated exceptional perfor-
mance in dopamine (DA) detection, achieving sub-nanomolar sensitivity while maintaining excellent specific-
ity against common interferents like ascorbic acid and urea. The working mechanism involves dopamine mol-
ecules binding to the immobilized PABA chains, which subsequently alters the nanochannel’s current rectifi-
cation properties in a concentration-dependent manner. Detailed binding analysis revealed a clear correlation
between rectification efficiency and dopamine concentration, following a well-defined binding isotherm
model. This system not only provides a robust platform for neurotransmitter monitoring but also establishes a
generalizable approach for developing other neurotransmitter-specific biosensors

Ali et al. developed an ingenious chiral biosensor platform using modified conical PET nanopores [53].
Their design creatively combines mussel-inspired surface chemistry with protein-based molecular recognition.
The fabrication process involves steps of polydopamine (PDA) coating through immersion in dopamine solu-
tion (2 mg/mL in Tris buffer, pH 8.5) and covalent immobilization of bovine serum albumin (BSA) via Michael
addition between PDA's benzoquinone groups and BSA’s amine residues (2 mg/mL in PBS, pH 8.0). The
current-voltage profiles of these modified nanochannels change markedly upon L-tryptophan binding over a
concentration range of 100 uM to 1.5 mM, while showing negligible response to the D-enantiomer or other
amino acids. This configuration highlights the potential of TeM-based biosensors for enantioselective detec-
tion in pharmaceutical and biochemical analysis.

The field of immunological detection has seen remarkable advances through TeM-based architectures.
Ahlawat et al. developed a sophisticated microfluidic electrochemical biosensor using gold-coated polycar-
bonate TeMs [54]. This system features a multi-layered design where the gold nanolayer is first modified
through thiol chemistry, followed by EDC/NHS coupling to immobilize anti-mesothelin antibodies. The bio-
sensor’s performance is exceptional, detecting mesothelin antigen across an astonishing concentration range
from 100 ng/mL down to 10 attograms/mL (ag/mL). Sensitivity analysis revealed pore-size dependent detec-
tion capabilities, with 50-nm pores achieving 0.011 ag mL™' cm™' sensitivity, while 80-nm and 100-nm pores
showed 0.027 and 0.017 ag mL'em™, respectively. The sensor’s stability outperforms conventional electro-
chemical tools, maintaining consistent performance over extended operational periods.

Parallel work by Habtamu et al. demonstrated another innovative approach for antibody detection [33].
Their electrochemical immunosensor employs gold nanoelectrode ensembles (NEEs) assembled on
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polycarbonate track-etched membranes. The system utilizes tissue transglutaminase for capturing anti-tTG
antibodies, followed by detection with HRP-labeled secondary antibodies in the presence of H>O,/hydroqui-
none. This design achieves a low detection limit of 1.8 ng/mL for anti-tTG antibodies, with robust selectivity
and reproducibility that matches traditional diagnostic methods for celiac disease. The platform’s diagnostic
accuracy, combined with its potential for miniaturization, makes it particularly valuable for clinical applica-
tions.

TeM biosensors have found unexpected applications in art conservation through the work of Gaetani et al.
[55]. Their nanoelectrode ensemble platform was specifically designed to detect ovalbumin (OVA) in histori-
cal artworks, where it serves as a binding agent in photographic prints and tempera paintings. The detection
mechanism involves capturing OVA from aqueous extracts, followed by reaction with glucose oxidase (GOx)-
labeled anti-OVA antibodies. When exposed to glucose and a redox mediator, the system generates a charac-
teristic electrocatalytic current. The voltammetric response shows distinct patterns — the mediator’s redox
peaks diminish while a new catalytic current appears, unambiguously indicating OV A presence. This method
has proven particularly valuable for distinguishing between egg white and egg yolk tempera in artworks,
providing art conservators with a reliable alternative to FTIR-ATR techniques.

Mizuguchi and colleagues have made significant contributions to flow-based TeM biosensors through
two notable designs. Their first innovation was a dual-electrode coulometric detector for microbore
HPLC [56]. The system uses platinum-sputtered track-etched membranes (0.40 um pores, 13 % porosity,
10 um thickness) arranged in alternating working (2 mm-wide) and counter (6 mm-wide) electrode configura-
tions. The unique flow cell design, with a 0.1 mm diameter inlet channel, creates an extremely small detection
volume (0.08 nL per electrode). This architecture achieves near-complete electrolysis conversion below
50 pL/min flow rates, enabling sensitive detection of catecholamines — 0.1 uM for noradrenaline and adren-
aline, and 0.2 uM for dopamine.

Their subsequent work introduced an enzyme-free uric acid biosensor using track-etched membrane elec-
trodes (TEMESs) [57]. The system incorporates several innovative features: gold-sputtered TEMEs modified
with acetylene black catalyst for enhanced sensitivity, and 2-aminoethanethiol-modified Au-TEMEs as pre-
reactor electrodes to eliminate ascorbic acid interference. In flow-injection analysis mode, the biosensor
achieves 0.6 pM detection limits for uric acid, with excellent recovery rates in human urine samples. This
design establishes an important precedent for non-enzymatic flow-based sensors with improved selectivity.
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Figure 6. Electrical hybrid nanopore device integrating solid-state nanopores with bacterial
binding proteins for the high-affinity detection of phosphonates. Adapted from [58].
Copyright (2020) with permission from American Chemical Society

Bernhard et al. developed a groundbreaking hybrid nanopore device that combines the best features of
biological recognition and solid-state stability [58]. Their system integrates phosphonate-binding protein PhnD
with P(DMAA-co-NMAS) polymers inside single PET nanopores (Fig. 6). The sensor demonstrates remarka-
ble affinity differences; 27 nM for 2-aminoethylphosphonate (2AEP) versus 373 nM for ethylphosphonate
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(EP). Compared to conventional ion chromatography or pulsed amperometric detection, this approach im-
proves detection limits by factors of 100-1000. The device operates by producing distinct current changes
when target phosphonates bind to the immobilized PhnD, enabling real-time monitoring with high specificity.
This work represents a significant step toward practical, miniaturized electrical devices for environmental
monitoring.

The non-enzymatic glucose sensor developed by Shakayeva et al. demonstrates the versatility of the TeM
platform [59]. The fabrication involves multiple sophisticated steps: initial grafting of 2-hydroxyethylmethac-
rylate (HEMA), formation of polyelectrolyte complexes with poly(allylamine) (PAIAm), and functionalization
with 4-mercaptophenylboronic acid (MPBA). The MPBA’s B-OH groups interact with glucose, while its thiol
groups anchor gold nanoparticles deposited via magnetron sputtering. Square wave voltammetry analysis re-
veals a linear response from 0.1 mM to 8 mM glucose, with 0.1 mM detection limits (R? = 0.999). The sensors
demonstrate excellent reproducibility and selectivity against metal ions and ascorbic acid, performing reliably
in complex matrices like apple juice and human serum.

The Kukushkin research group has made significant contributions to viral detection through their inno-
vative work on aptamer-functionalized track-etched membranes [56, 57]. Their initial study [60] investigated
the robustness of aptamer-coated membranes with nanostructured silver layers for influenza A/B virus detec-
tion. While the SERS-active silver nanoislands showed promising enhancement properties, they demonstrated
limited stability in biological fluids following aptamer functionalization and virus exposure. Detailed analysis
revealed that the strong binding affinity between influenza A viruses and their specific aptamers actually com-
promised sensor stability; the virus-aptamer interaction energy exceeded the adhesion forces between nano-
particles and membrane surface, leading to displacement of aptamer-functionalized nanoparticles from the
sensor interface.

To address these challenges, the team developed an improved chromium-silver coating architecture. This
modified design significantly enhanced fluorescence signals from Cyanine-3-labeled aptamers, although it did
not support SERS applications. The chromium interlayer improved coating adhesion and stability while main-
taining the optical enhancement properties crucial for detection. Building on these findings, Kukushkin et al.
subsequently refined their approach through a redesigned aptasensor configuration [61]. The key innovation
involved transitioning from two separate aptamers to a single, double-labeled aptamer molecule incorporating
both thiol anchoring groups and Cyanine-3 fluorescent reporters. This simplified architecture provided several
advantages, including reduced system complexity by eliminating intermolecular coupling effects, enhanced
reproducibility through more consistent aptamer orientation, and potential for lower detection limits by mini-
mizing non-specific interactions. The study systematically investigated optimal approaches for presenting
SERS-active compounds at the membrane interface and characterized analyte-induced changes in both surface-
enhanced Raman and fluorescence spectra. These investigations confirmed the sensor’s ability to detect influ-
enza A virus with remarkable sensitivity, achieving limits of detection (LOD) 10—-100 times lower than con-
ventional RT-PCR methods. The platform offers exceptional value for rapid testing applications, with esti-
mated costs around $0.50 per test and significantly streamlined procedural requirements compared to standard
diagnostic methods. However, the current requirement for Raman spectroscopy readout remains a limitation
for point-of-care deployment.

A comprehensive 2020 review highlighted significant advancements in developing protein-based nano-
tubes (NTs) for applications in molecule capture, enzyme reactions, and virus/bacteria trapping [62]. The re-
view particularly emphasized the advantages of layer-by-layer (LbL) assembly techniques using nanoporous
polycarbonate (PC) membranes as templates. Komatsu (2020) stressed that the wet-template-assisted LbL pro-
cedure offers unparalleled flexibility in designing each layer of the nanotube structure. This approach was
successfully implemented in several groundbreaking studies, including one focusing on Hepatitis B virus
(HBV) trapping [63]. Researchers developed human serum albumin (HSA)-based nanotubes with HBsAb an-
tibodies incorporated in the outer layer, using poly-L-arginine (PLA) as an intermediate layer. This architecture
achieved an exceptional 99.9 % trapping ratio after incubation. Similar impressive results were obtained for
bacterial capture, with the system demonstrating -7 log reduction for E. coli and -5.0 log reduction for influenza
A virus [64, 65]. These studies collectively illustrate the powerful synergy between biological recognition
elements and engineered material systems in creating advanced pathogen capture platforms.

The COVID-19 pandemic drove innovative adaptations of TeM technology, particularly in the develop-
ment of the TEMFIS platform (track-etched microporous membrane filtration microplate with optical fiber
immunosensing) for detecting SARS-CoV-2 neutralizing antibodies (NAbs) [66]. This sophisticated system
combines several key components: a track-etched microporous membrane filtration microplate for sample
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processing, optical fibers for signal transmission, and a smartphone-based reader platform. The surrogate virus
neutralization test developed on the TEMFIS platform (TEMFIS-sVNT) showed very high performance in
practice. It delivered highly consistent results, with low variability between runs (intra-assay CV under 9 %,
inter-assay CV under 14 %), and demonstrated strong clinical sensitivity. It detected antibodies in 92.68 % of
COVID-19 patients and 76 % of vaccinated individuals. Impressively, it showed 100 % specificity in healthy
controls. Unlike conventional methods such as ELISA-based sVNT or pseudovirus neutralization tests, this
system doesn’t require live viruses or cell cultures, which simplifies things greatly. It runs as a single-step
procedure and works well in portable formats, making it ideal for point-of-care testing. Not only does it meet
the urgent demand for quick and reliable immunity checks after infection or vaccination, but it also holds
promise for broader use in detecting immunity against other infectious diseases down the line.

A recent example in TeM biosensor technology involves innovative wearable applications addressing
critical challenges in skin-interfaced sensors, as demonstrated by Zhao et al. [67]. Their research focuses on
developing high-performance, breathable electronic interfaces using precisely engineered track-etched mem-
branes. The fabrication process employs controlled ion bombardment techniques to create membranes with
smooth surfaces and precisely adjustable pore structures, enabling fine control over permeability, functionality,
and durability. Membranes with pore diameters around 12.6 pm exhibit superior breathability and moisture
management, with air flow (190.6 mm.s™!) and water vapor transmission (2051 g.m2.day ') rates surpassing
many commercial alternatives. These properties outperform many commercial membranes, enabling the de-
velopment of comfortable, on-skin sensors for continuous physiological monitoring. These sensors can effec-
tively monitor body movements and capture bioelectrical signals like ECG for heart activity and EMG for
muscle function. Their ability to manage heat and wick away sweat makes them more suitable for extended
use.

In diagnostics, TeMs have shown strong potential for detecting nucleic acids. When modified with DNA
or RNA probes, their narrow channels improve molecular interactions, enabling highly sensitive detection of
disease markers. This makes them useful for early diagnosis, point-of-care tests, and liquid biopsies. TeMs
have also been used to detect proteins, neurotransmitters, and pathogens. During the COVID-19 pandemic,
they enabled fast and accurate antibody testing, showing their value in urgent health situations. Going forward,
efforts should focus on improving fabrication and standardization to bring these sensors from the lab to real-
world applications.

3 Conclusions

Track-etched membranes (TeMs) have demonstrated remarkable potential as versatile sensing platforms,
combining precisely engineered nanoarchitectures with robust polymer matrices. Previous works consistently
highlight three key advantages of TeM-based sensors: (1) exceptional modularity through diverse surface func-
tionalization approaches, (2) outstanding chemical and mechanical stability across operational conditions, and
(3) scalable fabrication potential from single-pore devices to large-area membranes. The demonstrated success
of TeM-based systems across healthcare diagnostics, environmental monitoring, and industrial applications
underscores their remarkable adaptability and performance reliability.

TeMs have a promising potential especially in biomedical fields, largely thanks to their natural biocom-
patibility and ability to work well with complex biological environments. By attaching DNA or RNA probes,
protein-binding molecules, or even whole-cell capture elements, researchers have managed to create sensors
that can detect various markers ranging from individual biomolecules to pathogens. Some of the most advanced
TeM-based sensors can detect nucleic acids at attomolar concentrations, an impressive level of sensitivity that
makes them ideal for early disease detection and precise diagnostics.

Despite these advancements, there are still some real-world challenges to address before these sensors
become a part of everyday medical or commercial use. One major issue is keeping them stable and functional
over long periods, especially in clinical or outdoor settings where conditions can vary. Another one is ensuring
consistency; as biological elements like enzymes or aptamers are involved, small differences between batches
can impact performance. Wearable formats have their own problems too, such as contamination, mechanical
wear, and sweat can all degrade accuracy. Therefore, there’s a clear need for antifouling surfaces and flexible
but tough TeM materials.

To move forward, it’s necessary to advance smart designs, scalable manufacturing methods, and tight
integration with electronics. As this review highlighted, the scientific groundwork is already strong. With the
right engineering, TeM-based sensors could have a big impact in fields ranging from healthcare to environ-
mental monitoring. The coming years will be crucial for translating these promising laboratory achievements
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into tangible solutions that address real-world challenges in healthcare, environmental protection, and indus-
trial quality control.
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Advancing Functionalized Track-Etched Membranes:
Composite and Hybrid Materials through the JINR—South Africa Partnership

Track-etched polymer membranes (TeMs) are precision porous materials widely applied in water purification,
sensing, and catalysis. However, their practical use is limited by hydrophobicity, fouling, and lack of functional
activity. The purpose of this review is to synthesize the outcomes of the long-standing collaboration between
South African institutions and the Flerov Laboratory of Nuclear Reactions of the Joint Institute for Nuclear
Research in Dubna, Russia (FLNR, JINR), highlighting their contribution to overcoming these challenges. The
objective is to present a focused survey of advances in TeMs functionalization, contextualized within global
progress, and to assess their implications for applied membrane science. The methodology involved a structured
literature survey (2007-2025) across Scopus, Web of Science, and Google Scholar, combined with critical
evaluation of collaborative outputs. Emphasis was placed on peer-reviewed studies of metal sputtering, chem-
ical grafting, and electrospun nanofiber composites. Results indicate that these approaches improve TeMs per-
formance by enhancing hydrophilicity, mechanical stability, and catalytic or sensing functionality. Case studies
include Ti/TiO2 coatings for self-cleaning membranes, silver/gold nanoparticle-modified TeMs for surface-
enhanced Raman spectroscopy, and nanofiber/TeMs hybrids for pollutant adsorption. In conclusion, the JINR
— South Africa partnership demonstrates how targeted international collaboration can deliver impactful tech-
nologies. Future research should prioritize stimuli-responsive “smart” membranes, MOF-integrated hybrids,
and roll-to-roll scale-up for industrial deployment.
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1 Introduction

Membranes created by ion track etching are distinguished by uniformly sized, engineered nanopores
formed via energetic heavy particle irradiation and chemical etching [1]. Polyethylene terephthalate (PET) is
commonly used due to its mechanical and chemical stability, yielding TeMs with precisely controlled pore
diameters, densities, and geometries [2, 3]. These unique structural features give TeMs advantages over con-
ventional membranes — notably, well-defined pore architecture and narrow pore size distribution — enabling
predictable transport and filtration properties [4]. TeMs have found diverse applications, from biomedical uses
(virus filtration, plasmapheresis) to environmental monitoring and ultra-fine filtration. In particular, they are
employed for high-purity filtration of air and liquids (including drinking water purification), as templates for
nanomaterial synthesis, and as model membranes for fundamental studies [5].

While pristine track-etched membranes (TeMs) have exceptional precision and well-defined pore struc-
tures, their surface properties do not meet requirements of many applications, which leads, for instance, to
susceptibility to fouling by organic compounds during filtration [6, 7]. Recognizing these inherent limitations,
researchers have actively pursued strategies to enhance membrane functionality and broaden their practical
applications [5, 8]. Over the past decade, significant progress has been made by introducing functional surface
modifications and developing composite fabrication techniques. By incorporating functional materials such as
metal thin films, nanoparticles (NPs), and polymer nanofibers onto TeMs, membranes have gained valuable
new attributes, including improved hydrophilicity, catalytic capabilities, selective permeability, and responsive
behaviours. These enhanced membranes, known as composite track-etched membranes (CTeMs), represent an
exciting and rapidly growing category of high-performance materials. CTeMs effectively combine the precise
pore control of traditional TeMs with innovative surface chemistries and functionalities, enabling broader and
more impactful real-world applications.

This review focuses on advances in functionalized TeMs achieved through the JINR—South Africa part-
nership, alongside relevant external developments, from 2007 onward. South African scientists have collabo-
rated with FLNR (JINR) to access heavy ion irradiation facilities and expertise in track-etch technology.
Through this partnership, a series of studies has produced composite and hybrid membranes tailored for water
purification, catalysis, and sensing applications. We first outline the SA—FLNR collaborative framework and
major co-authored works. We then discuss key advances in TeMs modification techniques (metal sputter-
coating, chemical functionalization, nanofiber layering, etc.) and the resulting membrane performance im-
provements [3]. Next, we highlight how these functional membranes have been applied in areas such as water
treatment (pollutant degradation, fouling mitigation), and chemical sensing (e.g. detecting trace contaminants).
Finally, we identify gaps in the current reference set — for instance, applications like oil-water separation or
emerging fabrication methods like stimuli-responsive grafting — and recommend recent high-quality refer-
ences to bridge these gaps.

By drawing together results from both the SA—-FLNR collaboration and complementary international
studies, this article offers a clear overview of the state-of-the-art in functionalised track-etched membranes. It
highlights how joint research has advanced the field, while also identifying promising directions for future
development. The review focuses mainly on water purification and sensing applications, but also considers
emerging opportunities in catalysis, environmental monitoring, and biomedical use. To achieve this, we com-
bined a systematic review of published literature with an assessment of experimental approaches developed
within the JINR—South Africa partnership [9-13]. This dual perspective — combining a structured literature
survey with collaborative experimental insights — sets the stage for the Methodology section, where we out-
line the review process and inclusion criteria in detail.

2 Methodology

This article combines a systematic review of published literature with an overview of experimental ap-
proaches developed through the JINR—South Africa partnership.

The relevance of developments in the field of composite and hybrid nanomaterials is driven by the grow-
ing demand for high-performance filtration, separation, and adsorption technologies. The research of the team
of authors focuses on the creation of track membranes (TeMs) with new functional properties by modifying
the hydrophilic-hydrophobic balance of the surface, imparting photocatalytic activity, and creating specific
selectivity. These properties are in demand in applications such as water desalination, rare earth extraction,
radioactive contaminant purification, and rapid virus detection. TeMs modified with nanomaterials open up
perspectives for innovative solutions in membrane technologies and medicine.
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Our primary research goal is to enhance the performance and versatility of TeMs. Magnetron sputtering
and electrospinning techniques provide a targeted and precisely controlled modification of the TeMs surface.
Their use opens the way to the creation of composite and hybrid membranes with tailored functionalities,
including increased durability, selective adsorption, and resistance to fouling, making them promising candi-
dates for water purification, biotechnology, and medicine. Figure 1 summarises the concept and approaches
developed in the articles to create new functional TeMs.

Composite and Hybrid Functional
Nanomaterials Based on Track
Membranes

Sequential Surface Modification

Nanoparticles

e Magnetron Sputtering X e Wet Chemical Methods
e Photocatalytic e Plasmonic Nanoparticles: Ag, Au
o M/MOx TAg,

» Reactive TiO: Deposition * Self-Cleaning

Nanolayers

Membrane Application

4
Membrane Application

Electrospinning e SERS Sensors
Membrane Application

o Nanofibers:

e Chitosan o Water Purification
e PET e Wound Dressing
s PVDF

Figure 1. Conceptual schematic summarising functionalisation strategies for track-etched membranes (TeMs) —
thin-film sputtering, chemical grafting/nanoparticle immobilisation, and nanofiber electrospinning —
and their translation into key application domains

In addition to presenting the outcomes of our collaborative research, this paper follows the structure of a
review article. Literature was systematically surveyed in Scopus, Web of Science, and Google Scholar using
the keywords “track-etched membranes,” “functionalization,” “composite membranes,” “hybrid materials,”
and “JINR South Africa collaboration.” Publications between 2007 and 2025 were prioritised to capture the
full span of the partnership’s activities, with emphasis on peer-reviewed articles co-authored by South African
and JINR researchers. To contextualise these works within global trends, additional high-quality international
studies were included. Selection criteria excluded non-peer-reviewed reports, conference abstracts without full
papers, and duplicated references. This methodological approach ensures that the review is both comprehen-
sive and focused, while minimising redundancy and misaligned citations. Having established the review pro-
cess, we next turn to the specific outputs of the JINR—South Africa partnership, beginning with an overview
of its origins and representative collaborative works (Section 3).

3 South Africa — FLNR, JINR Collaboration Overview

3.1 Origins and Framework

Cooperation between South African research institutions and JINR’s FLNR began in the mid-2000s under
bilateral agreements to build capacity in nuclear science and materials research. A notable milestone was the
5th South African—JINR Symposium in 2007, where prospects for using FLNR’s heavy ion accelerators for
materials applications (including membrane fabrication) were discussed [14]. These discussions laid the
groundwork for joint projects leveraging FLNR’s heavy-ion track technology and South Africa’s applied
chemistry and nanotechnology expertise. In practice, FLNR’s cyclotrons in Dubna irradiate polymer films
(often PET) to produce latent tracks, which are then chemically etched to form membranes with prescribed
pore sizes and densities [2]. South African students and researchers have actively participated in this process,
obtaining TeMs samples for further modification and testing in local laboratories. This section highlights rep-
resentative publications co-authored by SA and FLNR researchers, underscoring the collaborative achieve-
ments.
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3.2 Metal Sputtering for Functional Coatings

One major collaborative thrust has been the deposition of metal/metal oxide thin films onto TeMs to alter
surface properties. Rossouw et al. demonstrated this approach by planar magnetron sputtering of titanium (T1)
and titanium dioxide (TiO;) onto PET TeMs [14], see Figure 2.

Figure 2. SEM and AFM images of PET track-etched membranes sputter-coated
with titanium/titanium dioxide (Ti/TiO,). Coated samples show uniform pore-wall coverage
while preserving circular geometry, confirming functionalisation without pore blockage.
(a) pristine TeMs, (b) Ti-coated TeMs, (¢) TiO>—Ti-coated TeMs.
Reprinted from [15]. Copyright (2021) with permission from Elsevier

The Ti/TiO,-coated membranes exhibited dramatically improved hydrophilicity — water contact angle
dropped from ~72° (untreated PET) to ~43—45° after coating — and acquired photocatalytic activity under UV
light [15]. These hydrophilic, self-cleaning surfaces mitigate organic fouling, a key issue in filtration [16, 17].
The study, published in 2021, was co-authored by researchers from JINR and South Africa (including Stellen-
bosch engineers and University of Western Cape chemists), reflecting a true partnership [15].

Notably, the TeMs themselves were produced at FLNR and then modified via sputtering to create hybrid
membranes with a durable TiO; active layer. This work established that industrial sputtering is a viable method
to functionalize porous polymer supports without occluding their pores [18], and it inspired follow-up efforts
to scale up the coating process (see Future Directions).

3.3 Electrospun Nanofiber—Track Membrane Composites

The partnership has also explored integrating TeMs with nanofibrous layers to create hierarchical com-
posites. Pereao et al. fabricated composite membranes by electrospinning chitosan/polyethylene oxide
(CS/PEO) nanofibers directly onto a Ti-sputter-coated PET track-etched membrane [19, 20], see Figure 3.
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Figure 3. SEM micrographs of electrospun chitosan/polyethylene oxide (CS/PEO) nanofibers deposited
on Ti-coated PET track-etched membranes. Cross-sectional images reveal hierarchical dual-scale porosity,
with a nanofiber mat atop micron-scale track pores, enhancing adsorption, hydrophilicity, and mechanical stability.
Reprinted from [19]. Copyright (2021) with permission from Elsevier

The Ti coating (deposited at FLNR) made the PET membrane electrically conductive and thus able to
serve as the grounded collector for electrospinning. The resulting CS-nanofiber/Ti—PET composite exhibited
a high surface area and new functionality: the chitosan nanofibers provide active adsorption sites and hydro-
philicity, while the TeMs provide mechanical support and controlled microporosity. The authors demonstrated
the composite’s potential in water treatment, showing that it is stable in water (after crosslinking) and non-
toxic to model aquatic organisms (Daphnia magna), indicating suitability for environmental use. They sug-
gested such composites could be used as affinity membranes for capturing toxic heavy metals or organic pol-
lutants from water [21]. This study [19] again involved JINR scientists (who provided irradiated PET films
and technical expertise) and South African researchers who performed the electrospinning and application
testing. It underscores a key collaborative achievement: combining two advanced fabrication techniques —
ion track etching and electrospinning — to engineer a multifunctional membrane. Building on this, a 2025
follow-up by Bode-Aluko et al. extended the concept to nano-micro composite membranes by depositing dif-
ferent polymer nanofibers (polyamide-6 and polyacrylonitrile) onto track-etched PET. That study, supported
by South Africa’s DST and including an FLNR co-author (Nechaev), demonstrated effective removal of a
model dye (Rhodamine 6G) in continuous filtration mode using the electrospun/track-etched membrane, out-
performing standalone nanofiber or track-etched filters in dye rejection [21-23].

Taken together, these three approaches — thin-film sputtering, chemical grafting with nanoparticles, and
nanofiber electrospinning — represent the main collaborative strategies of the SA-FLNR partnership. Each
introduces distinct functionalities to track-etched membranes, ranging from improved hydrophilicity and pho-
tocatalysis to catalytic sensing and enhanced adsorption. This provides a cohesive framework for understand-
ing the contribution of the partnership before situating it within the global context of membrane functionaliza-
tion in Section 4.

In summary, the SA-FLNR partnership has yielded multiple novel composite membranes: metal-coated
TeMs for anti-fouling and photocatalysis [15, 18], ligand-functionalized TeMs for nanoparticle-based sensing
[24], and nanofiber-coated TeMs for enhanced adsorption and filtration performance [19]. Each of these pro-
jects combined JINR’s track-etch materials with South Africa’s applied research strengths, resulting in co-
authored publications in international journals. The next sections delve deeper into the technological advances
and applications demonstrated in these works.
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4 Advances in Track-Etched Membrane Functionalization

To fully unlock TeMs’ potential, researchers have developed various post-etch modification techniques.
Here we detail the main approaches — physical deposition, chemical functionalization, and composite fabri-
cation — highlighting how they improve membrane performance. Collaborative SA—FLNR studies serve as
prime examples of each approach, and we compare them with external progress in the field.

4.1 Metal/Metal Oxide Thin-Film Coatings

Depositing a thin inorganic film onto a polymer membrane can dramatically alter its surface characteris-
tics without changing pore geometry too much. The Rossouw et al. study showed that a ~50—100 nm Ti/TiO»
sputtered layer endows PET TeMs with hydrophilicity and photocatalytic ability [15, 25]. Before coating, PET
is hydrophobic (contact angle ~72°) and prone to organic fouling; after coating with TiO,, the membrane
surface became hydrophilic (contact angle ~45°) and could leverage TiO,’s well-known ability to generate
reactive oxygen species under UV [15]. This means organic foulants can be more easily washed off or even
degraded (self-cleaning membrane). The pores remained mostly open and circular post-sputtering [14, 26],
indicating that planar magnetron sputtering — even in a roll-to-roll industrial setup — can uniformly coat the
membrane without clogging (a crucial feasibility point). These advances illustrate that thin-film coatings (Ti,
Cu, etc.) can introduce multiple functionalities — anti-fouling, photocatalysis, adsorption — to TeMs in a
single modification step.

4.2 Chemical Grafting and In-Pore Deposition

An alternative to physical coating is to chemically attach new functionalities, either by forming chemical
bonds on the pore walls or by template depositing materials inside pores. The SA-FLNR example of DETA
grafting followed by silver electroless deposition fits here: first, surface amine groups were grafted via ami-
nolysis of PET (introducing —NHj sites), then Ag" ions were bound and reduced to form Ag nanoparticles on
the membrane [24], see Figure 4. This two-step wet-chemical process preserved the pore structure while adding
a robust functional layer (in this case, enabling SERS and antimicrobial potential). These approaches highlight
the tunability of track-etched pores: by either covalently attaching functional molecules or growing nanostruc-
tures within the channels, one can create membranes that not only filter by size, but also carry out chemical
transformations (catalysis) or selectively bind contaminants (adsorption).

10-AgPET

Frequency in number

X
20-AgPET

o 30-AgPET

Figure 4. SEM images of silver-coated PET membranes prepared at 90 °C with 2 mL of 1 % trisodium citrate
for immobilisation times of 10 min (10-AgPET), 20 min (20-AgPET), and 30 min (30-AgPET). Corresponding
histograms show size distributions of silver nanoparticles for each sample, confirming growth in particle size
with increased immobilisation time. Reprinted from [24]. Copyright (2021) with permission from Springer Nature
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4.3 Polymer Nanofiber Layering (Hybrid Membranes)

By combining TeMs with electrospun nanofibers, researchers can create multilayer or hierarchical mem-
branes that synergistically exploit the features of each component. The collaborative works by Pereao and
Bode-Aluko are instructive — they directly electrospun nanofibers onto track-etched supports [19, 21]. The
electrospun layer (whether chitosan-based or synthetic polymer) adds a mesoporous, high-surface-area net-
work atop the TeM’s well-defined through-pores. This dual-scale porosity (nano-fiber interstices and mi-
cropores in TeMs) can enhance filtration: the nanofiber mat can capture fine particulates or adsorb dissolved
pollutants, while the underlying TeMs provide mechanical strength and a guarantee of maximum pore size
(preventing any large breakthrough particles). Indeed, Bode-Aluko et al. found that a PA6-nanofiber/PET-
TeMs composite achieved higher dye removal efficiency in continuous flow than an electrospun nanofiber
filter alone, owing to the composite’s improved permeability and support of the nanofiber layer. Another ben-
efit is versatility — different functional nanofibers can be chosen (chitosan for metal ion binding, PAN for
solvent resistance, etc.) to tailor the membrane to target contaminants. Elsewhere, researchers have developed
analogous hybrids, for example coating TeMs with a chitosan hydrogel to make a reactive adsorbent membrane
[20]. The concept of composite membranes extends to inorganic hybrids too: one can deposit materials like
graphene oxide or metal-organic frameworks (MOFs) onto TeMs to impart new functions (e.g., adsorptive or
catalytic sites) [27]. In all cases, the track-etched membrane acts as a precision scaffold that can be “decorated”
with a secondary phase, yielding a membrane with enhanced functionality while maintaining predictable flow
paths, see Figure 5.

4

e N A

Figure 5. Surface micrographs of a TeMs + Chitosan + Ni-MOF sample at various magnifications;
synthesis time: 24 h. Reprinted from [27]. Copyright (2024) with permission from Pleiades Publishing, Ltd.

Across these methods, a unifying theme is that functionalization does not sacrifice the unique order of
track-etched pores. The JINR-SA studies carefully verified pore integrity via SEM/AFM and flow measure-
ments after modifications [15, 18]. This is crucial: unlike many random-pore membranes, TeMs start with a
well-characterized structure, and effective modifications must retain that structure (or modify it in a controlled
way). The advancements above demonstrate that with the right techniques — whether physical vapor deposi-
tion, chemical grafting, or layer-by-layer assembly — one can introduce active functionality while preserving
the engineered pore network of TeMs.

In summary, Section 4 illustrates that functionalization transforms TeMs from passive size-exclusion
membranes into active, multifunctional materials. The SA—FLNR case studies stand as early demonstrations
of this concept, while international work has expanded the field toward stimuli-responsive, MOF-integrated,
and multi-scale hybrid membranes. This contextualisation strengthens the review by showing how local
achievements connect with global research trajectories.

5 Composite and Hybrid Membranes

Functionalized track-etched membranes are often described as composite or hybrid membranes, reflect-
ing their multi-material makeup. In this section, we examine the properties these composites exhibit and how
they translate into performance improvements. We draw examples from both the JINR—South Africa papers
and external literature to illustrate key points.
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5.1 Improved Hydrophilicity and Fouling Resistance

Many polymer membranes (PET, polycarbonate, etc.) are hydrophobic, causing hydrophobic organic
foulants to adsorb during filtration. Coating the TeMs with a more hydrophilic layer (whether inorganic or
polymer) can mitigate this. Rossouw et al. reported that TiO,-coated track membranes had significantly lower
water contact angles and thus were less prone to fouling by organic matter [15]. Similarly, grafting hydrophilic
polymers (like polyacrylic acid or polyvinylpyrrolidone) onto pore walls has been shown to create a hydration
layer that resists protein or oil adsorption. In composite membranes from the collaboration, the inclusion of
hydrophilic chitosan nanofibers rendered the surface much more wettable than bare PET [19, 20]. A practical
outcome is extended membrane lifespan and flux: for instance, a TiO>—Ti coated PET TeMs exhibited self-
cleaning under UV irradiation — organic foulants were photocatalytically broken down, restoring water flux.
This attribute is highly valuable in water purification systems where fouling is a primary cause of performance
decline.

5.2 Catalytic and Reactive Functions

Composites that incorporate catalytic nanomaterials enable the membrane to actively degrade pollutants.
The silver-loaded TeMs (both in the SA-FLNR SERS study and the external photocatalysis study) exemplify
this. Ndilowe et al. mainly leveraged Ag for sensing, but silver is also known for antimicrobial and catalytic
properties; a silver-coated membrane can inactivate bacteria and even catalyze reactions like dye reduction. In
the work by Mashentseva et al., Cu/CuO loaded membranes could catalytically hydrogenate nitroaromatic
pollutants (using NaBHj4 as a reducing agent) as water passed through, effectively functioning as a reactor in
addition to a filter [28]. The same membrane could adsorb arsenic ions, as CuQO is a known arsenic sorbent —
this dual functionality (adsorption + catalysis) is a clear advantage of hybridization. Another example is TiO»
coatings: beyond fouling control, TiO, under UV can oxidize organic pollutants in situ (e.g. breaking down
trace pharmaceuticals during filtration) [15]. Thus, functionalized TeMs can be designed as active membranes
that not only sieve out contaminants by size, but chemically neutralize or transform them. This expands the
role of membranes in water treatment from passive barriers to reactive interfaces.

5.3 Enhanced Selectivity and Sensitivity

By incorporating recognition elements, TeMs can achieve selectivity for certain molecules or improved
sensitivity in detection. The uniform pores of a TeMs are ideal templates for creating sensing channels; for
instance, coating conical track-etched nanopores with responsive polymer brushes yields a sensor that modu-
lates ionic current in response to specific chemical stimuli (pH, metal ions, etc.) [20]. In the SA—FLNR refer-
ences, the SERS membrane is a great illustration: the membrane acts as a sample pre-concentrator (trapping
analyte molecules on its surface) and as a SERS-active sensor, allowing trace detection of acetaminophen [24].
The limit of detection achieved (sub ppm) is competitive with lab instrument methods, yet the approach is
field-deployable by simply dipping the membrane in water and then performing Raman analysis. This shows
how hybrid membranes can serve as self-contained sensor substrates. External studies have pursued biosens-
ing: for example, Torati et al. fabricated an electrochemical sensor for DNA by depositing gold nanowire
arrays in track-etched pores and functionalizing them with DNA probes [29]. The resulting device could se-
lectively detect Mycobacterium tuberculosis DNA sequences at low concentrations — something a plain pol-
ymer membrane could never do. These cases underscore that by grafting biomolecules or nano-sensors inside
the well-defined pores, one can transform a TeMs into a highly sensitive and selective detection platform. The
collaboration hasn’t yet reported biosensing, but it has laid groundwork with the SERS chemical sensor and
could extend to biosensors in future (indeed, the partnership’s membrane was poised to detect other drugs and
hormones in water [30]].

5.4 Mechanical Stability and Throughput

One often overlooked benefit of forming composites with TeMs is mechanical reinforcement and higher
throughput. Electrospun nanofiber mats alone can be too fragile to use as standalone filters, especially at small
fiber diameters. By spinning them onto a sturdy track-etched film (23 um PET in Pereao’s case [19, 20]), the
resulting laminate can withstand handling and pressurized flow. The TeM’s regular pore structure can also
reduce flow resistance compared to a thick nanofiber mat, giving a more predictable permeance. Bode-Aluko’s
2025 results indicated that the PA6/PAN nanofiber coated TeMs maintained good permeability while achiev-
ing high dye removal, benefiting from the hierarchical porosity (nano and micro) [21]. In another external
study, track-etched membranes were used as a support for a thin selective layer in a composite nanofiltration
membrane, significantly increasing water flux due to the low tortuosity of straight-through pores [31]. This
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concept is now being applied to develop thin-film nanocomposite (TFN) membranes where TeMs serve as
support for ultra-thin selective coatings, marrying high flux of track pores with selectivity of the coating.

Taken together, these results demonstrate that composite and hybrid TeMs consistently outperform their
single-component counterparts, whether by improving fouling resistance, catalytic activity, or mechanical du-
rability. Importantly, they validate the principle that TeMs function not only as precision porous films, but also
as scaffolds that can be adapted for diverse purposes by integrating nanomaterials and polymers. This forms a
conceptual bridge between the materials-oriented innovations in Section 4 and their deployment in real-world
scenarios, discussed in Section 6.

Collectively, these examples illustrate how composite/hybrid TeMs embody the adage “the whole is
greater than the sum of its parts”. By carefully combining materials, one designs membranes that are multi-
functional — they can filter, catalyze, sense, and self-clean in one system.

6 Applications in Water Purification and Sensing

The ultimate test of these advanced membranes is in real-world applications. Two areas of particular
interest — and relevance to both South Africa and JINR’s mission — are water purification (including treat-
ment of wastewater or drinking water) and chemical sensing for environmental monitoring. The collaborative
works have direct implications for these fields, as do several external studies we consider for context.

6.1 Water Purification Applications

Access to clean water is a critical issue, and membranes play a central role in filtration-based water treat-
ment (microfiltration, ultrafiltration, etc.). Track-etched membranes, with pore sizes typically in the micro- to
sub-micron range (0.1-1 pm in many studies [15, 19]), are generally suited to microfiltration tasks like remov-
ing bacteria, protozoa, and particulate contaminants. However, by functionalizing TeMs, we can extend their
utility to removing dissolved pollutants and even killing microbes, moving into realms usually served by ad-
sorption media or chemical disinfectants.

Several of the reviewed membranes address organic pollutant removal. For instance, the TiO,-modified
PET TeMs can photocatalytically degrade organic molecules that foul the membrane surface [15, 32]. While
Rossouw et al. focused on self-cleaning rather than bulk pollutant removal, the same principle could be applied
to break down contaminants in the feed water (e.g., pesticide residues) as it passes through a TiO»-coated
membrane under UV illumination. In a South African context, where rural water may contain organic pollu-
tants and limited infrastructure exists for advanced oxidation, such a membrane could provide a passive means
of continuous water detoxification using sunlight. Expanding on photocatalysis, the silver microtubule PET
membranes demonstrated complete decomposition of methylene blue dye under visible light [33], indicating
that functional TeMs can harness even solar visible spectrum for water remediation. Dyes such as methylene
blue or rhodamine are models for textile wastewater pollutants; the composite membranes loaded with Ag or
CuO not only filtered these dyes but actively degraded them [28], achieving higher removal efficiency than
size-exclusion alone.

Another pollutant class is heavy metals. While a plain PET membrane would not remove metal ions (they
pass through the pores), a functionalized one can. The chitosan nanofiber composite is a prime example: chi-
tosan’s amine and hydroxyl groups have strong affinity for metal cations (e.g. Pb*", Cd*', [34, 35]). A CS-
coated TeMs can thus serve as a binding membrane to strip metals from water. Pereao et al. suggested their
CS/PEO-Ti/PET membrane could target toxic metals [32, 36, 37], and indeed chitosan-based filters are known
to chelate metals effectively. In external work, poly(acrylic acid)-grafted TeMs loaded with iron oxide NPs
have been used to adsorb arsenic and chromium from wastewater, functioning as a hybrid ion-exchange mem-
brane [38]. The Cu/CuO-TeMs by Mashentseva et al. similarly achieved As(IIl) removal to meet <0.05 mg/L
levels, which is the WHO guideline for arsenic in drinking water [28]. These capabilities are especially relevant
to regions facing heavy metal contamination (e.g., mining-impacted waters in Southern Africa). A track-etched
membrane functionalized for metal uptake could be deployed as a point-of-use filter that not only sieves out
sediment and microbes but also scavenges dissolved metals — a multifaceted approach to water purification.
Moreover, the same principle of functionalizing nanofibers can be applied to selectively recover metals of
value from mixed hydrometallurgical solutions [37, 39].

Antimicrobial activity is another key application. Waterborne pathogens are traditionally removed by
microfiltration (for bacteria) and ultrafiltration (for viruses), which TeMs can handle due to precise pore con-
trol. Functionalisation, however, adds a kill mechanism. Silver-coated TeMs are intrinsically antimicrobial
because Ag" ions and nanosilver disrupt microbial cell membranes. Thus, the AgNP-functionalised TeMs
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developed in the JINR—South Africa collaboration could serve dual purposes: SERS sensing (as shown) and
disinfection. Embedding biocidal agents into track-etched filters is a viable strategy: water passing through is
both physically filtered and exposed to antimicrobial surfaces [21, 22]. Some commercial TeMs (e.g., poly-
carbonate filters) are already used for microbial analysis, and coatings could convert them into active barriers
that prevent downstream bacterial growth. While the reviewed works did not yet quantify pathogen kill, this
represents a clear and practical extension — particularly relevant to South African water treatment challenges.

6.2 Sensing Applications

Environmental sensing, especially pollutant detection in water, is a crucial application of functionalised
TeMs. The importance of developing effective methods for monitoring emerging contaminants in aquatic sys-
tems has been emphasised in several reports, including work commissioned by the Water Research Commis-
sion [30]. In this context, the JINR—South Africa collaboration provided a clear proof-of-concept with AgNP-
coated membranes applied as Surface-Enhanced Raman Spectroscopy (SERS) substrates. In this demonstra-
tion, the system enabled detection of acetaminophen at concentrations as low as 0.15 mg/L, highlighting the
potential of TeMs-based SERS platforms for trace pollutant monitoring [24]. Such devices integrate sampling
and sensing in one step: analytes are concentrated during filtration and then identified using a portable Raman
spectrometer, without complex sample preparation. This proof-of-concept illustrates how functionalised mem-
branes could be developed into field-deployable kits for monitoring pharmaceuticals, pesticides, and other
contaminants in water.

Beyond SERS, track-etched membranes can be incorporated into electrochemical sensors. For example,
a conductive track-etched membrane (such as one sputter-coated with a thin metal film) can act as a working
electrode with a well-defined porous structure. Researchers have used gold-coated TeMs to detect heavy metal
ions via anodic stripping voltammetry, with the pores facilitating rapid diffusion of ions to the electrode sur-
face. Another avenue is biosensing: functionalizing pores with aptamers or enzymes that produce a readable
signal when a target analyte is present. A notable case, as referenced earlier, is the DNA-functionalized Silver
or Au nanotube arrays for detecting specific DNA sequences (like pathogens) [24, 29, 40]. The uniform pore
geometry of TeMs yields consistent sensor response across the membrane area, which is advantageous for
reproducibility.

The South African context offers many relevant sensing targets: monitoring of emerging contaminants
(pharmaceuticals, endocrine disruptors) in water bodies, detection of pathogens, and even security applications
like detecting explosives or toxins. Functionalized TeMs can be tailored to these — for instance, a membrane
with molecularly imprinted polymer within its pores could selectively bind a pesticide and include a reporter
dye to signal its capture. The groundwork laid by the SERS membrane shows how to marry chemistry with
the TeMs platform for sensing. Given that FLNR has expertise in radiation chemistry, one future collaboration
could involve grafting radiolabelled or luminescent groups in pores to create scintillating membranes for radi-
ation sensing or radiochemical detection.

These applications highlight the dual strengths of the JINR—South Africa work: addressing urgent South
African water challenges while also contributing globally relevant sensing technologies. By linking membrane
structure directly to pollutant removal or analyte detection, the partnership illustrates how collaborative science
can translate fundamental modifications into practical outcomes. This prepares the ground for identifying gaps
and outlining future research priorities in Section 7.

In summary, water purification and sensing are being redefined by these advanced membranes. Instead
of using separate units for filtration, adsorption, and detection, multi-functional TeMs strive to do all simulta-
neously: filter out what you can, degrade or bind what you can’t filter, and even indicate what contaminants
were present. The JINR—South Africa partnership’s prototypes — photocatalytic membranes, adsorptive nan-
ofiber composites, and SERS membranes — embody this integration. In the next section, we discuss what gaps
remain in the current repertoire of references and how further research (some already underway elsewhere)
can fill those gaps, moving the technology closer to practical deployment.

7 Gaps and Future Directions

While the collection of references reviewed demonstrates significant progress, there are notable gaps and
emerging opportunities in functionalized TeMs that have not yet been fully covered by the SA—FLNR works.
Identifying these gaps is important to chart future collaboration efforts and to position the research within
global membrane science trends. Below, we outline key areas that warrant further exploration, along with
suggested high-quality references that could guide these investigations:
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7.1 Stimuli-Responsive “Smart” Membranes

None of the current SA—FLNR studies explicitly dealt with stimuli-responsive gating membranes. These
are membranes that alter their permeability in response to environmental triggers (pH, temperature, light, etc.).
Incorporating stimuli responsive polymer brushes or hydrogels into track-etched pores can create membranes
that act as on-demand valves — for instance, open at high pH and closed at low pH, useful for controlled drug
delivery or self-regulating filtration [11, 20]. Recent breakthroughs include optothermally responsive TeMs
grafted with PNIPAM-metal nanocomposites that change flow in response to light, and block copolymer
grafted TeMs that separate oil-water emulsions by switching hydrophilicity with pH [41, 42]. These “smart”
membranes represent a cutting-edge direction that the collaboration could pursue. A 2023 study by Muslimova
et al. reported a PET TeMs grafted via RAFT polymerization with a styrene/acrylic acid copolymer, achieving
tunable wettability and successful oil-water separation [42]. Integrating similar stimuli-responsive layers in
JINR-fabricated TeMs could lead to membranes that adapt to feed conditions (e.g., resisting fouling by switch-
ing to hydrophobic when oil is present, then to hydrophilic for cleaning).

7.2 Broader Application Spectrum

Beyond water pollutants and SERS sensing, track-etched membranes are also being explored for gas
separation and biomedical applications. Gas separation is challenging due to the relatively large pore size of
TeMs, but integrating ultra-thin selective coatings [43] could yield hybrid membranes suitable for vapor or gas
filtration. In life sciences, TeMs are emerging as cell culture templates or scaffolds for tissue engineering, with
their pores enabling nutrient flow and cell migration pathways [44]. They are also being investigated as artifi-
cial membranes for organ-on-chip devices [45].

Another gap relates to anti-biofouling and antimicrobial performance. While Section 6.2 highlighted the
dual use of AgNP-coated membranes developed within the South Africa—FLNR partnership, future collabora-
tive studies should directly test functionalised TeMs against bacteria and viruses under realistic conditions.
Recent reports show, for instance, that copper nanoparticle-embedded polymer membranes achieve >99 %
bacterial inactivation [46]. Incorporating such studies — alongside photocatalytic examples like visible-light
active TiO, membranes inactivating E. coli [47] — would strengthen the case for JINR—South Africa mem-
branes as comprehensive water treatment solutions.

7.3 Advanced Composite Architectures

To date, the composite membranes developed through the JINR—South Africa partnership predominantly
integrate polymers, metals, and metal oxides. However, there remains an exciting gap in incorporating emerg-
ing nanomaterials, particularly two-dimensional (2D) materials (such as graphene and MXenes) and Metal—
Organic Frameworks (MOFs) [48].

For instance, 2D nanosheets could be strategically coated onto TeMs to impart selective barrier properties
for smaller contaminants or introduce conductive functionalities. MOFs, renowned for their porous crystalline
structures, offer a promising avenue to add highly selective adsorption or catalytic sites to membranes. Recent
research demonstrated functionalizing PET track-etched membranes with Ni-based MOFs using chitosan as a
linker, significantly enhancing adsorption capacities for organic molecules [27]. Such hybrids, leveraging both
macro-porosity of TeMs and nano-porosity of MOFs, represent an exciting advancement in multi-scale filtra-
tion technology. This type of integration is underrepresented in current collaboration literature, marking a
logical next step for future collaborative studies.

7.4 Scale-Up and Practical Deployment

Beyond material composition innovations, scaling the fabrication of functionalized TeMs from laboratory
to practical, real-world applications remains a critical challenge. The collaboration has begun addressing this
with initiatives such as Rossouw’s pioneering work on roll-to-roll sputtering methods, explicitly aimed at
achieving continuous, industrial-scale production of functionalized membranes [18]. However, practical scale-
up strategies and methods remain largely underrepresented in the current body of references.

Future studies should prioritize pilot-scale demonstrations, including the production and field-testing of
larger-scale (e.g., square-meter) rolls of functionalized track membranes. Such membranes could be evaluated
in realistic operational environments, such as integrated water treatment modules or in sensor cartridge con-
figurations for environmental monitoring. A pivotal reference in this context is [18] study on the industrial-
scale production and integration of track membranes into practical devices, providing valuable engineering
insights and guidance on large-scale manufacturing and handling.
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Furthermore, addressing economic and lifecycle considerations, such as coating durability, membrane
regeneration strategies, and fouling resistance under realistic water conditions, is essential yet currently miss-
ing from the collaboration’s literature. Incorporating perspectives from environmental engineering literature,
such as studies on long-term ultrafiltration membrane fouling by Lee et al. from 2017, will be crucial for
ensuring the next generation of functional TeMs are both effective and practically viable [49].

7.5 Infrastructure Development

Complementing material and process innovations, infrastructure enhancements are also central to advanc-
ing functionalized track-etched membrane research. In South Africa, iThemba LABS provides a unique na-
tional platform that supports both nuclear science and applied materials studies. Its cyclotron facilities, origi-
nally established for nuclear physics and medical isotope production, also offer ion-beam capabilities that can
be adapted for track-etch membrane fabrication and modification. Beyond beamlines, iThemba LABS houses
complementary facilities such as cleanrooms for sample preparation, thin-film deposition equipment, and ad-
vanced characterization instruments (SEM, RBS, PIXE), which are critical for developing and testing mem-
brane materials.

Importantly, iThemba LABS is not only a research hub but also a training environment, where South
African students and researchers gain hands-on experience with ion beam techniques and materials science
applications. In this way, it complements JINR’s infrastructure in Dubna, enabling a bilateral pathway where
membranes can be fabricated, modified, and tested across both sites. Strengthening this integration provides
opportunities to expand the collaborative outputs of JINR and South Africa, and lays the foundation for scaling
laboratory innovations toward real-world applications.

7.6 Outlook

The gaps we have identified also point to exciting opportunities for future work. Track-etched membranes
are moving toward becoming smarter, easier to produce on a larger scale, and increasingly tailored for specific
applications. By introducing responsive grafting methods [50], exploring the potential of new nanomaterials
[50], and focusing on practical scale-up [27], the JINR—South Africa partnership can continue to play a leading
role in this field. If these directions are pursued, functionalized membranes could take on a much wider range
of challenges — from simple, self-cleaning water filters to compact “lab-on-membrane” systems for environ-
mental monitoring — helping to push membrane technology into its next stage of development.

In sum, Section 7 highlights both the unmet challenges and promising opportunities that remain for func-
tionalized TeMs. By identifying where the SA—FLNR partnership can contribute — such as in smart mem-
branes, MOF and 2D hybrids, and pilot-scale roll-to-roll fabrication — the discussion provides a forward-
looking framework that connects naturally to the overall conclusions in Section 8.

8 Conclusions

In conclusion, the JINR—South Africa partnership has become a notable contributor to membrane science,
marrying fundamental research (ion track physics, surface chemistry) with pressing applied needs (clean water
and environmental sensing). The composite and hybrid TeMs developed under this collaboration illustrate the
power of international cooperation in addressing multidisciplinary challenges. By continuing to fill knowledge
gaps — adopting intelligent polymer grafts, exploring new composites like MOF@TeMs, and focusing on
pilot-scale production — the partnership is poised to drive further innovations in functional membranes. These
advanced membranes have the potential not only to improve water quality and analytical detection in South
Africa and the Eurasian region, but also to serve as globally relevant solutions in the quest for sustainable and
smart water treatment technologies.

The joint efforts of JINR’s FLNR and South African researchers over the past ~15 years have significantly
advanced the field of functionalized track-etched membranes. By uniting the precision of ion-track nanotech-
nology with innovative chemistry and nanomaterials engineering, this partnership has produced composite
membranes that transcend the traditional role of passive filtration. These works represent a cycle of intercon-
nected studies in which diverse methods for fabricating nanostructured track membranes were tested under
real conditions and their efficiency confirmed, with results published in highly cited Russian and international
journals.

Key outcomes include:

— Hydrophilic, antifouling membranes via metal oxide coatings, which maintain high flux and self-clean-

ing properties, showing promise for more sustainable water filtration;
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— Catalytically active membranes that degrade organic pollutants or adsorb heavy metals during filtration,
achieved by embedding nanoparticles or catalytic coatings on TeMs — merging separation and reaction
in one step;

— Sensing membranes, such as the silver-coated SERS platform, capable of capturing and detecting con-
taminants in situ, introducing a new paradigm of “analytical membranes”;

— Hierarchical composite membranes combining nanofiber mats with track-etched films, which improve
adsorption capacity and mechanical robustness by leveraging multi-scale porosity.

This review also related these achievements to global research trends, highlighting complementary stud-
ies (e.g., electroless deposition of metal microtubes, grafted responsive polymers) that broaden the implications
of the collaborative works. While the references cover strong foundations in water-related applications and
sensing, there is still scope to expand into smart membranes, advanced composite architectures (such as
MOF@TeMs), and scaling techniques. Encouragingly, steps toward roll-to-roll modification already suggest
translation to industry, while emerging studies on stimuli-responsive TeMs provide a blueprint for adaptive
next-generation membranes.

In conclusion, the JINR—South Africa partnership has become a notable contributor to membrane science,
marrying fundamental research with pressing applied needs in clean water and environmental sensing. By
continuing to address these gaps and extending collaborative innovation, the partnership is well-positioned to
drive future advances in functional membranes. These membranes have the potential not only to improve water
quality and analytical detection in South Africa and the Eurasian region but also to contribute globally to
sustainable and smart water treatment technologies.

Ultimately, the JINR—South Africa partnership serves as a model of how targeted international collabo-
ration can transform niche nanomaterials research into technologies with broad societal relevance, bridging
laboratory innovation with real-world impact.
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Radiation Grafting of PVDF Track-Etched Membranes:
A Study for Nanoscale Pore Functionalization

Functionalization of nanoporous membranes poses a substantial challenge in the development of advanced
materials for selective transport applications. The primary objective of this study is to optimize the grafting
process to ensure the functionalization is localized onto nanopore walls. Poly(vinylidene fluoride) (PVDF) foils
were irradiated with Xe ions (1.2 MeV/u) followed by subsequent etching under optimized conditions to create
nanoporous membranes. Radiation grafting of acrylic acid (AA) monomer was performed through the residual
radical sites in post-etched pore walls of ion-irradiated PVDF. Radical concentrations after irradiation were
quantified using EPR spectroscopy. Examination of reaction parameters including inhibitor concentration, tem-
perature, monomer concentration, and reaction kinetics was conducted to achieve selective grafting within the
nanopores. FT-IR and XPS analyses confirmed the successful covalent attachment of poly(acrylic acid) (PAA)
to the PVDF TMs. Structural transformations of the PVDF matrix throughout the functionalization process
were revealed by DSC analysis. The versatility of the approach was further demonstrated by grafting of pH-
responsive poly(4-vinylpyridine), enabling modulation of nanopore surface charge, as evidenced by zeta-po-
tential measurements. The spatial localization of the grafted polymer was confirmed by confocal fluorescence
microscopy, demonstrating the potential for creating advanced functional membranes for separation and sens-
ing applications.

Keywords: swift heavy ions, track-etched membranes, polyvinylidene fluoride, radiation grafting, acrylic acid,
nanoporous membranes, pore functionalization, ion-irradiated

Introduction

Radiation-induced grafting offers a versatile approach for tailoring polymer properties by creating active
sites for monomer polymerization using ionizing radiation. Its adaptability to various polymers, monomers,
and reaction conditions, through methods like direct, pre-irradiation, or peroxidation grafting, allows for tai-
loring of functionalities, such as hydrophilicity or chemical reactivity, onto surfaces or within the bulk material
without requiring any contaminating reagents [1].

Poly(vinylidene fluoride) (PVDF) is a fluoropolymer that has garnered significant attention due to its
excellent mechanical strength, thermal stability, chemical resistance, and electroactive properties [2]. The de-
velopment of nanostructured and functionalized PVDF materials is particularly important as it strengthen these
inherent properties while introducing new functionalities [3]. For instance, creating nanoporous PVDF mem-
branes through swift heavy ion (SHI) irradiation followed by chemical etching allows for precise tuning of

40 © 2025 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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pore size and geometry [4]. Subsequent functionalization of these nanopores through grafting imparts custom-
ized surface chemistries, enhancing performance in applications requiring high selectivity and controlled
transport, such as advanced sensors, responsive biomedical implants, and proton-exchange membranes [5, 6].

Radiation grafting of vinyl monomers onto fluoropolymers has been extensively explored since Chapiro’s
seminal works in the 60s [7, 8]. Studies on radiation grafting of hydrophilic monomers, including acrylic acid
(AA), onto polytetrafluoroethylene (PTFE) films to create permselective membranes, highlighted the chal-
lenges in controlling homopolymerization and the importance of solvent selection [9]. Ellinghorst et al. [10]
described radiation-initiated grafting on PVDF films with AA, emphasizing the importance of achieving
“grafting through” for homogeneous membrane properties. More recent studies by Betz, Clochard, Mazzei,
and colleagues [11-14] have focused on grafting of styrene and (meth)acrylates onto PVDF, using electron-
beam irradiated foils and SHI-etched tracks in PVDF. These works have investigated the influence of monomer
concentration, inhibitor presence, and the role of water in achieving surface or grafting through. Mazzei et al.
[15] and Cuscito et al. [16] specifically reported on AA grafting onto etched ion tracks in PVDF, demonstrating
that residual active sites within the pores can successfully initiate graft polymerization reaction. The method
was later enhanced by Barsbay et al. [17], employing RAFT-mediated radical polymerization to graft
poly(acrylic acid) (PAA) into the nanochannel walls of track-etched PVDF for the controlled adjustment of
nanopore size. Although these studies successfully demonstrated the feasibility of pore grafting approach, a
comprehensive optimization of key radiation grafting parameters is still needed for further development of
functional membranes.

The present study aims to investigate the radiation-induced graft polymerization process of AA monomer
within the nanopores of PVDF track-etched membranes (TMs), built upon the established methodology of
initiation through the residual active sites. Radical concentration after irradiation with xenon ion beam was
quantified using EPR spectroscopy. A refined chemical etching protocol is reported, achieving a substantial
decrease in oxidizer utilization. The effects of key variables on the grafting yield were examined, including
inhibitor concentration, monomer concentration, temperature, and reaction kinetics. Covalent attachment of
PAA to PVDF TMs was confirmed through FT-IR and XPS analyses, while enhanced hydrophilicity was
verified by contact angle measurements. DSC analysis was employed to follow structural changes in PVDF
throughout the functionalized membrane fabrication process. Most crucially, localized grafting within na-
nopores was demonstrated through zeta-potential measurements and confocal fluorescence microscopy. It is
anticipated that this work will stimulate further research, thereby providing the basis for the design of advanced
materials for use in energy, biomedical, and separation technologies.

Experimental

Materials

A polyvinylidene fluoride (PVDF) film with a thickness of 9 um was procured from Kureha Chemical
Industries Co. Ltd. (Japan). The film exhibited a crystallinity degree of approximately 40 %, as measured by
X-ray diffraction (XRD), with the dominant crystalline phase identified as the a-phase and a minor contribu-
tion from the B-phase, as confirmed by Fourier-transform infrared (FT-IR) spectroscopy. Functionalized PVDF
track-etched membranes (TMs) were synthesized using the following reagents: potassium hydroxide (KOH),
potassium permanganate (KMnQy), sodium metabisulfite (Na,S,Os), acrylic acid (AA) monomer, and Mohr’s
salt((NH4)2Fe(S0s), - 6H20). To emphasize the localized grafting through zeta-potential assessment, 4-vi-
nylpyridine (4VP) radiation grafting was performed. For photoluminescence (PL) measurements, carboxylic
acid activation of PVDF TMs was done to couple ethylenediamine (EDA) using 1-ethyl-3-(3-dimethyla-
minopropyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) prior to grafting with PAA. All chemicals
were purchased from Thermo Scientific (USA) and Chemreaktivsnab (Russia), and used as received. Deion-
ized water (Milli-Q, resistivity >18 MQ-cm) was used for preparing all aqueous solutions.

Swift Heavy lon (SHI) Irradiation

PVDF foils were irradiated with **Xe?** ions (1.2 MeV/u) under vacuum using the IC-100 cyclotron at
the Flerov Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research (Dubna, Russia). The ion
beam was oriented perpendicular to the film surface. The ion fluence, which is related to the resulting track
density in the irradiated samples, varied from 107 to 10'* ions/cm?. The electronic stopping power (AE./Ax)
estimation was made with the SRIM-2013. The average electronic energy loss for xenon ions (160 MeV) trav-
ersing the PVDF target with a density of 1.78 g/cm?® was determined to be approximately 77.3 MeV.cm?/mg,
which is well above the registration threshold for fluoropolymers [18]. To mitigate post-irradiation oxidative
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degradation, all irradiated samples were stored in hermetically sealed containers under a dry nitrogen atmos-
phere at —24 °C until further use.

Chemical Etching of lon Tracks

Chemical etching was performed to remove SHI-degraded material and to transform latent tracks into
cylindrical through-nanopores. The process was conducted in an aqueous solution containing 10 M KOH and
0.1 M KMnOy at 65 °C for 30 minutes (unless stated otherwise). The diameter of the resulting pores was 4545
nm as determined by Scanning electron microscopy (SEM). To eliminate residual of KMnOs, the track-etched
membranes (TMs) were treated with an aqueous solution of Na>S>Os (7.5 % w/v), thoroughly rinsed with
deionized water, air-dried at room temperature, and weighted.

Radiation Grafting of Acrylic Acid to PVDF TMs

Radiation grafting reaction of acrylic acid (AA) was performed via a pre-irradiation method, initiated by
residual trapped radicals remained in PVDF matrix after chemical etching. Most of the grafting experiments
were performed on PVDF foils irradiated at the fluence of 10'° cm (unless stated otherwise). Experimental
data is presented as the mean value with error bars representing the standard deviation from at least three
independent replicate experiments (n > 3). Freshly etched TMs were immersed into custom-made glass
Schlenk tubes containing an AA monomer solution (with or without Mohr’s salt to suppress homopolymeri-
zation). In grafting experiments involving the use of Mohr’s salt, the latter was grinded in fine powder and was
first dissolved in water followed by the addition of AA monomer to yield the needed monomer solution con-
centration. The monomer solution was purged with argon for 20 minutes to remove dissolved oxygen. The
tubes were then hermetically sealed and placed in a thermostated water bath at 60 °C for predetermined reac-
tion times. After polymerization, grafted samples were thoroughly rinsed with deionized water, extracted in a
Soxhlet apparatus with ~200 mL of boiling water for 12 hours, dried to constant weight, and weighed. The
gravimetric grafting yield (GY) was calculated using equation

mf -—m,

GY = x100 %,

m

where my and m, represent the masses of dry membranes before and after grafting, respectively.
Characterization of PAA-g-PVDF TMs

Radiation grafting of AA to PVDF TMs was monitored by Fourier-Transform Infrared spectroscopy (FT-
IR) and X-ray Photoelectron Spectroscopy (XPS). FT-IR spectra were registered in attenuated total reflectance
(ATR) and transmission modes on a Nicolet spectrometer (Thermo Scientific) with 32 scans and a resolution
of 1 em™. XPS spectra were acquired using a Thermo Scientific K-Alpha spectrometer with monochromatic
Al Ko X-rays (1486.6 ¢V, 12 kV, 3 mA). Binding energies were calibrated against the C 1s peak (284.8 eV).
Survey scans (100 eV pass energy, 0.5 eV step) and high-resolution spectra (20 eV pass energy, 0.05 eV step)
were collected and processed using the Avantage software.

Surface morphology and pore diameters were assessed by Field Emission Scanning Electron Microscopy
(FESEM) on a HITACHI SU8020 instrument. Prior to imaging, samples were coated with a 5 nm platinum/pal-
ladium layer using a Quorum Q150R magnetron sputtering machine to enhance the sample conductivity. Ex-
perimental data is provided as mean values with standard deviations determined from at least 30 pores.

Electron Paramagnetic Resonance (EPR) spectra of Xe-irradiated PVDF foils were recorded using a
Bruker ElexSys I ES00 X-band spectrometer (9.5 GHz). Samples (3—5 mg, ~7x30 mm) were rolled into tubes,
sealed in quartz ampoules under argon, and immediately cooled in a liquid nitrogen cryostat. Spectra were
acquired between 100—300 K with a microwave power of 6.325 mW (15 dB attenuation), 100 kHz modulation
frequency, and 1 Gauss modulation amplitude.

Photoluminescence (PL) measurements were performed on Rhodamine 6G-adsorbed PAA-g-PVDF TMs
using a confocal microscope Ntegra Spectra NT-MDT equipped with a 473 nm laser (0.2 mW) and a 100x
objective lens. Scans were recorded over a 10x10 um? area with number of points of 50 along X and Y axes.
Optical images were captured through a camera integrated into the transmission optical path.

Differential scanning calorimetry (DSC) measurements were performed using a Mettler Toledo DSC 3
instrument with aluminum crucibles under dynamic heating conditions from —50 to 200 °C at a rate of
10 °C/min under nitrogen flow (10 mL/min).
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Contact angle (0) measurements were conducted using a KRUSS DSA100 Easy Drop system and Drop
Shape Analysis software. Five 3 puL droplets of Milli-Q water were deposited on each sample, and 6 values
were averaged. All values represent the mean of at least ten independent measurements (n = 10).

The membrane zeta-potentials ({) before and after radiation grafting of PVDF TMs were assessed through
the measurements of streaming potential using a custom-made flow cell. The membrane sample (25 mm in
diameter) was clamped between the two cell compartments with Ag/AgCl electrodes positioned on either side
of the membrane, ensuring a leak-free seal for the pressure-driven flow. The measurements were carried out
ina 0.01 M KClI at pH 3, 5, 6.5, and 8 under applied pressures 0—1 bar and confirmed by three consecutive
runs. The {-potentials (V) were calculated using the Helmholtz—Smoluchowski equation:

kxn  AE
EXE, AP’

where k is the electrolyte specific conductivity (Ohm™.m™), 1 is the electrolyte dynamic viscosity (Pa.s); &
and ¢ are the dielectric permittivity of vacuum (8.854x107'2 C.V-'.m™) and the relative permittivity of electro-
lyte (dimensionless), respectively, AE/AP is the streaming potential-to-pressure gradient ratio (V/Pa).

Results and Discussion

SHI-Induced Changes and Generation of Initiators for Graft Polymerization in PVDF

At the ion energy used in this work (1.2 MeV/u), swift heavy ions (SHIs) lose their energy by means of
electronic loss processes, but the damage is limited to the ion path. This distinguishes SHI irradiation from
electron-beam or y-rays, where the energy is “homogeneously” distributed. Energy absorption causes excita-
tion and ionization of electrons in the outer shells of atoms, resulting in chemical bond scissions all along the
projectile ion pathways. As a primary effect, alkyl in-chain (eq. 1 and 2) and end-chain radicals (eq. 3) are
formed

SHI
~CH, —CF, —~CH, ~ —>~CH, ~CF-CH, ~+°F (1)
~CF,-CH-CF, ~+'H )
~CH, -E,C + 'CH, —CF, ~ 3)

As a result of contact with oxygen, some of the alkyl radicals can undergo oxidation to form peroxyl
radicals (eq. 4). These peroxyl radicals can further form hydroperoxides upon H-abstraction from the PVDF
backbone (eq. 5). The hydroperoxides thermally decompose into alkoxy and hydroxyl radicals (eq. 6)

02

~CF, ~C'H~CF, ~—~ CF, -CH(00" )~ CF, ~ (4)

~CF, —CH(00" ) - CF, ~ +PVDF —~ CF, —CH(OOH) - CF, ~ +PVDF (5)
A

~ CF, - CH(OOH) - CF, ~ —~ CF, ~CH(0" )~ CF, ~ + 'OH (6)

In addition to oxidation, further radical reactions will define the final structure of SHI-irradiated PVDF.
These include dehydrofluorination and disproportionation accompanied by the formation of C=C bonds, re-
combination to form cross-links in the polymer and gas molecules (Ha, F», and HF), H-abstraction, etc. Indeed,
FT-IR confirmed the appearance of vinylidene groups -FC=CH, and -HC=CF, (1755 cm™") [19] which were
assumed to be a result of main-chain breakage, and -FC=CH- (1713 cm™') as a result of C—H scission (dehy-
drofluorination). UV-vis. spectroscopy (not shown) revealed that isolated dienes (absorption maxima at
220 nm) are formed in predominant amounts as a result of radiolysis of PVDF under these irradiation condi-
tions, while the rate of formation of trienes and polyenes is about two and three times slower, respectively.

EPR spectroscopy results for samples irradiated at ion fluences ranging from 10° to 3x10'° ions/cm? re-
vealed a significant number of radical species centered on the g-factor g, corresponding to a mixture of poly-
radicals (Fig. 1 (a)). This is in accordance with observations reported in the literature [20].
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Figure 1. (a) EPR spectra of PVDF foils irradiated with Xe (1.2 MeV/u) at fluences from 10° to 3x10'° ions/cm?
and (b) their corresponding number of radicals normalized by weight. All spectra were recorded at 200 K

Figure 1 (b) shows the dependence of the total number of radicals on ion fluence. Up to the fluence of
10" ions/cm?, a linear dependence is observed, followed by a deviation at higher fluences. Given the sample
weight, polymer density and film thickness, the radical yield was found to be approximately equal to 6x10°
radicals per Xe ion. Spectral analysis allowed the identification of three types of radicals. These were: peroxyl
(-CH>—CFOO™—CH3-), exhibiting the largest amplitude and accounting for approximately half of the total rad-
ical population; polyenyl ((CH=C"-CH>—) detected upon annealing (at room temperature under Ar atmos-
phere) as the number of peroxide radicals decreases; and alkyl in-chain/end-chain with single or double C—
C/C=C bonds, exhibiting a broad, poorly structured spectrum, which constitute the remaining half of the total
radical population [21-23]. An unexpected finding was the significant presence of peroxyl radicals despite all
the precautions taken to minimize the irradiated foil exposure to air. A possible explanation is the high amount
of pre-adsorbed oxygen present in the foil prior to irradiation, which immediately reacts with the newly formed
radical species.

These combined radiation-induced effects, including unsaturations as well as a free volume formed upon
gas molecule production, make the latent tracks susceptible to chemical attack, allowing transformation into a
porous structure.

Chemical Etching of Xe-Irradiated PVDF Foils

In this work, chemical etching of Xe-irradiated PVDF foils was carried out in a concentrated potassium
hydroxide solution (10 M) in the presence of potassium permanganate as an oxidizing agent at 65 °C. Pioneer-
ing works conducted in the 1980s by Tretyakova and Shirkova on etching of heavy ion tracks in various fluor-
opolymers demonstrated that PVDF could be effectively etched using an excess of potassium permanganate
under alkaline conditions [18, 24]. Grasselli and Betz [25] studied the effect of KOH concentration on the
etching process. Their work, conducted in the presence of 0.25 M KMnO,, demonstrated that high alkali con-
centration (9 M KOH) was essential for achieving well-defined porous structures. Additionally, it was demon-
strated that etching temperatures between 55 and 65 °C were optimal for producing cylindrical pores. In con-
trast, higher temperatures (>85 °C) resulted in conical-shaped pores and lower temperatures (<50 °C) signifi-
cantly slowed the chemical attack. For this reason the etching temperature in the current study was maintained
in the range 6065 °C.

The etching process was postulated to involve two consecutive steps [25]. The first step is an initial de-
hydrofluorination of the polymer structure induced by the alkaline environment, leading to the formation of
C=C double bonds. The second step is the subsequent oxidative degradation of these double bonds by perman-
ganate; this results in soluble low molecular weight compounds that are removed from the track regions. In-
deed, due to the high electronegativity of fluorine, which “pulls” electron density away from neighboring car-
bon atoms, a high concentration of alkali catalyzes the dehydrofluorination of PVDF, resulting in the formation
of -CH=CF-. In concentrated alkali, KMnOj acts as a strong oxidizing agent capable of breaking C=C bonds
and oxidizing them to carboxylic acid salts (for primary and secondary carbons). A double bond at a carbon in
the tertiary position (for instance, in cross-linked track halo) oxidizes to ketones and carboxylic acid salts.

In this work, an attempt was made to lower the potassium permanganate concentration while retaining
the same track etching efficiency, thereby optimizing the process from both technical and economic
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perspectives. Figure 2 (a) illustrates the effect of KMnO, concentration in 10 M KOH aqueous solution on
track etching rate.
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Figure 2. (a) Track etching rate of Xe-irradiated PVDF films as a function of KMnQO4 concentration
in 10 M KOH aqueous solution. SEM images of (b) surface and (c¢) cross-sectional views of the sample
etched in 0.05 M KMnO,4 (10 M KOH) at 63.5 °C for 120 min. Ion fluence: 10° ions/cm?

Prior to foil immersion in the etching solutions, they were pre-heated to correspond to the set etching
temperature, ensuring consistent treatment conditions (63.5 °C). The track etching rate decreased from
1.1 nm/min to 0.7 nm/min when the KMnOj4 concentration was reduced from 0.25 to 0.01 M, respectively.
However, varying the permanganate concentration within the range of 0.25-0.05 M did not cause any signifi-
cant difference. Notably, the best linear fit correlation was found for 0.1 M KMnOQy, indicating optimal process
stability and reproducibility. Consequently, this concentration was selected for the fabrication of TMs in sub-
sequent experiments.

Figures 2 (b) and (c) present SEM images of irradiated PVDF films etched in 10 M KOH with 0.05 M
KMnQy. The cross-sectional view clearly demonstrates the formation of through cylindrical channels under
these etching conditions. These results confirm that the permanganate concentration can be reduced fivefold
without sacrificing pore quality and presents a direct optimization of the process established in [25]. Beyond
the evident economic and environmental benefits, the reduction of oxidizer concentrations can mitigate non-
selective background oxidation, potentially affecting the membrane surface chemistry.

Radiation Grafting of AA Within Nanopores of PVDF TMs

Radiation-induced graft polymerization of AA onto etched tracks was carried out through pre-irradiation
method. More specifically, a polymer substrate was irradiated under inert atmosphere and grafting reaction
was initiated by radicals remained in the post-etched tracks. As seen from EPR results, the initiators of grafting
include a mixture of alkyl radicals and their oxidized species. In earlier work [26] it was demonstrated that the
integral amount of radicals trapped within PVDF etched tracks decays exponentially with etch time. The reason
for such a decrease is that the longer the etching process, the larger the pores are formed, the less trapped
radicals in track wall are remained. Grafting yield (GY), calculated as a weight of the grafted polymer over a
weight of substrate (expressed in wt.%), for the studied allyl monomer rises as pore size enlarges up to the etch
time of 35 min. This is followed by a decrease as the etch time exceeds 40 min. A 60 % radical consumption
seen for TMs with a given pore size was accompanied with graft polymerization. Although, the first reports
on AA grafting in heavy ion tracks were made about twenty years ago [27, 15], the understanding of effects
affecting on grafting process of AA is still far from being complete. The following subsections will focus on
key graft polymerization parameters, such as the effect of inhibitor, monomer concentration, reaction temper-
ature, and time.

Effect of Homopolymerization Inhibitor

The radiation grafting procedure involved immersing freshly etched nanoporous PVDF track-etched
membranes (TMs) in aqueous solutions of acrylic acid (AA) monomer, followed by degassing and thermostat-
ing at 60 °C. Elevated temperature enhances the mobility of trapped radicals, improving their accessibility to
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the monomer. Simultaneously, it facilitates monomer diffusion toward active sites. However, these conditions
also promote thermal homopolymerization of AA in solution, even when the monomer retains its standard
stabilizer (MeHQ). Homopolymerization increases solution viscosity, limiting monomer availability and ac-
cess to active sites within the nanopores. AA, like other acrylates, undergoes chain transfer reactions and ex-
hibits fast polymerization kinetics, making GY control difficult.

To mitigate homopolymerization and slow down AA reactivity, ammonium ferrous sulfate (Mohr’s salt)
was employed. To emphasize the inhibition effect of Mohr’s salt, a monomer concentration of 75 vol.% in
water was chosen. This concentration was selected because the grafting rate is the fastest under such conditions
and accompanied by a drastic expansion in the sample volume. Figure 3 illustrates the effect of Mohr’s salt
concentration on GY. The addition of the smallest quantity of Mohr’s salt (0.05 %) caused a sharp decline in
GY, reducing it by ca. 19 wt.% compared to inhibitor-free conditions (150 wt.%). Further increase in inhibitor
concentration (0.1-0.5 %) resulted in a plateau, where GY remained largely unaffected by the additional in-
hibitor concentration increase. Mohr’s salt acts as a radical scavenger through an electron transfer from Fe?*
to free radicals (Fe*" + R — Fe** + R"7), terminating both homopolymerization in the bulk solution and graft
initiation at accessible radical sites. The drastic GY reduction at 0.05 % suggests efficient quenching of free
radicals in the bulk solution and those in close proximity to the nanopore surface. The subsequent plateau
reflects the radicals that remain shielded within the nanopore interior. There, steric hindrance and restricted
diffusion limit Fe?" penetration, thereby preserving grafting activity. This spatial heterogeneity in radical ac-
cessibility, with surface radicals being quenched while pore-confined radicals remain active, could explain the
observed GY leveling-off at higher inhibitor concentrations.
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Figure 3. Dependence of the grafting yield (GY) on the Mohr’s salt concentration (0-0.5 % w/v)
in 75 vol.% AA aqueous solutions. Reaction conditions: 60 °C, 30 min

Effect of Temperature and Monomer Concentration

The effect of reaction temperature on AA grafting was investigated at 55, 60, 65, and 70 °C. Higher
temperatures typically enhance monomer diffusion and radical mobility within the polymer matrix, thereby
accelerating grafting kinetics. However, the results revealed an optimal temperature range rather than a mon-
otonic increase. GY's were comparable at 55 and 60 °C, representing the highest efficiency. Increasing the
temperature to 65 °C resulted in a moderate decrease, and further elevation to 70 °C produced the lowest GY
(not shown). Such temperature-dependent behavior indicates that excessive heating promotes competing pro-
cesses. These include radical recombination (termination reactions) and thermal homopolymerization in solu-
tion, which reduce the availability of both radicals and monomer for grafting. Consequently, 60 °C was iden-
tified as the optimal temperature, providing an effective balance between enhanced diffusion kinetics and min-
imized side reactions. This is consistent with the range reported in [10] for AA grafting onto PVDF films.

Figure 4 (a) illustrates the effect of AA concentration (10-100 vol.% in water) on grafting efficiency,
examined at 60 °C in the presence of 0.25 % Mohr’s salt over 30 minutes reaction time. GY increased steadily
with AA concentration up to 50 vol.%, followed by a significant enhancement at 75 vol.%, before declining at
100 vol.%. The observed trend with the maximum GY of ~22 % aligns with the behavior reported for electron-
beam grafted PVDF films [12] and reflects the dual role of water in the grafting system.
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Figure 4. (@) Dependence of the grafting yield (GY) on the AA concentration in water.
(b) Variation of sample average thickness as a function of GY. Mohr’s salt concentration is 0.25 % w/v.
Reaction conditions: 60 °C, 30 min

It serves not only as a solvent that facilitates monomer diffusion through the developing grafted polymer
layer but also acts as a plasticizer for the PVDF, enhancing polymer chain mobility and accessibility of radical
sites. Indeed, PVDF is a semi-crystalline polymer, and radicals generated during SHI irradiation can be local-
ized in amorphous, crystalline or at the boundaries of crystalline/amorphous zones. The latter ones are expected
to exhibit longer life-times, with their role in initiating graft polymerization being more significant than the
radicals in amorphous zones. For continuous grafting, the monomer diffusion rate needs to be higher than the
radical life-time. Furthermore, the monomer concentration must exceed its consumption during initiation and
propagation. These factors, coupled with the enhanced swelling of PVDF in concentrated AA solutions (75
and 100 vol.%) [27], explain the observed grafting behavior. The decrease in GY at 100 vol.% AA aligns with
literature reports indicating that PAA exhibits poor solubility in its monomer, leading to predominantly surface
grafting rather than polymerization in bulk [10, 27].

Figure 4 (b) shows the correlation between GY and grafted membrane thickness. A GY of ~15 % from
100 vol.% AA results in approximately a 10 % thickness increase compared to the unmodified TM. In contrast,
a GY of ~22 % from 75 vol.% AA led to about 60 % thickness expansion. This confirms that optimal water
content is essential for achieving efficient pore-confined grafting. Based on these findings, pure AA is more
suitable for achieving pore surface-localized functionalization. Diluted monomer solutions (<50 vol.%) pro-
mote pore wall grafting. Meanwhile, higher monomer concentrations (51 to 99 vol.%) enhance bulk graft
polymerization throughout the pore walls, spreading into the bulk membrane structure.

Kinetics of Grafting

Figure 5 exhibits the grafting kinetics of AA to PVDF TMs in 50 and 75 vol.% AA solutions containing
0.25 % Mohr’s salt at 60 °C. As shown, the GY progresses through two distinct phases: (I) a rapid increase
with a maximum at 30—45 min, followed by (II) a gradual decline and asymptotic saturation at longer reaction
times. This behavior persisted across monomer concentrations and was initially attributed to diffusion-con-
trolled inhibitor effects. However, identical behavior was observed in diluted AA solutions (<50 vol.%) with-
out any Mohr’s salt.
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Figure 5. Grafting kinetics of AA to PVDF TMs at 60 °C. AA concentration is 50 (1) and 75 vol.% (2).
Mohr’s salt concentration is 0.25 % w/v. The spline connection of the experimental data highlights the behavior

During phase I, grafting acceleration arises from synergistic factors: (i) abundant radicals at pore surfaces
initiate polymerization, (ii) unhindered AA diffusion into nanopores of water-plasticized PVDF, and (iii) hy-
drogen bonding between carboxyl groups of grafted PAA chains and incoming AA monomers, which locally
enriches monomer concentration near reactive sites. These effects collectively maximize grafting efficiency
during the initial stage. Subsequently, the observed decline (phase II) reflects both radical decay due to tem-
perature-mediated recombination and consumption through grafting reactions. The apparent GY max (empty
crossed symbols) may be attributed to methodological artifacts: thermal polymerization of residual AA (dif-
fused into PAA-g-PVDF) during post-grafting Soxhlet extraction in boiling water, inflating early GY meas-
urements. This hypothesis was confirmed by using a more optimal washing procedure on grafted membranes.
They were first soaked in water at room temperature for 12 hours, followed by extraction in boiling water. At
longer reaction times, residual monomer diminishes. This leaves covalently grafted PAA as the primary con-
tributor to the asymptotic plateau, which reflects a dynamic equilibrium between reduced grafting due to dif-
fusion barriers and extractable homopolymer formation. The consistent behavior in inhibitor-free solutions
confirms that pore confinement and post-processing artifacts are the primary drivers of the observed kinetic
profile.

Characterization of PAA Nanopore-Grafted PVDF TMs

Figure 6 illustrates the FT-IR spectra of PVDF TMs before and after being grafted with PAA resulting in
a GY of 22 %. The spectrum of pristine membrane (dashed line) includes: a doublet at 2985 and
3025 cm™! corresponding to sym and asym stretching vibrations of CH,; the bands at 1453, 1424, 1403, and
1385 ecm ™! assigned to v(CH>) and v(C—C) vibrations; the intense bands at 1211 and 1183 cm™! attributed to
v(CF,) vibration; the absorption bands in the 1000-500 ¢m™ range correspond to characteristic PVDF skeletal
vibrations. Radiation grafting of PAA to PVDF TMs, conducted in 75 vol.% AA and 0.25 % w/v Mohr’s salt
at 60 °C, results in the appearance of a new absorption bands. These include a strong peak at ~1710 cm™,
assigned to C=O0 stretching vibration in associated carboxyl groups (hydrogen-bonded) with a shoulder at
~1750 cm™! corresponding to free carboxyl groups. The broad band in the 3500-2500 cm™' range, associated
with v(OH), is usually too weak in dried samples and superimposed with v(CHz) of PVDF. The low-intensity
band at 1558 cm™! is attributed to asymmetric vibration of carboxylate groups. This arises from partial disso-
ciation of AA units under neutral pH conditions during grafting in aqueous media. Notably, treatment in dilute
alkaline solutions transforms the dominant 1710 cm™! (protonated carboxyl) into the 1558 cm™' band (depro-
tonated carboxylate), and vice versa, confirming the pH-responsive behavior of grafted PAA.
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Figure 6. FT-IR spectra in ATR mode of PVDF TMs before and after PAA grafting (GY =22 %).
AA concentration: 75 vol.%. Mohr’s salt concentration: 0.25 % w/v. Reaction conditions: 60 °C, 30 min

Surface chemical composition of samples grafted at various AA concentrations was analyzed by XPS.
Figure 7 (a) shows a survey spectrum of non-modified PVDF TM, exhibiting characteristic F1s and Cl1s peaks
with an F/C ratio of approximately 0.8. This reduced ratio (compared to pristine PVDF foil, F/C = 1.0) is
attributed to radiation-induced dehydrofluorination during irradiation and latent track etching. Chemical etch-
ing selectively removes degraded polymer fragments from the latent tracks resulting in fluorine depletion over-
all the surface. After grafting in 75 % AA (Figure 7 (b)), XPS revealed a substantial increase in the O/F ratio
from 0.1 to 0.6, demonstrating significant surface coverage by the grafted PAA layer.
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Figure 7. XPS survey spectra of PVDF TMs (a) before and (b) after PAA grafting (GY =22 %).
AA concentration: 75 vol.%. Mohr’s salt concentration: 0.25 % w/v. Reaction conditions: 60 °C, 30 min

Table 1 summarizes atomic percentages for the PVDF TMs before and after PAA grafting depending on
the monomer concentration and their GYs. When water was present in reaction solutions, the F/C ratio de-
creased progressively with increasing AA concentration, reaching a minimum at 75 vol.% AA. This indicates
enhanced bulk functionalization, where growing PAA chains diffuse beyond nanopore confinement under op-
timal swelling conditions. This finding is consistent with the maximal membrane thickness expansion observed
in Figure 4 (b).
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Figure 8. XPS Cls deconvoluted spectra of PVDF TMs (a) before and (b) after PAA grafting (GY =22 %).

Table 1
Atomic composition of PAA-g-PVDF TMs
Sample Cls (at.%) Fls (at.%) Ols (at.%) F/C O/F GY (%)
PVDF T™M 53.1 43.4 2.31 0.8 0.1 0
PAA-grafted PVDF TMs at varied [AA]
10 vol.% 55.1 323 4.0 0.6 0.1 3.2
25 vol.% 56.2 38.5 4.0 0.7 0.1 4.3
50 vol.% 55.4 393 4.0 0.7 0.1 5.9
75 vol.% 62.7 214 12.4 0.3 0.6 21.8
100 vol.% 54.0 42.0 3.0 0.8 0.1 14.8

Cls regional spectra (Figure 8 (a)) for most grafted samples resembled pristine PVDF, confirming limited
surface modification. In contrast, the sample grafted in 75 vol.% AA (Figure 8 (b)) showed pronounced car-
boxyl signatures (O—C=0 at 288.7 eV). PVDF TMs grafted in 100 vol.% AA retained an F/C ratio identical to
unmodified TMs, confirming strictly localized (nanopore-surface-only) modification. These results align with
reported studies of PAA grafting onto electron-beam-irradiated PVDF foils [12].

Figure 9 depicts DSC curves revealing structural changes in PVDF foils induced by sequential processing,
with key parameters summarized in Table 2. The pristine PVDF exhibits a characteristic endothermic melting
peak, T, at 175.7 °C with an enthalpy of 49.0 J/g. Given the enthalpy of melting for fully crystalline PVDF
(AHi00 % =104.7 J/g) [28], the crystallinity degree, y., found as AH,/AH100 % * 100 % is estimated to be 46.8 %.
Irradiation slightly reduces crystallinity while increasing the melting temperature (Tm) from 175.7 to 178.3 °C.
This Tw increase is a due to radiation-induced cross-linking, restricting chain mobility and suppressing relax-
ation processes [29, 30]. Subsequent chemical etching restored Tr to 175.8 °C, confirming the selective re-
moval of the radiation-damaged polymer from the latent tracks. After PAA grafting, Ty, shifts to 177.6 °C.
This shift is possibly due to two factors: (i) constrained PVDF chain mobility from interfacial PAA, and (ii)
temperature-mediated radical recombination, inducing cross-links during graft polymerization. The observed
reduction in y. with increasing GY is a well-documented phenomenon. Our results, showing a drop from
46.4 % to 30.6 %, align with the trends reported for other grafted systems, such as methyl methacrylate- and
styrene-grafted PVDF [11, 31]. Such a behavior evidences the disruption of crystallites by the growing poly-
mer grafts, initiated at the crystalline/amorphous boundaries. The consistency of this effect across different
monomers and grafting methods confirms that the structural consequences of grafting are universal, thereby
validating our findings. Additional transitions were observed. An exothermic transition near —40 °C (close to
T, of PVDF) points out nanoscale phase separation between flexible PVDF domains and glassy PAA (T, =
100 °C). A broad endotherm at approximately 60 °C reflects dehydration of PAA-grafted samples.
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Figure 9. DSC curves for pristine PVDF (1), Xe-irradiated PVDF (2), PVDF TM (3),
and PAA-g-PVDF TM (GY =22 %) (4). AA concentration: 75 vol.%.
Mohr’s salt concentration: 0.25 % w/v. Reaction conditions: 60 °C, 30 min

Table 2

Melting temperature (Tm), enthalpy of melting (AHm), and crystallinity degree (x.) derived from DSC
for pristine. Xe-irradiated, etched and AA-grafted PVDF TMs

Sample T (°C) AH,, (J/g) xc (%)
PVDF 175.7 49.0 46.8
PVDF-Xe 178.3 48.5 46.3
PVDF TM 175.8 48.6 46.4
PAA-g-PVDF TM 177.6 32.0 30.6

Contact angle measurements confirm the progressive modification of the surface across different pro-
cessing stages. Pristine PVDF foil exhibited a contact angle of 80+5°. Etched membranes showed significant
hydrophilization, reducing the contact angle to 65+2°, attributed to carboxyl group formation. Following PAA
grafting, contact angles modestly decreased across all AA concentrations, reaching 57+6° for membranes
grafted in 100 vol.% AA. Despite PAA’s inherent hydrophilicity, this relatively small reduction confirms that
wetting is primarily governed by nanometer-scale pore openings rather than bulk or surface functionalization.

Zeta-potential measurements provide valuable insights into the surface chemistry and nanoscale func-
tionalization of PVDF TMs. As seen in figure 10, unmodified PVDF TMs exhibit a pH-independent negative
charge ({ = —-20 mV across pH 3—8). This can be attributed to carboxylic acid groups (fluorinated and not) and
ketones formed upon oxidative cleavage of C=C in various positions:

~ CH = CF, -~ CF,COOK +K,CO, (1)
~ CH = CF ~—>~ CF,COOK + KOOH,C ~ )
~CF, —~C(~R)=CF ~—~ CE,C(= O)R + KOOH,C ~ 3)

To demonstrate the versatility of the pore-confined grafting approach beyond PAA, poly(4-vinylpyridine)
(P4VP), a cation-exchange polymer exhibiting pH-dependent charge behavior, was grafted to PVDF TMs. Its
inverse charge modulation verifies that the interfacial properties are governed solely by the grafted polymer.
Upon P4VP grafting, the charge behavior changes dramatically. Below pH 5.2, protonation causes a strong
positive potential (=~ +20 mV at pH 3). Above pH 5.2, deprotonation restores a negative charge ({ = -20 mV
at pH 8). The isoelectric point (IEP) of 5.2 found for the PAVP-g-PVDF TMs is consistent with the dissociation
constant of pure P4VP [32]. The complete counterbalancing of the negative membrane charge emphasizes a
uniform and continuous grafted P4VP layer that governs the interfacial behavior without interference from the
substrate. This ability to precisely engineer the surface charge of the nanopores is crucial for advanced appli-
cations such as charge-selective separation, nanofluidic devices, and sensors.
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Figure 10. Zeta-potential of PVDF TMs before (/) and after (2) grafting with P4VP
(GY = 1.6 %, fluence of 10° ions/cm?) as a function of pH

Confocal laser fluorescence microscopy was employed to visualize the location of grafted polymer. This
was achieved by detecting Rhodamine 6G (Rh6G), a fluorescent agent that binds to carboxylic acid groups of
the grafted PAA chains. To distinguish between grafted PAA and carboxyl groups introduced by PVDF oxi-
dation during chemical etching, a control experiment was performed. Prior to grafting, freshly prepared mem-
branes were treated with EDC/NHS (2:1 molar ratio) in 0.1 M acetate buffer (pH 5.0), followed by coupling
with ethylenediamine (EDA) in PBS (pH 7.4). These carboxyl-deactivated samples were then subjected to
PAA in 100 vol.% AA to ensure grafting occurred exclusively from pore surfaces. Figure 11 presents the
photoluminescence surface mapping of PAA-g-PVDF TMs before and after Rh6G sorption.
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Figure 11. Photoluminescence surface mapping of PAA-g-PVDF TMs before (left) and after (right) sorption
of Rhodamine 6G. Grafting was performed in 100 vol.% AA onto PVDF TMs with the fluence of 107 ions/cm?.
Intensity scales: 0—500 and 0—20,000 counts for left and right images, respectively. Scale bars: 2 pm
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Although PVDF exhibits intrinsic luminescence and Rh6G adsorbs nonspecifically on membrane surface,
both contributing to background luminescence, the intense pore-localized signal contrasts sharply with the
surrounding matrix. This spatial contrast, combined with pore density matching the ion fluence, clearly con-
firms nanopore-confined grafting.

Conclusions

Pore-localized functionalization of nanoporous PVDF TMs has been achieved through radiation-induced
graft polymerization of AA monomer. Cylindrical through nanopores were produced by irradiation with ener-
getic xenon ions under optimized alkaline oxidative etching, retaining residual radical sites along the ion tracks.
These radical sites eliminate the need for external initiators or activation, enabling direct initiation of
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polymerization reaction exclusively within the nanopores. Grafting efficiency was demonstrated through op-
timization of inhibitor concentration, monomer concentration, reaction temperature and time.

FT-IR and XPS analyses revealed a covalent attachment of PAA to PVDF TMs while its efficiency to-
wards bulk versus surface modification is mainly governed by the monomer/solvent ratio. When growing PAA
chains can diffuse beyond the etched track confinement under optimal polymer substrate swelling conditions,
a significant decrease in the crystallinity of the grafted samples was observed by DSC. This was attributed to
the crystallite disruption by PAA grafts initiated at crystalline/amorphous boundaries. Furthermore, the assess-
ment of zeta-potentials provided a valuable insight into the surface chemistry and confirmed a continuous pore
functionalization resulted in a complete counterbalancing of the negatively charged pore walls when cation-
exchange P4VP chains are grafted. Confocal fluorescence microscopy enabled the visualization of PAA-
grafted nanopores by detecting the luminescence of Rhodamine 6G adsorbed onto the carboxyl groups, illus-
trating that the grafted polymer is confined to the pore interiors.

The presented findings illustrate the potential of radiation-induced grafting as a powerful technique for
tailoring the surface chemistry of nanoporous membranes at the nanoscale. This approach offers a platform for
creating nanoporous membranes with tunable characteristics for energy, biomedical, and separation applica-
tions, opening new possibilities for spatially-controlled functionality in advanced materials.
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Graft Polymerization of Octadecyl Acrylate on PET Track-Etched Membranes
for Direct Contact Membrane Distillation

Water purification is a critical environmental and social issue of our era. The contamination of water sources
by industrial waste, agricultural chemicals, household debris, and plastic pollution significantly degrades the
quality of available freshwater. This poses substantial threats to human health and ecosystems. While water is
plentiful on Earth, only a limited amount is freshwater that people can safely consume. Population growth,
urbanization, and climate change are further exacerbating this scarcity, especially in arid regions. This study
examines the membrane distillation process employing ion-track membranes. Hydrophobic poly(ethylene ter-
ephthalate) ion-track membranes with increased pore diameters were synthesized via UV-induced graft
polymerization of octadecyl acrylate on the membrane surface. Hydrophobic properties were assessed through
water contact angle measurements. Fourier transform infrared spectroscopy analyzed functional groups while
scanning electron microscopy examined surface morphology. The hydrophobic membranes were subsequently
evaluated for desalination performance using direct contact membrane distillation method with saline solutions
of varying concentrations. The effect of pore size and feed salt concentration on permeate flux and salt rejection
efficiency was systematically examined. Membranes with a contact angle of 95+3° were tested in saline solu-
tions with concentrations from 7.5 to 30 g/L.

Keywords: ion-track membranes, polymerization, membrane distillation, desalination, poly(ethylene tereph-
thalate), salt rejection, water flux, water treatment

Introduction

The advancement of urbanization, together with rising population numbers and heightened industrial wa-
ter usage, along with the escalating consequences of global climate change such as desertification and the
reduction of freshwater sources may intensify the difficulties in maintaining dependable access to clean drink-
ing water [1]. While approximately 70 % of the Earth’s surface is covered by water, only about 2.5 % of it is
fresh. Most of this fresh water is found in rivers, lakes, and groundwater. However, these resources are not
always available or sufficient to meet the needs of the population [2, 3].

Industrial wastewater pollution is also one of the main threats to the environment and human health.
Production processes in various industries are accompanied by the formation of significant amounts of waste
that are discharged into water bodies. Without proper treatment, these effluents contain many toxic substances,
which leads to the degradation of ecosystems, deterioration of water quality, and an increase in diseases. The
shortage of fresh water resources and the problem of wastewater treatment highlight the urgent need to study
innovative methods for the production of clean water on a large scale [4-9].

There is increasing focus on developing new, promising water purification methods that are more com-
pact, cost-effective, and easier to operate than traditional techniques. Membrane separation processes, in par-
ticular, are gaining attention in the field of both natural and wastewater treatment [10—13]. Among the well-
established methods, such as direct and reverse osmosis, as well as micro and ultrafiltration, the membrane
distillation process is promising due to its energy efficiency, high degree of purification and flexibility in
application. One of the main advantages of this process is its ability to operate at low temperatures, which
makes it attractive for the use of low-potential or renewable energy sources. Membrane distillation does not
require high pressure, which simplifies the design of the equipment and reduces operating costs [14—19].

In the membrane distillation (MD) process, the membrane plays a vital role as a selective barrier, pre-
venting the passage of undesirable materials from the feed while allowing water vapor to pass through to the
permeate side. MD membrane should meet specific requirements: high hydrophobicity and porosity, durability
to sustain long-term operation.
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Polymers predominantly utilized in the synthesis of membranes for membrane distillation (MD) applica-
tions include polytetrafluoroethylene (PTFE), polydimethylsiloxane (PDMS), polystyrene (PS), and poly(vi-
nylidene fluoride) (PVDF). However, they have several disadvantages that can limit their performance and
practicality for example thermal degradation, expensiveness of material, weak productivity. Therefore, the
investigation of new types of membranes for MD is an urgent task [20-26].

One of the emerging types of membranes that have been successfully implemented in the MD process
are ion-track membranes (TeMs) [27-32]. TeMs exhibit a range of advantageous physicochemical properties,
including uniform pore morphology with controllable areal pore density, a narrowly dispersed pore size dis-
tribution characterized by low structural tortuosity, and reduced membrane thickness conducive to efficient
mass transport. Currently, polymer matrices for the production of track-etched membranes are made from films
of polycarbonate (PC), poly(ethyleneterephthalate) (PET), polyimide (PI), polypropylene and fluorinated pol-
ymers.

The use of PET TeMs in membrane distillation is appealing due to their unique properties. However, PET
TeMs have low hydrophobic properties, which may limit their effective use in the MD process. Various surface
modification methods are employed to improve hydrophobic properties. The simplest approaches to enhancing
membrane hydrophobicity, such as graft polymerization, primarily involve depositing functional groups onto
the membrane surface.

In our previous studies [27-32], PET TeMs were modified through ultraviolet (UV) initiated graft
polymerization using different monomers and effectively applied in water desalination via membrane distilla-
tion. This study focuses on the fabrication of hydrophobic PET TeMs with large pore sizes by grafting octa-
decyl acrylate (OA) and their application in desalination processes.

Experimental

Chemical Substances

Hostaphan® brand PET film manufactured by Mitsubishi Polyester Film (Germany) with a nominal
thickness of 12 um was used. Sodium hydroxide (NaOH), benzophenone (Ci3H100), N,N-dimethylformamide
(C3H7NO), ethyl alcohol (CoHsOH), isoproryl alcohol (C3HsO), octadecyl acrylate (C21Ha002, 97 %), sodium
chloride (NaCl) were purchased from Sigma-Aldrich. Octadecyl acrylate was subjected to separation using a
column packed with alumina. All experiments were conducted using deionized water with a resistivity of 18.2
MQ-cm at 25 °C.

Photoinitiated Graft Polymerization of Octadecyl Acrylate

PET films samples (12 pm) were irradiated in a DC-60 (Astana branch of Institute of Nuclear Physics,
Kazakhstan) heavy ion accelerator with a pore fluence of 1-10° ion/cm?. The chemical etching procedure was
carried out according to the parameters established in previous studies [27-31].

The experimental procedure entailed the submersion of samples in a solution comprising octadecyl acrylate
and isopropyl alcohol. The concentrations of the solution varied from 5 % to 30 %, with the incorporation of
0.0016 M benzophenone initiator. Dual-sided graft polymerization was performed under an OSRAM Ultra Vi-
talux E27 UV lamp (UVA: 315400 nm, 13.6 W; UVB: 280-315 nm, 3.0 W), with distance from the UV lamp
of 10 cm, with a total reaction time limited to 60 minutes. After the grafting process, the samples underwent
washing, drying, and gravimetric analysis to quantify the grafting degree by the equation:

m:M-IOO %, (1)

ml
where m; is the weight of the membrane before grafting, m, is the weight of the membrane after grafting.

Membrane Property Characterization Methods

InfraLUM FT-08 was used to analyze the functional groups present on the membrane surface. Data were
recorded at 25°C. The Fourier transform infrared spectroscopy (FTIR) analysis was performed with a spectral
resolution of 2 cm™!, averaging 32 scans per sample, over a wavenumber range of 4000-400 cm™'.

Hitachi TM 3030 scanning electron microscope was employed for the pore diameters evaluation.

The membrane pore size was also determined by the gas permeability method at a pressure of 20 kPa.

Quantitative assessment of the wetting properties of surfaces was carried out by measuring contact angles.
The surface hydrophobicity was evaluated via static sessile drop method (on five random zones of samples)
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using Digital Microscope (Micron-400, China). The captured contact angle images were analyzed using the
ImageJ software.

Testing of Hydrophobic PET TeMs in Membrane Distillation

Membrane distillation (MD) experiments were carried out using a DCMD setup, with the system speci-
fications detailed in our earlier studies [32]. The membrane was installed in a specially designed experimental
cell for conducting the membrane distillation (MD) process. The flow rates on both sides were regulated and
sustained using a peristaltic pump. A consistent temperature difference of 70 = 5 °C was maintained throughout
the experiment. Permeate flux was calculated by weighing the amount of permeate collected. The experiments
were conducted using saline solutions with varying NaCl concentrations. Salt rejection was determined using
a HI2030-01 salinity meter.

The pure water permeation flux was calculated using the formula [32]:

m
0 R
where Q is a pure water permeation flux (kg/m?-h); m is an amount of permeate mass (kg); ¢ is a time interval
(hr); S is a membrane area (m?).
The standard deviation (SD) was calculated using the formula:
1 n

5= J_z(x,. _5), 3)

n—143

2)

where s is a standard deviation; n is a number of replicates; x; is an individual measurement values, X is an
average value.

Results and Discussion

The modification outline of PET TeMs is presented in Figure 1. UV-photoinitiated graft polymerization
is an efficient and environmentally friendly method for modifying polymer materials, which uses ultraviolet
radiation to initiate the grafting of monomers onto the polymer surface. Figure la illustrates the UV-
photoinitiated graft polymerization process, which begins with the activation of a photoinitiator. Upon absorp-
tion of UV light, the photoinitiator enters an excited state which, which leads to the formation of free radicals.
Figure 15 shows the interaction of radicals with monomer molecules, initiating their polymerization and form-
ing grafted polymer chains on the surface of the base material. Key features of this method include a high
reaction rate at room temperature, no need for heating or high pressure, which prevents thermal degradation
of the polymer and preserves its original physical and chemical properties. UV-induced graft polymerization
is a resource-efficient technique characterized by low energy consumption and the absence of toxic solvent
usage, making it an environmentally friendly method [33].

o (@)
OH
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Figure 1. Scheme of UV-photoinitiated graft polymerization of octadecyl acrylate
Figure 2 shows the FTIR spectra for the identification of functional groups before and after modification
with octadecyl acrylate. The characteristic absorption bands of unmodified PET TeMs have been previously
reported [29-31]. Upon grafting with OA, new absorption peaks appeared at approximately~2920 cm™' and

2850 cm™!, corresponding to the C—H stretching vibrations. The intensity of these peaks increases with increas-
ing OA concentration.
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Figure 2. FTIR spectra comparison of pristine and poly(octadecyl acrylate)-grafted PET ion-track membranes
over selected spectral ranges

Figure 3 demonstrates the effect of monomer concentration and irradiation time on the grafting degree. It
was demonstrated that the optimal reaction condition is an OA concentration of 10 % (the degree of grafting is
3.39 %. However, it is also important to note that increasing the concentration of OA leads to changes in the
morphology of the membrane surface, leading to pore overgrowth. Thus, at a concentration of octadecyl acrylate
of 20 %, the grafting degree was 5.29 %, and at 30 % — 9.17 %. Figure 3b demonstrates that the grafting degree
increases with irradiation time. The optimal duration for maintaining the pore structure is 60 minutes, while
extending the irradiation time further results in surface degradation of the PET TeMs.

104 Irradiation time - 1h A [OA] - 10% B
Distance to UV source - 7cm + 4 - Distance to UV source - 7cm
X 8+ 2 }
g o
o
2° g
© S 21 }
£4 } 2 }
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Figure 3. The effect of concentration OA and irradiation time on the grafting degree

The surface morphology of pristine and modified PET TeMs was analyzed using scanning electron mi-
croscopy (SEM). The results of the pore diameter values are presented in Table 1. SEM images of the initial
and modified membranes are shown in Figure 4. SEM images demonstrate that increasing the concentration
of octadecyl acrylate leads to a gradual decrease in the membrane pore size. Thus, at a concentration of 10 %,
the pore size decreased from 920410 nm to 754+8 nm with a grafting degree of 3.39 %.
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Figure 4. SEM images of pristine PET TeMs (a) and PET TeMs-g-POA (5 %) (b); (10 %) (c); (20 %) (d); 30 % (e)

Table 1
Characteristics of PET TeMs before and after OA modification

Sample Concentration |Graft yield,| Effective pore | Pore size (SEM Contact Liquid Entry
of OA,% % size, nm analysis), nm angle,® Pressure, MPa
PET TeMs — — 900+14 ~920+£10 ~50-55 —
5 2.26 760+9 796+13 83°+3 0.15
10 3.39 720+6 754+8 95°43 >0.34
PET TeMs-g-POA 20 5.29 6498 67410 864 >0.39
30 9.17 630+4 662+7 77°+£2 >0.5

Water contact angle (CA) measurements were employed to evaluate the hydrophobic properties. Figure 5
shows the CA values recorded at various locations on the PET TeMs before and after graft polymerization
with octadecyl acrylate. The maximum contact angle is obtained at a 10 % concentration of octadecyl acrylate.
A further increase in concentration reduces the value of the CA.

@ (b) © (d) ()

Figure 5. CA of the pristine PET TeMs (a), modified with OA (5 %) (b); (10 %) (c); (20 %) (d); 30 % (e)

Efficiency of Modified PET lon-Track Membranes in Membrane Distillation Processes

Modified ion-track membranes (10 % of OA) pore sizes of 700 £ 25 nm and 980 + 20 nm were evaluated
in DCMD experiments using model saline solutions with NaCl concentrations of 7.5, 15, and 30 g/L. The
experimental setup followed the procedure detailed in our previous publication [32]. The effect of membrane
pore size and salt concentration on productivity and salt rejection was analyzed, with the corresponding results
summarized in Table 2 and illustrated in Figure 6.
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Table 2
Membrane distillation of saline solutions using PET TeMs-g-POA
PET TeMs-g-POA PET TeMs-g-POA
with pore diameter of 725 nm with pore diameter of 1000 nm
Degree of salt rejection — 96.16 % Degree of salt rejection — 81.37 %
NaCl7.5 g/L
Water flow — 1.64 kg/m*h Water flow — 1.58 kg/m*h
Degree of salt rejection — 97.24 % Degree of salt rejection — 80.52 %
NaCl 15 g/l Water flow — 1.42 kg/m?h Water flow — 1.28 kg/m?h
Degree of salt rejection — 96.12 % Degree of salt rejection — 70.38 %
NaCl 30 g/L Water flow — 0.98 kg/m?h Water flow — 0.97 kg/m?h
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Figure 6. Productivity and salt rejection performance in DCMD experiments

Table 2 and Figure 6 illustrate the decreasing trend in water flux as the salt concentration increases, high-
lighting the adverse effect of salinity on membrane performance. Permeate flux of 1.64+1, 0.98+1 was meas-
ured for membranes with pore diameters of 700+ 25 nm using 7.5 and 30 g/L NaCl feed, respectively. In
comparison, membranes with pore diameters of 980 & 20 nm exhibited a water flux of 1.58 kg/m?-h at 7.5 g/L
and 0.9713 kg/m?-h at 30 g/L, indicating a similar trend of decreasing productivity with increasing salt con-
centration. At a concentration of 15 g/L, the salt rejection rate was 97.24 % for membranes with 700 +25 nm
pores and 80.52 % for those with 980 + 20 nm pores.

Table 3 summarizes the characteristics and performance metrics of PET TeMs modified via various meth-
ods for application in MD.

Table 3

Relationship between pore size, LEP values and contact angle in PET TeMs modified by various methods,
and their performance in membrane distillation process

Modification methods | Pore size, nm Sr?gl:c;[ “f;;ﬁ;‘lx’ Salt rejection, %| LEP, MPa | Reference
Uvé%r]‘i‘g%’lzr‘l‘f{jfﬁion 200 + 18 105 gbogfL}afgrl 95.2 >0.430 [30]
Uv'gragff;‘t’;i’:gizaﬁon 220+ 15 99 03'8 1g9/i ;ag"lr 97.5 0.340 [31]
Imm‘;};ﬁ;ﬁiif:ﬂica 263+5 132 38'; /L_I\f;’él 98 0.430 [29]
ot byt mothaerte. | 724 4 | giginac | 91 0340 | 132
EIGCtTOSp%rLePr\S/DF PAROT 1 300-5000 ~140 ‘2"66.2‘2/181\]_:8 99.97 / [34]
Aiogun PCone [T s | Bt | s | | o
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As can be seen in Table 3, surface modification by immobilization of silica nanoparticles resulted in the
high degree of hydrophobization, achieving a contact angle of 132° and a water flux of 6.5 kg/m’h when
treating a 30 g/L NaCl solution [29]. However, this method presents certain limitations, including high labor
intensity and the gradual degradation of the nanoparticle layer during prolonged operation. One of the key
challenges in membrane hydrophobization remains the development of methods capable of effectively treating
membranes with large pore diameters, as these are directly correlated with higher productivity rates. Such
modifications must maintain a high level of salt rejection to ensure the feasibility of MD processes under real-
world conditions.

Among the studied approaches, hybrid membranes fabricated by electrospinning on the surface of TeMs
poly(vinylidene fluoride) (PVDF) and poly(vinyl chloride) (PVC) nanofibers demonstrated outstanding per-
formance in terms of both water flux and salt rejection. PVDF-based membranes showed water flux values
ranging from 4.68 to 6.78 kg/m’h with nearly complete salt rejection (99.97 %) for a 26.5 g/L NaCl solution
[34], while PET TeMs-PVC nanofibers reached a flux of 13.61 kg/m*h and 97.15 % salt rejection at 15 g/L
NaCl concentration [35]. UV-induced graft polymerization of lauryl methacrylate (LMA) [32] enabling mod-
erate hydrophobization (contact angle of 94°) and flux values of 1.88 kg/m?h with salt rejection above 91 %
for PET TeMs with ~720 nm pores.

In the present study, UV-initiated graft polymerization of octadecyl acrylate (OA) onto PET TeMs was
carried out under optimized conditions (10 wt% OA, UV exposure 60 min, 10 cm from UV lamp). This method
provided effective hydrophobization of membranes with large pore diameters (725 and 1000 nm), achieving
salt rejections of 96.16 % and 81.37 %, respectively, for a 7.5 g/L NaCl solution. Although hybrid PET TeMs
demonstrate higher water flux in membrane distillation, their multilayered structure remains a critical disad-
vantage. Over time, this layered architecture may degrade. In contrast, the formation of covalent bonds during
photoinitiated graft polymerization can overcome this disadvantage by ensuring strong interfacial adhesion
between the functional layer and the membrane surface. Compared to lauryl methacrylate (LMA), octadecyl
acrylate (OA) demonstrated superior salt rejection performance, particularly for PET TeMs with larger pore
diameters. This enhancement can be attributed to the longer alkyl chain of OA, which forms a more densely
packed and hydrophobic surface layer.

Conclusions

The present study successfully accomplished a chemical modification of PET TeMs by octadecyl acrylate
(OA). Hydrophobic PET TeMs were obtained by photoinitiated graft polymerization with controlled variation
of monomer concentration and irradiation duration to optimize surface functionalization. The combined appli-
cation of FTIR spectroscopy, SEM analysis, and contact angle measurements allowed a thorough assessment
of the samples chemical composition, surface structure, and wettability properties. Grafting of OA at optimal
conditions (concentration of OA — 10 %, time — 60 min, distance from UV-lamp 10 ¢m) led to an increase
in the contact angle to 95 °C. In membrane distillation (MD) tests, these hydrophobic PET TeMs exhibited a
productivity of 1.64 kg/m*h and a purification rate of 96.16 % with a membrane pore diameter of 725 nm,
while membranes with a pore diameter of 1000 nm at the same NaCl concentration (7.5 g/L) showed a lower
productivity of 1.58 kg/m? h and a purification rate of 81.37 %.
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Transport Properties of Cation-Exchange Membranes Obtained
by Pore Filling of Track-Etched Membranes with Perfluorosulfonic Acid Polymer

In this paper the correlation between the structural characteristics and transport properties of pore-filling mem-
branes formed by embedding an ion-conducting polymer into track-etched substrates was studied. Cation-ex-
change membranes were fabricated by filling the pores of track-etched membranes with a perfluorosulfonic
acid polymer (trade mark LF-4SC). The resulting membranes differed in the volume fraction of the ion-con-
ducting polymer and in the presence or absence of a surface LF-4SC layer. SEM and ATR-FTIR spectroscopy
were employed to characterize the chemical composition and structure of the membranes. A comparative anal-
ysis of ion-exchange capacity and water uptake was carried out. Concentration dependences of specific electri-
cal conductivity and diffusion permeability in NaCl solutions were obtained. The effects of pore filling degree
and LF-4SC layer thickness on osmotic transport, diffusion permeability, and selectivity were analyzed. The
electrical resistance of the prepared membranes was found to be comparable to that of the commercial MF-4SC
membrane, produced from the same perfluorosulfonic acid polymer, despite a significant fraction of the poly-
mer in the new membranes not participating in counterion transport. The observed structure—property relation-
ships were interpreted within the framework of the two-phase microheterogeneous model, providing insight
into the functional behavior of the composite membranes.

Keywords: cation-exchange membranes, track-etched membranes, pore-filling membranes, perfluorosulfonic,
electrical conductivity, osmotic flux, diffusion permeability, true transport numbers

1. Introduction

The growing demand for ion-exchange membranes (IEMs) and proton-exchange membranes (PEMs),
driven by expanding application areas, has stimulated exponential research efforts. Beyond dialysis and elec-
trodialysis, IEMs and PEMs are now used in a wide range of technologies, including membrane bioreactors,
hydrogen production electrolyzers, low-temperature fuel cells, flow batteries, and membrane capacitive deion-
ization, etc. Meeting these diverse requirements demands a careful balance between high transport perfor-
mance and cost control. Consequently, understanding the relationship between membrane structure and
transport properties is essential to address this challenge [1, 2]. The microheterogeneous model, originally
formulated by N.P. Gnusin et al. [3, 4] and later refined [5—7], provides a valuable framework for predicting
the transport characteristics of ion-exchange membranes. Based on effective medium theory [8], this model
describes a swollen IEM (or PEM) as a multiphase system, in which membrane properties are determined by
the intrinsic features and spatial organization of the constituent phases. In the simplest case, a membrane is
considered as a two-phase system. The first phase, known as the “gel phase”, includes the inert binder, rein-
forcing fabric and the polymer matrix carrying fixed groups, as well as a charged solution of mobile counteri-
ons (and, to a lesser extent, coions) that neutralize the charge of the fixed groups. The second phase is an
electroneutral solution, identical to the external equilibrium solution, which fills the intergel space, including
structural defects and the central regions of meso- and macropores of the [IEM (PEM). The microheterogeneous
model is mainly employed to interpret the concentration-dependent behavior of several key membrane prop-
erties, such as specific electrical conductivity [9—13], diffusion permeability [14-16], and sorption capacity
[13, 17-19]. It is also used to determine the volume fractions of the gel phase (f2) and intergel space (f1), the
coefficient a reflecting the spatial arrangement of the phases, and to estimate counterion and coion diffusion
coefficients within the membrane [11, 20]. Most studies applying this model have focused on (1) homogeneous
membranes with a uniform nanostructure, (2) quasi-homogeneous composite membranes, or (3) heterogeneous
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membranes [21, 22]. Type (1) includes monopolymer or interpolymer membranes, for example, Nafion 117
(DuPont, USA) and CIMA-4 (Hefei Chemjoy Polymer Material Co, China). Quasi-homogeneous (2) compo-
site membranes, such as CSE, ASE (Astom, Japan), consist of an ion-exchange material containing granules
of inert binder (40-60 nm). Heterogeneous membranes (3), for example, Ralex AMH PES (Mega, Czech Re-
public) and MK-40 (Shchekinoazot, Russia), contain ion-exchange resin granules (5-50 um) dispersed in an
inert binder. Most of these membranes include a reinforcing fabric with a fiber diameter of 30-55 pum [23, 24].
Recently, a new class of quasi-homogeneous membranes, known as pore-filling membranes (PFMs), has been
developed. Functional PFMs are attracting increasing attention because their production costs are comparable
to those of heterogeneous membranes. This advantage arises from a simpler fabrication process, the use of
inexpensive substrates, and lower consumption of pore-filling electrolyte. At the same time, PFMs demonstrate
excellent electrochemical characteristics and physicochemical properties similar to those of homogeneous
membranes [25-27]. PFMs are typically prepared either by casting an ion-exchange polymer dispersion onto
a porous substrate or by soaking the substrate in an ion-exchange polyelectrolyte [22]. Depending on pore
orientation within the substrate, PFMs can be classified as isotropic, anisotropic, or asymmetric [28, 29]. Figure
1 illustrates examples of such substrates and a schematic of pores filled with ion-exchange material.

ion conducting
polymer

a) isotropic b) anisotropic c) asymmetric

I

f»w | IHH

'W\H

Figure 1. Representative cross-sections of isotropic (a), anisotropic (), and asymmetric (c) substrates,
and PFM (d) derived from them

In fact, PFMs combine the advantages of homogeneous ion-exchange films and porous membranes, while
their unique structure helps overcome traditional challenges such as the compromise between thickness and
mechanical stability, as well as high ion-exchange capacity and water uptake [30]. The morphology of the
porous substrate provides high mechanical stability even for relatively thin PFMs and suppresses undesirable
excessive swelling of polyelectrolytes in the membrane pores when humidity, temperature, or external solution
concentration changes [31]. A substantial reduction in the number of dead-end pores, compared to membranes
of previous generations, ensures high conductivity of PFMs [32]. A dispersion of perfluorosulfonic acid
(PFSA) polymer in various solvents [28, 33—36] and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS)
[37, 38] are often used as cation-exchange pore-filling agents. Literature sources have also reported the possi-
bility of producing environmentally friendly pore filling membranes [27, 39, 40]. In addition, the pore-filling
method is the most common approach for preparing so-called “stimuli-responsive” or “smart” membranes [40—
44]. Such membranes not only exhibit good selectivity but may also possess a range of additional functions.
For example, R. Xie et al. fabricated thermo-sensitive membranes by grafting poly(N-isopropylacrylamide)
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(PNIPAM) onto the surfaces and into the pores of polycarbonate track-etched (PCTE) membranes via plasma-
graft pore-filling polymerization [44]. R. Childs et al. [43] prepared pH-sensitive pore-filled membranes by
incorporating a cross-linked poly(4-vinylpyridine) gel as the pore-filling electrolyte into a porous polyethylene
host membrane; in this case, the pure-water permeability of the resulting membrane was reversibly controlled
by pH. Commercial examples of PFMs include membranes from Fujifilm Manufacturing B.V. (The Nether-
lands), which use a nonwoven polyolefin porous substrate made of polyolefin fibers [45], as well as the
Nafion™ XI. membrane by lon Power Inc. (USA), which employs a woven microporous substrate made of
expanded polytetrafluoroethylene [33].

Anisotropic materials, in particular track-etched membranes (TMs), show considerable promise as PFM
substrates due to their ordered, parallel and through pores oriented perpendicular to the membrane surface
plane, as well as their regular pore geometry with a narrow pore size distribution (Fig. 15). Several stud-
ies [46, 47] have demonstrated that PFMs with TM substrates exhibit enhanced electrical conductivity com-
pared to conventional IEMs (PEMs), which is attributed to the reduced tortuosity of the counterion transport
pathways. Moreover, the low thickness and high mechanical strength of TMs indicate the potential for reduced
surface resistance in TM-based PFMs. Despite the growing number of publications on PFMs with TM sub-
strates [28, 34, 48-50], a significant gap remains in the literature regarding the relationship between structure
and transport characteristics of these membranes, particularly when analyzed using modern modeling ap-
proaches such as the microheterogeneous model.

This study aims to elucidate the relationship between structure and transport properties of pore-filling
membranes prepared by incorporating an ion-conducting polymer into track-etched substrates. The specific
objectives are: (1) experimental determination of key structural parameters; (ii) measurement of specific elec-
trical conductivity, diffusion permeability, and counterion/coion transport numbers; and (iii) interpretation of
the structure—transport property relationship using the two-phase microheterogeneous model.

2. Experimental

2.1 Membranes

Track-etched membranes with different pore diameters and pore densities were used to fabricate cation-
exchange PFMs (Table 1). The TMs were produced at the Flerov Laboratory of Nuclear Reactions, Joint In-
stitute for Nuclear Research (Dubna, Russia) from polyethylene terephthalate films (Hostaphan RNK,
Mitsubishi Polyester Films, Japan). The methodology and details of the TM fabrication process are reported
elsewhere [51]. The structural, transport, and electrochemical properties of TM 24 and TM 543 have been
described previously [52]. A dispersion of LF-4SC (OJSC Plastpolymer, Russia) in the H" form (10 % in
isopropyl alcohol, equivalent weight — average weight of the polymer per functional group — 980 g mol™")
was used as a cation-exchange filler. LF-4SC is obtained by radical copolymerization of tetrafluoroethylene
and fluorovinyl ether with a fluorosulfone group [53].

Table 1
Some characteristics of TM used as anisotropic substrates for PFMs fabrication
Parameter TM-24 [TM-543 [TM-120
Matrix material polyethylene terephthalate
Fixed groups -COOH, -OH
'"Pore diameter, d,, nm 1340+ 10 580+ 5 140+ 3
'Surface pore density, Nx107 cm~ 1 7 89
Surface porosity, € % 12+1 19+1 14+ 1
I — the number of tracks (pores) per unit area was estimated using SEM images;
2 total pore area normalized per unit area of the membrane surface; estimated using the equation &= (l/ 4)TCNd; [54].

All TM substrates were initially weighed in an air-dry state and subsequently cleaned by sequential wash-
ing with isopropanol (C3;HsO, 99.9 %, Sigma-Aldrich) and deionized water (conductivity = 5.28 + + 0.01 uS
cm!, pH=4.86+0.01 at 25 °C) prior to any modification.

A track-etched membrane was mounted in a filter holder (vacuum filtration device, Fig. S1, Supplemen-
tary Materials) on top of a 1 ¢cm thick silicone rubber band with ~5 um diameter holes. Ten milliliters of LF-
4SC solution (PFSA concentration of 5.0, 2.5, or 1.5 wt %) were applied onto the upper surface of the TM
(Surface 1), and the system was hermetically sealed. Air beneath the membrane was evacuated using a vacuum
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pump until the first drops of the pore-filling solution appeared at the lower surface of the TM (Surface 2). The
sample was then carefully removed and dried in a vacuum oven at 80 °C for 3 hours. This procedure was
repeated twice. The resulting membranes were designated PF-Y_ X, where Y denotes the track-etched mem-
brane number (Table 1) and X corresponds to the LF-4SC mass concentration in the pore-filling solution.

The commercial homogeneous cation-exchange membrane MF-4SC (OJSC Plastpolymer, Russia) was
investigated as a reference for comparative analysis. The membrane MF-4SC (an analogue of Nafion-117) is
prepared by solution casting of LF-4SC in the lithium form (10 wt% in dimethylformamide solution).

For conditioning of PFSA-based CEMs, oxidative-thermal pretreatment is commonly employed [47, 55],
which removes residual unreacted monomers and leads to pore expansion. In order to avoid possible defor-
mation of the substrate, a standard salt pretreatment [21] was applied to both experimental and commercial
membranes in this study.

2.2 Experimental Methods for Membrane Characterization

Morphology of membrane surfaces and cross-sections. The morphology of the membrane surfaces
and cross-sections of dry samples was examined after transport characterization using a JEOL JSM-7500F
scanning electron microscope (SEM) (JEOL Ltd., Japan). To improve conductivity and enhance image quality,
the samples were coated with a thin (about 5 nm) layer of silver nanoparticles. The surface porosity was de-
termined as the ratio of the pore outlet area to the unit area of the TM.

The chemical composition of the surface of air-dried samples was analyzed by energy-dispersive
X-ray spectroscopy coupled with SEM, as well as by attenuated total reflectance Fourier-transform infrared
(ATR-FTIR) spectroscopy using a Vertex70 spectrometer (Bruker Optics, Germany) in the range of 4000—-500
cm!. The IR spectra were processed using OPUS™ software.

Membrane thickness was measured at least 20 times at different points across each air-dried sample
using a Micron MKC-25 digital micrometer (Micron, China). The average thickness and measurement error
were then calculated.

Perfluorosulfonic acid polymer content in PF-Y_X. The amount of cation-exchange material in the
fabricated membranes (Am, g cm2) was calculated as:

Am =@xloo %, (1)

0
where my is the weight of the dry track-etched substrate membrane, g; m; is the weight of the dry PF-Y_X
membrane, g; and Sy is the membrane area, cm?.

Water uptake. All membranes were pre-equilibrated in deionized water. The sample was then removed,
and excess surface moisture was carefully blotted with filter paper. Subsequently, the sample was placed in an
MB25 moisture content analyzer (Ohaus Co., USA). The mass of the swollen sample, m,, was measured at a
temperature of 25 °C. Water was evaporated at 100 °C until a constant mass of the dry sample, mary, was
achieved. The water uptake of the membrane, W (%), was calculated as:

me,, — My,
W=—"-—"x100%. 2)
m,,

The total ion-exchange capacity (Q) of both strongly acidic cation-exchange membranes and weakly
acidic track-etched membranes was determined using the static method [19, 52]. A membrane sample of known
dry mass (may), converted to the H" form, was immersed for 24 h with periodic shaking in either 100 mL of
0.1 M sodium hydroxide (for membranes with strongly acidic groups) or 20 mL of 0.01 M sodium acetate (for
membranes with weakly acidic groups). The resulting solutions (with the membranes still immersed) were
then potentiometrically titrated with 0.1 M HCI solution (strongly acidic fixed groups) or 0.01 M NaOH solu-
tion (weakly acidic fixed groups) using an EasyPlusTitrators autotitrator (METTLER TOLEDO, Switzerland).
Titration data were recorded via computer output.

The ion-exchange capacity of the dry membrane (strongly acidic fixed groups), O (mmol g!) was deter-
mined using the formula:

_100—-kV

10-m,,,

: 3)

where ¥ is the volume of hydrochloric acid solution used for titration; & is a coefficient equal to the ratio of
the working solution volume to the aliquot volume.
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The calculation of the ion-exchange capacity of the dry membrane (weakly acidic fixed groups) in mmol
¢! was carried out according to the equation:

0= ; “4)

where Vr is the volume of titrant (NaOH) corresponding to the inflection point of the potentiometric titration
curve.

Specific electrical conductivity was measured by the difference method [56] using a clip cell and a GW
Instek LCR-76002 RLC immittance analyzer (GW Instek, China) in NaCl solutions of 0.1, 0.2, 0.3, 0.4, and
0.5 M.

Diffusion permeability. Integral diffusion permeability coefficients were determined in a two-chamber
flow cell according to the procedure described in [19]. The membrane separated compartment I (initially de-
ionized water) and compartment II (NaCl solution: 0.1, 0.2, 0.3, 0.4, 0.5 M). The NaCl concentration in com-
partment I (C;) was calculated from electrical conductivity and pH using Kirchhoff’s law and the second
Gluckauf approximation. The electrolyte diffusion flux density through the membranes was determined as

_1d(¢r)

dif — E

Osmotic permeability [57] was estimated in conjunction with diffusion permeability by measuring water
transfer from compartment [ (deionized water) to compartment II (NaCl solution) over 3 hours. The water flux
density, J,, [mol s m™], was then calculated using the formula:

v,-V
Jw:p( - t)’ (5)
MtS
where V is the volume of water in compartment I (cm?), p is the density of distilled water (considered equal to
1.0 g cm™); M is the molar mass of water (18 g mol™!), S is the active area of the swollen membrane (m?); ¢ is the
experiment duration (s). Index 0 denotes the volume in compartment I before the start of the experiment.
Experiments were conducted at 25.0 = 0.5 °C.

, where V; is the volume of water in compartment I and S is the active membrane area.

3. Results and Discussion

3.1 Microstructure and Chemical Composition of the Studied Membranes

SEM Images of Dry Samples

Figures 2 and 3 present the surface and cross-section images of both the TM substrates and the resulting
PF-Y_X samples.

As seen in Figure 2 and Figure 3, the pore outlets are randomly distributed across the surface of the TM
substrates, which is typical of such membranes [58]. SEM cross-sectional images reveal predominantly cylin-
drical pores (> 0.5 um) oriented perpendicular to the surface plane. It has been reported [47] that smaller pores
exhibit less regular geometries.

Figure 2 and Figure 3 also demonstrate that, in PF-Y 1.5 samples prepared with a pore-filling solution
containing 1.5 wt % LF-4SC, the ion-conducting polymer occupies the pores of the TM substrate to a greater
extent compared to other cases. The cross-sectional images of PF-Y 1.5 (Fig. 2 b, e, h) clearly show penetra-
tion of the LF-4SC polymer into the TM substrate from Surface I, onto which the solution was applied during
fabrication. The polymer penetration depth increases in the order PF-120_1.5 <PF-543 1.5 <PF-24 1.5, cor-
relating with the increasing pore diameter of the TM substrate.

When the concentration of LF-4SC in the pore-filling solution was increased, a distinct polymer surface
layer formed (as illustrated in Fig. 2 c, f, 1). This layer was primarily observed on Surface I, the surface onto
which the pore-filling solution had been applied. By contrast, Surface II, which faced the vacuum chamber
during the membrane fabrication process, showed only negligible polymer deposition. For example, in the PF-
120X membrane (Fig. 3), Surface I appeared practically homogeneous, whereas the morphology of Surface
II remained similar to that of the original TM-120 substrate (Fig. 2¢). The thickness of the LF-4SC layer
increased in the order PF-24 5 < PF-543 5 < PF-120 5 (Fig. 3, Table 3), indicating an inverse correlation
between the thickness of the polymer layer and the pore diameter of the TM substrate.

For comparison, the homogeneous MF-4SC membrane exhibited a uniform surface and bulk struc-
ture [59].
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surface v cross-sgctig cross-sectin cross-section
e TM120 & 5% PF-120 1.5 PF-120_25§

Figure 2. SEM images of the surfaces and cross-sections of the TM substrates (a, d, ),
as well as cross-sections of the experimental samples PF-Y 1.5 (b, e, &) and PF-Y 2.5 (¢, f, i)

surface Il cross-section surface |

Figure 3. SEM images of the surfaces and cross-section of the experimental sample PF-120 5.
Further details are provided in the text

70 Eurasian Journal of Chemistry. 2025. Vol. 30, No. 3(119)



Transport Properties of Cation-Exchange Membranes ...

3.2 Results of ATIR Spectroscopy and Energy-Dispersive X-Ray Spectroscopy

The data obtained from scanning electron microscopy are consistent with the compositional analysis pro-
vided by energy-dispersive X-ray (EDX) spectroscopy (Fig. S2, Supplementary Materials), as detailed in Table
2. The EDX results show that on Surface I the fluorine content (originating from the LF-4SC polymer) in-
creases both with higher LF-4SC concentration in the pore-filling solution and with decreasing pore diameter
of the substrate surface. In contrast, at Surface II, a higher fluorine content was detected in sample PF-543-2.5
than in PF-120-5.0, suggesting a different trend.

Table 2

Carbon, oxygen and fluorine content (atomic %) on the membrane surface and cross-section

2Amayy, Surface I Cross-section (near surface II)
Membrane mg-crryn’2 C 0 F C ) F
TM-Y — 88 12 — 88 12 —
PF-543 2.5 0.26 55 23 22 63 23 14
PF-120 5.0 0.27 40 2 58 76 21 3
'Reproducibility of three measurements is +2 %.
’Membrane mass gain after modification.

Figure 4 shows the IR spectra of the LF-4SC film, the TM-120 track membrane, and the PF-120 5 sam-

ple.
§,(CH,)
TM120 v(C=0)  §(CH,) , 8,5(C-H)5,,(C=0)
——— : ¢ vaS(C—O) : P
o o | ; Lo ¥,,(C-0)
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Figure 4. IR spectra of the TM-120 substrate surface, PF-120 5.0 sample cross-section,
and LF-4SC film (cast from isopropyl alcohol)

The IR spectrum of the TM-120 substrate exhibits characteristic bands of polyethylene terephthalate [60,
61]: C=0 (stretching vibrations of carbonyl groups, 1715 cm™), C-O (stretching vibrations in ester groups,
1243 ecm ™), C-O-C (stretching vibrations in ethers, 1097 cm™! and 1120 cm™"), CH»- (symmetrical bending
vibrations of methylene groups in the plane of H atoms, 1410 cm™' and 1340 cm™), C—C (bending vibrations
of the benzene ring in the plane of the ring, 1018 cm™), C-H (bending vibrations of the benzene ring perpen-
dicular to the plane of the ring, 872 cm™), C=0 (bending vibrations of the carbonyl group in the plane of the
C atoms, 723 cm™).

The IR spectrum of the LF-4SC layer is characterized by asymmetric and symmetric stretching vibrations
of the CF, groups at 1143 and 1203 cm™!, as well as strong stretching of the —SO,F side chain at 1205 cm™!
and medium-intensity stretching of the C—O—C group at 989 cm™!, which are characteristic of perfluorsulfonic
acid [62, 63]. The IR spectrum of the PF-120_5 sample cross-section is a superposition of the spectra of TM-
120 and the LF-4SC film. For PF-120_5, a pronounced decrease in the intensity of the peaks characterizing
polyethylene terephthalate is observed, while broad intense peaks appear at 507 cm™!, 632 cm™!, along with a
weak band at 1060 cm™', corresponding to symmetric and asymmetric vibrations of sulfo-groups [63].
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3.3 Equilibrium and Transport Characteristics of Membranes

Table 3 provides a summary of the key characteristics of the studied membranes. Figure 5 compares area
resistance, osmotic water flux (J,,), and NaCl diffusion flux (J;) for the track-etched membranes and the result-
ing ion-exchange membranes (PF-Y_X), with MF-4SC included as a reference. The performance of the PF-
Y X membranes is largely governed by the properties of the TM substrates employed in their fabrication
(Tables 1, 3).

Table 3

Some characteristics of the membranes under study
Membrane i"g”éyr’na dyw, pm |dgry, pm ﬁif’y’ r%mol - rAn%gi ol Z ’ AWlg, %
MF-4SC - 19542 177£3 0.84 - 24.0 |-
TM 24 - 21«1 0.01 = 2.5 =
PF-24 1.5 0.05 234 21.0 0.2 0.02 0.09 3.1 5.2
PF-24 2.5 0.06 23.8 22.8 0.8 0.03 0.18 3.4 7.6
PF-24 5 0.17 23.8 23.0 1.0 0.05 0.37 5.0 20.8
TM 543 = 111 0.02 = 3.9 =
PF-543 1.5 0.06 12.8 11.7 0.7 0.04 0.08 83 23.0
PF-543 2.5 0.26 18.4 15.7 4.7 0.20 0.93 9.5 29.6
PF-543 5 0.45 20.8 19.0 8.0 0.35 1.71 234 11024
T™ 120 = 10+1 = 0.05 = 2 =
PF-120 1.5 0.08 14.7 12.8 2.8 0.09 0.31 8.3 45.2
PF-120 2.5 0.12 19.4 16.3 6.3 0.11 0.47 6.1 29.0
PF-120 5 0.27 20.6 18.7 9.5 0.27 1.61 149 919
Error +0.05 +0.3 +0.01 +1.0

Literature [6, 64, 65] reports the formation of a “loose” or “gel layer” on the TM pore walls, containing
—OH and —COOH groups. This nanometer-thick layer is generated during heavy ion bombardment followed
by chemical etching, as a result of incomplete polymer degradation. The gel layer, typically a few nanometers
thick, exhibits ion-exchange characteristics and is capable of swelling in aqueous environments. Polytetraflu-
oroethylene track-etched membranes have shown surface charge densities ranging from 0.1 to 1 elementary
charge per nm?, as determined by various methods [6, 64, 65]. Consequently, the ion-exchange capacity of the
TMs increases in the following order: TM 24 < TM 543 < TM 120, which correlates with a decreasing pore
diameter and increasing pore density (Tables 1 and 3), thereby enhancing the relative contribution of the “gel
layer”.

The water uptake of TMs depends not only on the degree of hydration of the fixed groups within the gel
layer, but also on the amount of free water in the membranes, which is determined by the value of the volume
porosity (here assumed to be equivalent to the surface porosity; Table 1). Accordingly, water uptake increases
in the order TM 120~TM 24<TM 543.

The adopted pore-filling strategy for producing PF-Y X membranes leads to a systematic increase in
several key properties with increasing LF-4SC concentration in the impregnating solution. Specifically, in-
creases are observed in the specific mass of the ion-conducting polymer, membrane thickness, ion-exchange
capacity, and water uptake (Table 3). The difference in thickness, measured in the dry state, between the PF-
Y_ X membranes and their corresponding TM substrates allows estimation of the thickness of the LF-4SC layer
formed on the surface of these experimental membranes. The lowest values of this parameter (Ad) are observed
for PF-Y 1.5 samples (prepared with the 1.5 wt% LF-4SC solution), whereas the highest are found for PF-
543 5.0 and PF-120_5.0.

When the ion-conducting polymer is predominantly located within the pores of the PF-Y X samples, the
resulting increase in ion-exchange capacity and water uptake, normalized to the porosity of the TM substrate,
shows a relatively weak dependence on the LF-4SC concentration used for pore filling. In contrast, the for-
mation of an LF-4SC film on the surface of the PF-Y 5 samples (fabricated with the highest LF-4SC concen-
tration) leads to a sharp and significant increase in the measured values of ion-exchange capacity (AQ/¢) and
water uptake (AW/e), as summarized in Table 3. Moreover, when the ion-conducting polymer is primarily
located within the pores of the membranes, the rigid and inflexible structure of the TM substrate restricts the
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swelling of the PF-Y X samples. However, the particular type of TM substrate used does not appear to exert
any significant effect on the degree of swelling exhibited by the LF-4SC surface layer of these membranes.

The observed differences in the extent to which the pores are filled with the ion-exchange material, cou-
pled with the presence of layers of ion-conducting polymer on the surface of certain PF-Y X samples, give
rise to a complex and intricate relationship between the underlying structural parameters of the TM substrate,
the concentration of LF-4SC used in the pore filling solution, and the resulting transport characteristics of the
fabricated experimental membranes (Fig. 5).

4 + 0.1 M NaCl
3 4+
N
£,
S
L
(@)
o 1 -
0- (&
L % 5 0
oA A N2 S
ot o< ot L
BETM 24 =TM 543 ®BTM 120
a)
250 + 0.5 M NaCl 1 + 0.5 M NaCl
PF-Y_X
Salt solution membrane Water
(feed stream 1) (stream I)
200 + 0.8
Jg N
o?:" 150 - diffusive flux < 0.6
1S of solutes | =
g 100 | TE)
] 04
% osmotic %
H water flow ﬂ'ﬂ
50 - 0.2
0 - 0
) % ) O % % I\ (&}
> > b4 2 A 2 % @
<< ¢’ ¢’ : ??rl - ??:l ~ ???l z E
= =
B©TM24 uETM 543 =TM 120 ETM24 ®TM 543 ®TM 120
b) ¢

Figure 5. Area resistance (a), densities of the osmotic water flux J,, (b) and electrolyte diffusion flux across
the membrane J; (NaCl) (c) of the TM substrates and ion-exchange membranes (PF-Y_X).
The characteristics of the MF-4SC membrane are given for comparison

The PF-Y_X membranes exhibit higher area resistance compared to the TM substrates (Fig. 5a), as ex-
pected [2]. This effect arises because the ion-exchange material replaces the 0.1 M NaCl solution
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(90.9 Ohm cm?) within the TM pores, the resistance of which is approximately 1.4 times lower than that of
LF-4SC. Furthermore, the LF-4SC film itself adds to the resistance of the PF-Y X membranes, with the con-
tribution increasing proportionally to its thickness.

} LF-4SC film layer

.
¥ e, ke, Rep

PF-Y X ‘
membrane Pore-filled
TM layer
d, <", R g
2 2 dprr Kprr ', Rppr
y

Figure 6. Schematic illustration of the PF-Y X sample, consisting of a layer of LF-4SC
ion-conducting material and a track membrane with straight pores filled with the same ion-conducting material

In line with the concepts outlined in studies [47, 66], the resistance of the PF-Y X samples, schematically
illustrated in Figure 6, can be regarded as the sum of the resistances of the LF-4SC layer and the track-etched
membrane, the pores of which are filled with the same ion-exchange material:

R =Ry + Rppy - (6)

PF-Y X

Hereafter, the following indices are used: PF-Y X — a sample of the PFM membrane; FL. — the film
layer of the LF-4SC polymer on the PFM surface; PFL (pore-filled layer) — the TM with pores filled with the
LF-4SC polymer. The resistance of LF-4SC film can be easily estimated using the following formula:

RFL =% > (7)

FL
where K, is equal to specific electrical conductivity of the LF-4SC. Then:
exj exj d
Rpp, = RPF{)QX -=E. ®)
KFL
The index exp denotes the resistance found experimentally.

The resistance of an ideal PFL layer can be estimated under the following assumptions: all pores of the
track membrane are straight, and the LF-4SC polymer completely and defect-free fills these pores (Fig. 6). In
this case, the PFL can be considered as a parallel circuit consisting of alternating components of the dielectric
material of the TM and the ion-exchange material. Accordingly, the resistance of the PFL layer is determined
as:

L __ b + 1 9)
RPFL RTM RF

Here R;,, denotes the resistance of the material from which the track-etched membranes are made. As a first
approximation, we may assume that R, —oo. Then R,. =R, , where R, is the resistance of the LF-4SC
polymer, completely filling the pores:

R, =9 (10)
SKFL

Ry =
where ¢ is the volume fraction of pores in the PFL layer, which is equal to the volumetric porosity of the TM.
To estimate the value of R} , we use equation (10), substituting €“” in place of €. The parameter £“”
counts for the incomplete filling of TM pores with the LF-4SC polymer. The coefficient y is determined as
follows:

ac-

Roin =Rory _yg9e=87" (11)

exp

y(%):lOO

PFL
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allows estimation of the proportion of TM pores that are not filled with the LF-4SC polymer.

The estimated y values, calculated using formula (11), are presented in Figure 7. These values correlate
well with the SEM morphological observations, indicating that a decrease in TM pore diameter and an increase
in LF-4SC concentration in the pore-filling solution both enhance the fraction of pore volume left unoccupied
by the LF-4SC polymer. Notably, despite this incomplete filling, the R values measured for the PF-543 X and
PF-120_X samples are comparable to those obtained for the MF-4SC membrane (Fig. 5a). This result, favor-
able for electromembrane applications, is primarily attributed to the markedly reduced thickness of PFMs rel-
ative to conventional membranes.

100 0.1 M NaCl
; = Surface gi Pon:
E ) % por:?f’: : 134n0mi 1(;
) * % 19+1 5805
/ 14 +1 140 + 3
20 %
: _

zTM24 =TM 543 =TM 120

Figure 7. Proportion of PF-Y_ X pores not filled with LF-4SC ion-conducting polymer.
The surface porosity (assumed to be equal to the volume porosity) for each TM is provided in the table

Due to the fact that the thickness of the electrical double layer formed on the pore walls is two orders of
magnitude smaller than the pore diameter (Table 1) [6], water transport through the TM membrane can occur
even under a small pressure difference. In contrast, the PF-Y_X samples lose this ability because of pore filling
(Fig. 3¢). Moreover, the measured values of J,, (osmotic water flux) decrease with increasing LF-4SC concen-
tration in the pore-filling solution and with increasing thickness of the LF-4SC layer formed on the PF-Y X
surface. Despite this decrease in J,, the resulting values still significantly exceed those that are measured for
the MF-4SC membrane. The comparatively high J,, values can be attributed to non-uniform pore filling with
the ion-exchange material, a defect that is most apparent in the PF-24 1.5 sample, but is also present in all of
the obtained samples (as can be seen in Fig. 5). The presence of the LF-4SC layer as a continuous film on the
surface of the PF-Y 5.0 samples further reduces water flux density. However, these values still remain ele-
vated, primarily because the thickness of this surface film is much smaller than the total thickness of the MF-
4SC membrane (Table 3).

The electrolyte diffusion flux through the PF-Y X experimental membranes is generally higher than that
measured for the commercial MF-4SC membrane (Fig. 3d). Notably, for the PF-24 X samples, the flux in-
creases with increasing LF-4SC concentration, whereas for the PF-543 X and PF-120 X samples, the flow
decreases with increasing LF-4SC concentration in the pore-filling solution. The largest reductions in diffusion
flux, relative to the MF-4SC membrane, are observed for PF-543 2.5 and PF-543 5.0.

The differences in how the TM pore morphology and LF-4SC concentration affect the osmotic and dif-
fusion permeability of the membranes are presumably attributed to the PF-Y X fabrication process. Due to the
amphiphilic nature of the PFSA polymer, it readily forms micelles in polar solvents such as water and isopropyl
alcohol [67, 68], which prevents complete, void-free filling of the substrate pores. The effect of polymer ag-
gregation is further enhanced by decreasing the substrate pore size [28, 69] and increasing the polyelectrolyte
concentration in the pore filling solution, which increases its viscosity. Consequently, for each substrate with
a specific pore diameter, there exists an optimal polymer concentration that leads to the formation of nanovoids

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 75



Ponomar, M.A., Sarapulova, V.V. et al.

[70]. The presence of these nanovoids introduces a complex influence on both the osmotic pressure (which
should be applied to the concentrated solution to prevent the solvent from transferring across the membrane)
and the diffusion of electrolyte through the membrane [35, 71]. It is noteworthy that the osmotic and diffusion
flows across the membrane are oppositely directed (insertion in Fig. 5b), hence a high osmotic flux can effec-
tively hinder electrolyte diffusion across the membrane.

Considering all the data, the PF-120_5 and PF-543 5 samples emerge as the most suitable for providing
an optimized balance between transport characteristics, mechanical strength, minimal membrane thickness,
and efficient use of ion-exchange material.

3.4 Structural and Transport Parameters of the Studied Membranes

The two-phase microheterogeneous model [4] provides a deeper understanding of the structure-property
relationship in PF-120_5 and PF-543 5 membranes. Using this model, the structural and transport parameters
of these membranes, along with those of MF-4SC, were determined from the concentration dependence of
their specific conductivity (Fig. 8a, b) and diffusion permeability (Fig. 8c) in NaCl solutions.
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Figure 8. Concentration dependences of specific electrical conductivity k* (), integral coefficient of diffusion
permeability P (c¢) and counterion transport numbers #" (d) of the studied membranes in NaCl solution.
Figure (b) demonstrates the procedure for determining the parameter f>. The numbers near the curves
correspond to the membrane designations (Table 3). The dotted line in Fig. (a) corresponds
to the concentration dependence of the solution’s electrical conductivity
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Table 5 presents values of the structural parameter (o), characterizing gel phase/intergel space arrange-
ment), intergel space volume fraction (f3), ion-exchange capacity (Q) and counterion diffusion coefficient (D))
in the gel phase, as obtained from the microheterogeneous model. Figure 85 illustrates the f, determination
from the slope of membrane electrical conductivity versus NaCl solutions concentration curves (logarithmic
coordinates). Details on determining other parameters are provided in [19, 72].

Table 5

Structural and transport parameters of the studied membranes in NaCl solution,
determined using a microheterogeneous model

Membrane 5 a 0, mmol cm Dix10%, cm?s™!
MEF-4SC 0.12+0.02 0.35+£0.02 1.1£0.1 2.9+0.2
PF-543 5 0.20+0.02 0.27+£0.02 0.5+0.1 0.6+£0.2
PF-120 5 0.51+0.02 0.09+0.02 0.7£0.1 0.2+£0.2

Prior to discussing the data obtained, it should be noted that the studied MF-4SC membrane apparently
exhibits lower crystallinity compared to similar membranes reported in [73—75]. This follows from the higher
water uptake, specific electrical conductivity, volume fraction of intergel spaces, and the value of the diffusion
permeability coefficient of MF-4SC (Figure 8, Table 5), which may result from differences in solvent removal
(annealing) conditions during commercial membrane production, as well as variations in pre-treatment proce-
dures.

The specific electrical conductivity of the membranes is primarily governed by counterion transport. For
the experimental PF-543 5 and PF-120 5 membranes, as well as for the commercial MF-4SC membrane,
specific conductivity increases with increasing concentration of the external solution. This behavior is typical
of most ion-exchange membranes in strong electrolyte solutions and has been extensively discussed in the
literature [24]. Within the studied range of NaCl concentrations, the conductivity of the PF-543 5 and PF-
120 5 samples is nearly an order of magnitude lower than that of the commercial MF-4SC membrane (Fig. 8a).
This reduction, discussed in Section 3.2, is mainly attributed to the low volume fraction of pores in the track-
etched membranes and the incomplete filling of these pores with the LF-4SC polymer. Based on the derived
f; values (Table 5), the PF-120 5 sample appears to contain a greater number of voids filled with the external
solution than the PF-543 5 sample. As mentioned in Section 3.1, this difference arises from the partial aggre-
gation of the LF-4SC polymer due to its high concentration in the pore-filling solution [28, 69]. However, it is
important to note that, only in the case of the MF-4SC membrane, the studied concentration range satisfies the
condition 0.1C5,<C<10C;s,, where C;s, represents the concentration of isoelectric conductivity of the gel phase
and the intergel space. This condition is required for the simplified equation " =%/'k” to be applicable (the
derivation of this equation is provided in the S3, Supplementary materials). Consequently, the f; values that
were determined for the PF-120 5 and PF-543 5 samples may be overestimated [24].

Parameter o (characterizing gel/intergel phase arrangement) increases in the sequence: PF-120 5 < PF-
543 5 <MF-4SC (Table 5). This trend suggests a gradual transition from a predominantly parallel arrangement
of these phases in PF-120_5 to a more balanced combination of parallel and sequential contacts in MF-4SC.
The primary determinant of the a values appears to be the morphology of the LF-4SC polymer within the pores
rather than the thickness of the LF-4SC layer on the surface of the TM substrates (Table 3). Considering the
inherent measurement uncertainties, the studied membranes exhibit a clear inverse relationship between o and
/> (Fig. 9), a behavior commonly observed in many commercial membranes [4, 76, 77].

The ion exchange capacity of the gel phase (Q = Q/ f,) of the PF-120_5.0 and PF-545_5.0 samples is

the same, taking into account the measurement error, and is almost three times lower compared to the same
parameter for the commercial MF-4SC membrane. These data also indirectly indicate incomplete filling of the
PFL pores with the LF-4SC ion-conducting polymer.

The diffusion coefficient of counterions in the membrane ( D, x10°) decreases in the sequence MF-4SC>

PF-543 5> PF-543 5, reflecting the increasing pore-filling defects in the PFL layer of the experimental sam-
ples.
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Figure 9. Dependence of the parameter a on the parameter f; of the studied membranes in a NaCl solution

The diffusion permeability of membranes is primarily governed by coion transport, effectively represent-
ing the non-selective transport of electrolyte through the ion-exchange membrane. Consistent with observa-
tions for many other ion-exchange membranes [24], the diffusion permeability of MF-4SC, PF-120 5.0, and
PF-545 5.0 increases with increasing concentration of the external solution (Fig. 8c), a phenomenon attributed
to the reduced effectiveness of the Donnan (electrostatic) exclusion of coions from the gel phase of the mem-
brane [78]. Somewhat unexpectedly, the slope of these dependencies decreases in the order MF-4SC > PF-
120 5.0 > PF-545 5.0. The concentration of coions within the gel phase is, to a first approximation, inversely
proportional to the concentration of fixed ions, i.e., the ion-exchange capacity of the gel phase (O =0/ 1)

The higher the density of the fixed groups, the stronger the Donnan exclusion of coions from the gel phase.
Consequently, it might be expected that the diffusion permeability of the membrane would decrease with in-

creasing O and with decreasing f>, as the Donnan exclusion of coions is not effective within the intergel space.

On the other hand, if the intergel solution forms a continuous pathway for coion transport, the values of P can
be relatively high. This case is most likely to occur with a predominantly parallel arrangement of the f; and f>
phases, which corresponds to a— —1. However, it appears that the primary factor contributing to the reduced
diffusion permeability coefficient of the membranes is not these effects but rather the low overall pore content
within the PFL structure, which restricts the available pathways for coion transport.

The transport numbers of coions, t, and counterions (# =1 — t4) were calculated using the equations

proposed in [72] (derivation provided in S3, Supplementary Materials) and the experimental concentration
dependences of the specific electrical conductivity and diffusion permeability of the studied mem-
branes (Fig. 8). It is known [72] that, to a first approximation, the transport number of counterions determines
the membrane selectivity. Its value is proportional to the conductivity and inversely proportional to the diffu-
sion permeability of the membrane. The calculated values (Fig. 8d) indicate that, within the studied NaCl
concentration range, the selectivity of the experimental PF-120 5 and PF-543 5 membranes approaches that

of the commercial MF-4SC membrane. As mentioned earlier, the higher ¢ values of the MF-4SC membrane

compared to the PF-Y 5.0 membranes are due to the higher O values and the absence of areas of the TM

pores not filled with LF-4SC polymer.

Furthermore, physicochemical properties of the fabricated PF-543 5 membrane were evaluated, and a
comparison was made with commercially available cation-exchange membranes [38, 79, 80] as well as previ-
ously reported laboratory-prepared pore-filling membranes [37-39, 79-82] in terms of key properties, includ-
ing thickness, IEC, transport number, electrical resistance, and water uptake (Table S1). The values of the

“true” (¢ ) transport number of PF-543 5 membrane prepared in the present study were comparable to previ-

ously reported apparent (tfapp ) counterion transport numbers determined using the potentiometric method [24,
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37]. The resistance of PF-543 5 was lower than that of commercial ion-exchange membranes but generally
higher than that of PFMs prepared on the basis of an isotropic substrate. The water uptake of the prepared
membrane was lower than that of the compared membranes. Both of these factors can be explained by the low
porosity of the original track membrane.

4. Conclusions

It is demonstrated that pore filling of the track-etched membrane with the PFSA polymer LF-4SC is an
effective approach for producing thin cation-exchange membranes. The best-performing membranes obtained
in this study exhibit electrical resistance and selectivity comparable to the commercial MF-4SC membrane,
with the added advantage of reduced swelling upon dilution of the external electrolyte solution. However,
these same samples show higher osmotic and diffusion fluxes compared to MF-4SC. These performance dif-
ferences arise from incomplete filling of the track-etched membrane pores with the ion-conducting material,
as well as from the formation of the LF-4SC layer on one of the PF-Y X membrane surfaces. These undesirable
trends observed for the transport characteristics of the experimental samples become more pronounced with
increasing concentration of LF-4SC (from 1.5 wt % to 5 wt %) in the pore-filling solution and with decreasing
pore diameter of the track-etched membranes.

Modeling the PF-Y X membranes as track-etched membranes with straight pores filled with an ion-con-
ducting polymer, overlaid with a surface layer of the same polymer, allows quantifying the contribution of
pore-filling defects to the overall resistance of the samples. Furthermore, analysis of the concentration-depend-
ent data for specific electrical conductivity and integral diffusion permeability coefficients of the PF-Y X
samples using a microheterogeneous model demonstrates that, when these pore-filling defects are taken into
account, the fabricated membranes exhibit the same fundamental behaviors characteristic of most commercial
ion-exchange membranes.

The set of determined transport characteristics for the PF-543 5 sample (R 0.89 Ohm-cm?,
Jw49.4mmol m?s!, J;0.11 mmol m2s!, t,=0.97 in 0.5M NaCl) indicates its potential suitability for use
in electrodialyzer-concentrators and other electromembrane modules.
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Graft Polymerization of Allylamine for the Modification
of PET Track-Etched Membrane

Track-etched membranes (TMs), characterized by their precisely controlled pore size, geometry, and distribu-
tion, offer a promising platform for the development of advanced membrane systems and serve as model mem-
branes for testing and optimizing surface modification techniques. This study presents a perspective modifica-
tion of poly(ethylene terephthalate) track-etched membranes (PET TM) based on photo-induced graft polymer-
ization of allylamine (AlAm) to introduce primary amine groups on the membrane surface. The polymerization
process was optimized by evaluating key parameters, including reaction time, monomer concentration, solvent,
and distance from UV-lamp. Optimal conditions for photoinduced graft polymerization were found: grafting
time 60 minutes, AlAm monomer concentration 50 %, 2-propanol as a solvent and distance to UV lamp 10 cm.
These parameters allowed effective modification of the polymer while maintaining the integrity of the mem-
brane porous structure. The modified membranes were characterized using SEM-EDX, ATR FTIR, and UV-
spectroscopy. The results demonstrate the successful fabrication of membranes with a high amino group content
(up to 10.6+0.3 umol/g) while preserving their porous structure. This functionalization enhances the practical
potential for the environment and biomedical fields.

Keywords: track-etched membrane, poly(ethylene terephthalate), allylamine, photoinduced graft polymeriza-
tion, modification, polymeric membranes, porous structure, surface functionalization, UV irradiation

Introduction

Track-etched membranes (TM) are a unique class of polymeric membranes obtained through heavy-ion
irradiation of polymer films, followed by chemical etching of the ion tracks to create well-defined pores [1, 2].
This fabrication process allows precise control over pore size, shape, and density, enabling the development
of membranes with tailored properties for specific applications [3]. Several polymers, such as polyethylene
terephthalate (PET), polycarbonate (PC), polyimide (PI), polypropylene (PP) and poly(vinylidene fluoride)
(PVDF) are widely used for ion-tracking technology. Poly(ethylene terephthalate) has been found to have a
number of applications in the form of functionalized TM owing to its chemical stability, mechanical strength,
and thermal stability [4]. PET TM are widely used in medical and analytical applications, including drug pu-
rification, virus filtration, and plasma separation [5—8]. TM are also used for quality control of food and water,
air and liquid filtration for environments, drinking water purification systems, and analytical monitoring of
various substances [9—14].

Most polymeric materials have a pristine surface with low surface energies. Thus, the control of chemistry
at polymer surfaces has become increasingly important for at least the major way of applications [15, 16]. The
use of chemical and physical modification is one of the most effective approaches to improve membrane prop-
erties. Various surface modification techniques have been applied to enhance the functionality of TM, includ-
ing radiation, chemical, photochemical, and plasma — induced initiation techniques and physical or chemical
adsorption [17-20]. These methods are therefore usually employed to obtain TM with specific properties, such
as adhesiveness, wettability, biocompatibility, and antifouling, to carry out their intended tasks. The UV-
induced surface graft polymerization has several advantages over other surface modification techniques. These
advantages include a rapid reaction rate, low processing cost, simple experimental setup, and high potential
for industrial scalability. One significant benefit is that the grafted polymer chains are confined to a thin surface
layer, which minimizes alteration to the bulk properties of the material. This makes photo-induced grafting a
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powerful tool for precisely tuning surface characteristics without compromising the structural integrity of the
substrate [21].

In our study, we presented the modification of PET TM with allylamines (AlAm) using photo-induced
graft polymerization. The AlAm is an attractive category of amines with its molecular structure consisting of
highly dense primary amines at the side chain [22]. Additionally, AlAm is a suitable binding material in sup-
ported amine systems due to cohesive forces between the chains and adhesive forces with the supports [23, 24].
The allyl group is used for the modification of the molecule onto various templates, including polymers and
inorganic supports [25]. In addition, the allyl group allows for efficient participation in radical polymerization,
while the introduced amine groups can serve as reactive sites for further chemical functionalization or biomol-
ecule immobilization. Functionalized AIAm systems have been developed to address, among other things,
issues related to oxidative and thermal stability in CO; capture processes [26].

Experimental

Reagents

Allylamine (98 %), benzophenone (BP) (97 %), N, N-dimethylformamide (99,9 %), sodium hydroxide
(98 %), acetic acid (99.5 %), ethanol (98 %), 2-propanol (99.8 %) were produced from Sigma-Aldrich. To
eliminate stabilizers, AIAm underwent purification via aluminum oxide packed chromatographic columns.
The deionized water utilized in experimental procedures was purified through an “Aquilon-D301” purification
system, ensuring a resistivity level of 18.2 MQ.

Preparation and Modification of Track-Etched Membrane

For all measurements, PET TM with a thickness of 12 pm, pore density of 1-10° pore/cm?, and an effec-
tive pore diameter of ~250 nm was used. The membranes were fabricated by irradiating a PET film with 3Kr!>*
ions accelerated to an average energy of ~1.75 MeV/nucleon using a DC-60 ion accelerator (Institute of Nu-
clear Physics of Kazakhstan), followed by chemical treatment in 2.2M NaOH solution at 85 °C. The samples
were rinsed with 5 % acetic acid and DI water and stored in air at room temperature.

The 5x5 cm TM was immersed in a 5 % solution of BP in DMF for 24 hours. Following this treatment,
the membranes were rinsed with ethanol and subsequently air-dried. The quantitative determination of BP
adsorbed on the surface of PET TM was performed using a spectrophotometric assay. The samples with ad-
sorbed BP were briefly washed with ethanol at room temperature, dried, and then immersed in pure ethanol at
40 °C to desorb loosely bound BP from the membrane surface. The amount of released BP was subsequently
measured by UV—vis spectroscopy at 253 nm. The PET TM was placed in a solution containing AIAm. Chlo-
roform, 2-propanol, acetonitrile, and deionized water were used as solvents. To eliminate dissolved oxygen,
the reaction mixture was purged with Ar. The photo-induced graft polymerization was conducted under irra-
diation using an OSRAM Ultra Vitalux E27 lamp (UVA: 315400 nm, 13.6 W; UVB: 280-315 nm, 3.0 W)
for different durations.

Characterization of the Morphological and Chemical Properties

The chemical structure of the membrane was investigated through the Fourier Transform Infrared Spec-
troscopy (FTIR) technique using InfraLUM FT-08. The FTIR spectra were recorded in the range of 400—4000
cm™!, with a resolution of 1 cm™ and an average number of 20 scans, by using an attenuated total reflectance
(ATR) module. The ATR-FTIR analyses were performed on both sides of the membranes.

The change of morphology and pore size after modification was evaluated by scanning electron micros-
copy (SEM). Before the analyses, a 10 nm thick layer of gold was applied on the surface. The pore size deter-
mination was performed using the Phenom Image Viewer program. The elemental composition of the sample
was studied by using the energy-dispersive X-ray spectroscopy (EDX) system Bruker Xflash MIN SVE at an
accelerating voltage of 15 kV. The results of the analysis are presented as averages based on three data points.

The number of available amino end-groups was quantified using 500 umol/L acid orange (AO) solution
(in HCI, pH=3). Samples of modified PET TM of 1 cm? in size were immersed in AO. The adsorption of AO
on the membrane surface is carried out for 12 hours. After the samples were removed, it was washed twice in
a HCI (pH=3) solution, and dried. The AO was desorbed in 5 ml of NaOH solution (pH=12) for 15 min on a
shaker. The concentration of the amino group was determined on UV-vis — spectrophotometer SPECORD-
250 at a wavelength of 495 nm according to the calibration curve.
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Results and Discussion

Photo-induced graft polymerization is typically carried out by the pre-immobilization of a photoinitiator
onto the surface of the membrane to be modified. In this approach, BP is one of the most commonly used
photoinitiators [27]. The grafting process was carried out in two stages: in the first stage, the covalent immo-
bilization of the sensitizer BP onto the surface of the PET TM was performed. In principle, upon UV irradia-
tion, BP molecules are first excited to a singlet state, followed by a transition to a triplet state via intersystem
crossing [28]. Studies have shown that triplet-state BP and its derivatives can abstract hydrogen atoms from
nearby polymer substrates, leading to the formation of surface-bound radicals (R ") that are capable of initiating
graft polymerization. The resulting benzopinacol radicals (BP-OH") are comparatively less reactive and do
not readily participate in free radical polymerization. Instead, they tend to terminate the reaction through rad-
ical coupling, rather than propagating the polymer chains [21]. In the second stage, the graft polymerization
was conducted in the presence of an AIAm monomer solution. The PET TM surface was modified by scheme
presented in Figure 1.

The interaction of BP with the polymer surface occurs through electrostatic and van der Waals forces,
and is influenced by the hydrophilic—hydrophobic balance and the crystalline—amorphous characteristics of the
polymer. A hydrophilic polymer such as PET can form more ordered and stronger bonds with BP. When BP
was dissolved in alcohol, the maximum adsorbed concentration on the membrane surface did not exceed 19
umol/g. The low concentration is associated with the leaching of adsorbed BP [29]. The dissolution of BP in
DMEF resulted in an adsorbed BP concentration of 580 pmol/g on the membrane surface [14]. The increase in
adsorbed initiator concentration results from BP molecules in DMF permeating the template and forming ad-
ditional active centers [30]. An increase in the concentration of the photoinitiator of PET TM leads to more
efficient AIAm grafting.

I.LMOHMO e

singlet state triplet state

—CH
H, S

c
<

PET TM
1

HoN NH| |

OH OH
HO
L] L]
OO0 —) ()
3. OH
radical O

Figure 1. Scheme of modification of PET TM

The polymerization process was impacted by monomer concentration, solvent, irradiation dose, and
polymerization time. Firstly, a series of experiments was conducted to determine the optimal solvent for graft
polymerization. Allylamine is highly soluble in water, alcohols, and nonpolar solvents. When the reaction was
conducted in deionized water, chloroform, and acetonitrile, it led to the decomposition of the sample. The
degradation was attributed to the pH level (10-11) of the reaction mixture, where a polymer PET degradation
occurs. Additionally, chloroform has a low boiling point, and it easily evaporates from the reaction mixture.
The 2-propanol was found to provide a more stable environment, minimizing polymer degradation of the sam-

ple.
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The distance from UV-irradiation affected the polymerization process, an increase in this distance leads to
a reduction in the irradiation dose. The optimal distance from UV-lamp was determined at 10 cm. A reduction to
7 cm adversely affected the membrane quality. The PET TM became brittle and prone to breakage. On the other
hand, an increase in the distance to 15 cm resulted in a significantly lower polymerization of AlAm.

The photo-induced graft polymerization was carried out at a range of monomer concentration from 10 %
to 50 %. After each experiment, the concentration of amino groups in the PET TM was analyzed. Table 1
shows the variation of the content of amino-groups at different parameters.

According to the data presented in Table 1, an increasing trend in AIAm concentration from 10 % to 50 %
leads to an increase in the amino group concentration (10.6 + 0.31 umol/g). This suggests that higher monomer
content enhances amine group concentration. However, reducing the reaction time from 60 to 45- or 30 min
results in a decrease in amino group concentration, indicating that a longer reaction time is necessary for ef-
fective polymerization. Further increase in monomer concentration and polymerization time can lead to sample
degradation due to increased pH, making membrane removal difficult. This suggests that in order to achieve a
high level of amino group functionalization without compromising membrane integrity, an optimal balance
between monomer concentration and reaction time is critical.

Table 1

Results of elemental analysis, pore size, and concentration of amino group for PET TM under various
parameters of graft polymerization

No Concentration ¢ min Concentration of amino Pore size Concentration of N
3 of AlAm, % i group, pmol/g (from SEM analysis), nm | (from EDX analysis), %
1 — - - 322421 -

2 10 60 5.7+£0.6 305+18 2.740.1

3 30 60 6.620.1 269425 8.9+£2.2

4 50 60 10.6+£0.3 267+22 9.24+0.7

5 50 45 9.620.3 303£18 8.5+0.1

6 50 30 5.8£0.3 304£19 2.240.1

The ATR FTIR spectra of the pristine and modified PET TM are presented in Figure 2. The adsorption
bands at 3100-2800 cm ™! have been attributed to aromatic and aliphatic —-C—H bonds stretching, 1719 cm™! to
the ester carbonyl bond, 1240 cm™ to the ester group stretching [17]. After polymerization FTIR spectra shows
the appearance of a small peak at 3365 cm™! corresponding to the N—Hj stretching vibration [18]. The intensity
of this peak increases slightly with increasing monomer concentration.

—— PAlAm (50%)@PET TM
—— PAIAm (30%)@PET TM
—— PAIAm (10%)@PET TM

OLCH, C_O_y*,o — pristine PET TM

A A ]

|
fiees
93

|
200 1000 1500 2000 2500 3000 3500 4000 3000 3500
Wavenumber, cm™ Wavenumber, ¢

Figure 2. ATR FTIR spectra of the PET TM without and with layer modification

The morphological differences of the functionalized membranes were examined using SEM, with the
corresponding results presented in Figure 3. The microphotographs illustrate that the pores of pristine PET TM
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are distinctly visible with well-defined edges. After modification with increasing monomer concentration from
10 % to 50 % the pore size slightly decreased from 305+5 nm to 267+3 nm. Although, according to the ob-
tained EDX analysis results (Table 1), an increase in AIAm concentration leads to a gradual growth of the N
content from 2.7+0.1 % to 9.24+0.7 %.

N=2.7+0.1 N=8.9+2.2 N=9.2+0.7

Figure 3. SEM images of pristine PET TM (4) and AlAm functionalized membranes
at different concentrations: 10 % (B), 30 % (C), and 50 % (D)

The grafting of AlAm in different polymerization times in the PET TM surface gave rise to the appearance
of anew peak in the FTIR spectra related to the AlAm structure, such as at 3365 cm ™, which has been attributed
to amino group stretching. Figure 4 shows ATR FTIR spectra of pristine and modified membranes in different

polymerization times.
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/‘AAV\/—JL/_\_/-\
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Figure 4. ATR FTIR spectra of pristine and AIAm functionalized membranes at various graft polymerization times

The impact of grafting time on the morphology of TM is illustrated in Figure 5, showing differences
between the unmodified and AIAm functionalized surface. The SEM images reveal a smooth surface and a
small reduction in the pore size of the TM, which indicates the formation of an AlAm polymer layer. As shown
in Table 1, an increase in nitrogen concentration and amino groups is observed with longer polymerization
times. At a grafting time of 30 minutes, the nitrogen concentration reached 2.21+0.05 %, while the amino
group content, as determined by UV-spectroscopy, was 5.804+0.27 pmol/g.

N=2.2+0.1

Figure 5. Microphotographs of pristine PET TM (4) and PAIAm modified PET TM
at various grafting times: 30 min (B), 45 min (C) and 60 min (D)
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Experimental findings indicate that the most efficient photo-induced graft polymerization of AIAm oc-
curs under a monomer concentration of 50 %, a distance from the UV-lamp of 10 cm, and a reaction time of
60 min. The formation of a polymer layer on the PET TM surface is supported by evidence from SEM micro-
graphs, EDX, and FTIR spectroscopy. The photo-induced graft polymerization of AIAm in TM offers an ap-
proach for introducing primary amine groups on the membrane surface and significantly enhancing its func-
tionality. The amine groups increase surface hydrophilicity, allowing for reversible interactions with gases like
CO, through carbamate formation, and providing reactive sites for further chemical modification or biomole-
cule immobilization. The next stage of this research, the transport properties, such as gas and water permea-
bility, will be investigated to evaluate the performance of the modified TM in practical applications. Addition-
ally, due to the high content of amino groups on the surface of PET TM, this modification can be utilized as a
template for the synthesis of MOFs and for the development of adsorbents for carbon dioxide capture and
removal of different water pollutants.

Conclusions

In conclusion, the results confirm that PET TM can be effectively modified by photo-induced AlAm graft
polymerization, leading to a market increase in the concentration of surface amino functionalities. The optimal
parameters for the photo-induced graft polymerization of AlAm were determined as a UV lamp distance of 10
cm, an AIAm concentration of 50 %, and a grafting time of 60 min, ensuring the preservation of the porous
membrane structure, as confirmed by SEM-EDX, ATR FTIR, and UV spectroscopy. The modification en-
hances the chemical functionality of PET TM, offering opportunities for a variety of applications. These mod-
ified membranes can be utilized for CO, separation and capture, water purification and electrochemical and
biosensing technology.
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A New Application of Track-Etched Membranes
in X-Ray and Vacuum Ultraviolet Optics

Due to their unique structure properties, track-etched membranes are widely used in scientific and engineering
practice to solve specific tasks and perform certain functions. Typical examples are diffraction filters, supports
for thin-film X-ray filters and collimators in solar X-ray radiometers. In this paper new non-trivial application
of track-etched membranes in optical instruments exploited in vacuum is suggested. Metal-coated track-etched
membranes with modified architecture of pore channels can be used as air inlet/outlet elements that block the
stray optical radiation within the inner space of the instruments. The membrane consists of two arrays of opaque
channels intersecting at a certain angle inside its volume. Both surfaces are coated with light-absorbing and
reflective layers of aluminum, which allows background optical radiation to be suppressed by several orders of
magnitude. Residual air can pass through the membrane, which reduces the mechanical load on the sensitive
elements of the device during fluctuations in external pressure. The developed “black” membranes are promising
for use in various X-ray optical devices, including those for space purposes.

Keywords: accelerated ions, track-etched membranes, pore channels, X-ray optics, solar astronomy, air in-
let/outlet, stray optical radiation, thin-film X-ray filters, solar X-ray radiometers

Introduction

Irradiation of polymers with high energy heavy ions is widely used for nanostructuring of polymers,
including production of the so-called track-etched membranes (TMs) [1, 2]. Membranes of this kind have
straight pore channels the shape and the size of which can be varied at will. The main characteristics of TMs —
thickness, pore density and pore diameter — can be precisely controlled. Due to the unique properties, TMs
occupy many special niches in academia and modern technologies.

The design of X ray telescopes and solar radiometers often includes a means that provides the effective
absorption of background electromagnetic radiation in a wide wavelength range from X rays to near infrared
radiation and, at the same time, serves as air inlet and outlet which allows for fast pumping of inner vacuum
space of the instrument. In some cases the means should protect detectors also from electrons and ions. Due to
the elimination of atmospheric air from the apparatus, the gas dynamic load on the delicate parts such as thin-
film X-ray filters under harsh conditions during the launching into Earth orbit is mitigated [3]. Quite often,
relatively massive mechanical devices are used, made of blackened metal, and containing arrays of channels
in the form of a multi-pass labyrinth. The channels provide a high flowrate of the residual gas and guarantee
the fast vacuumation of the apparatus. Another existing approach is the LIGA technology allowing fabrication
of thin plates with narrow channels [4, 5].
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In the 1970-s and 1980-s, track-etched membranes were reported to be used as the key component of
multi-layer thermal insulation [6, 7]. The idea was based on the fact that metallized TMs with submicron and
micron pore channels constitute thin-film optical filters and, at the same time, are gas-permeable. This paper
presents further development of the bifunctional filter, based on the ideas introduced in Refs [6, 7]. To this
end, the morphology of pore space in polyethylene terephthalate track-etched membranes was modified such
that to prevent direct propagation of optical radiation through the pore channels. In addition, the membranes
were coated with light-reflecting and light-absorbing layers. Physical characteristics of the obtained structures
are discussed.

Diffraction filters based on a metal-coated conventional track-etched membrane has been developed and
described in previous publications [12]. The membrane having straight pore channels successfully blocked
relatively long wave radiation but was not opaque to short wave lengths. In contrast, in the present paper we
propose a distinctly different architecture of the membrane, namely the structure with labyrinth channels. This
imparts the membrane a new functionality. To the best of our knowledge, such approach has not been reported
previously.

Experimental

Polyethylene terephthalate (PETP) films with the thickness of 19 and 23 um were irradiated with accel-
erated xenon ions on the IC100 cyclotron of the Flerov Laboratory of Nuclear Reactions (JINR, Dubna) [8].
The ions impinged onto the film subsequently from both sides at angles of 20 or 45° relative to normal to the
surface. (Fig. 1). The ion-irradiated films were treated with soft ultraviolet radiation in order to sensitize the
ion tracks and etched chemically thus forming two arrays of mutually intersecting pore channels (Fig. 1). The
range of Xe ions with the energy of 160 MeV in PETP was 20-21 um [9]. Therefore, the etched out straight
pore channels did not penetrate the whole film thickness. However, the channels were connected to each other
in the membrane depth, thus making possible the flow of air through the membranes.

lon beam "

(0
NNNN .
NN N W 1 Monolithic foil ) Porous foil
: Etching .

lon beam
Figure 1. The principle of fabrication of a track-etched membrane having no straight through pore channels

Chemical etching was performed under mild conditions (sodium hydroxide concentration of 1 mol/L,
temperature of 60 °C) in order to provide a high track-to-bulk etch rate ratio and obtain the cylindrical pore
channels. The scanning electron microscope SU8020 (Hitachi, Japan) was employed to image the membrane
samples in the secondary electron mode. The fracturing technique was used for cross-section imaging. Prior
to fracturing, the samples were embrittled using a controllable photo-oxidation process, most comprehensively
described in Ref. [10]. The specimens were sputter-coated with a thin Pt-Pd layer. The air flowrate was meas-
ured on 1 cm? area of the fabricated membranes using spherical float flowmeters (Gilmont Instruments).

Results and Discussion

Membrane Morphology

The geometry shown in Figure 1 represents two arrays of parallel pore channels tilted at the angle o
relative to normal, with the surface pore density # in each array. The ions impinged the foil surface from both
sides so that their trajectories cross at an angle of 2n-2a. in the side projection. After etching, the pore channels
that belong to one array may intersect with the channels of the second array. In order to provide high air
flowrate through the membrane, the conditions for multiple pore channel intersections have to be fulfilled.

In the case shown in Figure 1 the mean number of channel intersections (per one channel) N can be found
using the following formula [11]:
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N=4ndH tan q, (D

where H is the thickness of the layer with intersections (see Fig. 2), d is the channel diameter. Examples of the
morphology of membranes obtained under such conditions are illustrated by the scanning electron microscope
(SEM) images in Figure 2. Structural parameters of the membranes are shown in Table 1.

Table 1

Structural parameters and airflow rates of track membranes used to fabricate the air inlet/outlet device

. o . . Mean number Typical airflow
Membrane Thickness, |Pore density in B Tll;c angle [Pore diame- of channel at AP = 0.01 MPa,
um each array n, cm™ |o, ter d, um . . 3 o
intersections N cm’ cm™ min
A 19 2x10° 45 0.05 28 12
B 23 6x107 20 0.35 5 100
C 23 1x108 45 0.60 26 800

As can be seen in the microphotographs, the thickness of the layer within which the channels intersect
one another is approximately 7, 17 and 11 um in membranes A, B and C, respectively. Using the known
structure characteristics (Table 1) and formula (1) we can estimate the mean number of channel intersections.
This quantity is approximately 28, 5 and 26 for membranes A, B, and C, respectively. In all three cases the
number of intersections is large enough to guarantee that practically all channels of one array are connected
with channels of the second array [11]. Accordingly, the membranes exhibited a substantial permeability for
air in the tests performed under a small differential pressure AP = 0.01 MPa. By varying the channel density,
channel diameter and the number of channel intersections, the permeability of the porous foils can be adjusted
in accordance with specific requirements.

1 I
10 IOu;n 10.0um 10.0um

Figure 2. SEM micrographs of track-etched membranes with mutually intersecting arrays of tilted channels.
H is the thickness of the layer where the channels intersect. See text for further details

In order to exclude the possibility of formation of straight through channels in the membrane, the thick-
ness H should be markedly smaller than the total film thickness. On the other hand, the value of H should be
large enough to obtain a satisfactory number of pore intersections. The examples presented in Figure 2 have
been fabricated following this principle.

The number of channel intersections linearly depends on the quantities #, d, and H. The effect of angle o
is non-linear in the range of practical interest, o € [10 to 60°]. Increasing the number of intersections at the
expense of an increase in 7 and d has a limitation caused by the fact that the volume porosity P of the membrane
matrix in two outer layers

P=nnd*4 cos a )

should not exceed 0.2—-0.3 (for simplicity, here we neglect the effect of pore overlaps). The gas permeability
of a membrane is proportional to the fourth and third power of d at small and large Knudsen numbers,
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respectively. Therefore, a structure with larger pore diameters is favored with regard to the necessity of fast
elimination of residual air. At the same time, the relatively large pore diameter, on the order of 1 um, is ac-
ceptable because of a strong suppression of electromagnetic radiation by the mechanism of diffraction filtering
[12].

Light Absorbing Coating

Absorption of background radiation in different spectral ranges is governed by different mechanisms and
caused by different reasons. To make the membranes non-transparent, a two-layer coating was deposited onto
the surface of a porous membrane. Aluminum was RF-sputtered in argon plasma using the triode-type sputter-
ing unit Sputron-2 (Balzers). The first layer 100 nm thick (so-called black Al [13]) was deposited at a relatively
high pressure of residual gas (~10* mbar). Then the vacuum chamber was pumped down to
~5-7x107° mbar and the second aluminum layer was deposited in an atmosphere of pure argon until the layer
thickness reached 80—-100 nm. The procedure was performed on both sides of the membrane; the total thickness
of metal was ca. 200 nm on each side.

Optical Properties

The walls of pore channels were partially covered by the metal, which ensured formation of efficient
absorbing optical wedge in the visible range of electromagnetic spectrum [12, 14]. Stray radiation in the red
and near infrared ranges was cut by the metal-coated track-etched membrane by the mechanism of diffraction
filtering [14, 15]. The specific geometry of the channels array in the membranes excluded the direct penetration
of optical radiation. The considerable roughness of the channel walls additionally favored the losses of radia-
tion due to its scattering during the transport through the channel.

The developed “black membrane” possesses two key parameters. The one is the gas flowrate through the
membranes at a certain differential pressure and the other one is the optical transmittance. In contrast to the
former parameter, which can be easily measured in a wide range, the estimation of the optical transmittance is
not a trivial task. In the X-ray region, numerical modeling of distribution of the field amplitude inside microm-
eter-sized cylindrical pores in polymer track membranes is possible. The refractive index of the polymer matrix
is close to 1 (with small real and imaginary additives) in this case, and the calculation of transport of radiation
through the pore channels can be performed using a 3D parabolic equation [12, 16]. However, there are no
suitable models for the visible and ultraviolet spectrum range and the non-uniform porous bodies. Direct ex-
perimental estimate of the optical properties of the black membrane is also not easy because of the necessity
to measure light intensities that differ by many orders of magnitude. Our experiments have shown that ordinary
track membranes with pores of 0.7-0.9 um in diameter covered by Al layers on both sides provide attenuation
of optical radiation by 5-6 orders of magnitude. The measurements have been performed using a filament of
incandescent lamp and a set of neutral density filters. In the case of the back membranes with non-through
crossing pores the measurement of attenuation is beyond the capabilities of this method. Based on a rough
extrapolation, suppression of optical radiation by 10—12 orders of magnitude seems to be plausible.

Conclusions

We suggested a new non-trivial application of track-etched membranes. A structurally modified TM can
act as an air inlet and outlet in the optical instruments exploited in vacuum. The membrane contains two arrays
of non-through channels that intersect each other in the membrane bulk under a certain angle. Both sides of
the membrane are coated with light-absorbing and light-reflecting aluminum layers, which ensures the sup-
pression of background optical radiation by several orders of magnitude. At the same time the residual air can
pass through the membrane, which reduces the mechanical load on the delicate parts of the instrument when
external pressure changes. The developed “black” membranes can be employed when designing various X ray
optical instruments, including those that are exploited in space.
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Biological Compatibility of Polyethylene Terephthalate Track Membranes:
Growth, Proliferation, and Viability of Cells in Culture Systems

This study evaluated the biocompatibility of polyethylene terephthalate track membranes (PET TMs) obtained
by heavy ion irradiation followed by chemical etching, with respect to cell growth, proliferation, and viability
in culture systems. Physical parameters of the PET TMs were determined, including Young’s modulus, ultimate
tensile strength, and contact angle. Cytotoxicity of PET TMs was studied on three cell cultures: the epithelial
line MCF7 (adenocarcinoma), fibroblast-like mouse line 3T3, and a primary culture of mesenchymal stromal
cells (MSCs) isolated from rabbit bone marrow. Cytotoxicity was assessed using two methods: extraction from
the material and the direct contact method in accordance with the Interstate Standard ISO 10993-5-2011, IDT.
The results demonstrated that neither PET TM extracts nor direct contact samples significantly affected cell
growth. The proliferation rate of MCF7 cells was 0.01531 1/h for the extract and 0.01568 1/h for direct contact,
which did not differ statistically from the control group (0.01877 1/h, p = 0.138). Microscopic analysis con-
firmed the preservation of cellular morphology: MCF7 cells retained cuboidal morphology, while 3T3 cells
exhibited a spindle-shaped morphology. Real-time cell analysis (RTCA) revealed no significant effect of the
tested samples on the cellular index (Cy), further supporting the absence of a cytotoxic effect. Visual observa-
tions of cell cultures after incubation with the studied samples also did not reveal cell confluence and morphol-
ogy changes. These findings provide important evidence for the safety of PET TMs in biomedical research and
cell culture systems, recommending them for further research in tissue engineering and regenerative medicine.

Keywords: heavy ion irradiation, chemical etching, track-etched membrane, polyethylene terephthalate, regen-
erative medicine, cytotoxicity, cell culturing, tissue engineering

Introduction

Track membranes (TMs) are thin polymer films (5-30 um in thickness) with a pore system of strictly
defined geometry. They are obtained by irradiating the polymer film with heavy ions followed by chemical
etching to form nano- and micropores [1]. The most widely used TMs are made of polyethylene terephthalate
(PET) and polycarbonate (PC). TMs have broad applications in medicine and biochemistry [2], including bi-
ological and chemical sensing [3—5], water purification [6, 7], electrophoresis [8], plasmapheresis [9], and
numerous other technological and biomedical processes. In addition, TMs are employed in cell cultivation
systems, particularly in Transwell systems [10—12]. Transwell systems (TS) are containers for cell cultivation
that enable the creation of bi- or multilayer cellular models [13] with static or dynamic movement of the culture
medium. They typically consist of two chambers: an apical chamber with a semipermeable membrane installed
at the bottom and a basolateral chamber. These systems are widely used for two-dimensional (2D) and three-
dimensional (3D) cell cultivation. In 2D culturing, membranes provide a flat surface that allows studying cell
adhesion, proliferation, and morphology. In the case of 3D culturing, TMs support multilayer co-cultivation
of different cell types, with distinct cell populations adhering to each side of the membrane as well as to the
bottom of the basolateral chamber. This setup mimics tissue—tissue interactions in vivo, which is particularly
important for tissue engineering and regenerative medicine, studies of pathological processes such as carcino-
genesis, investigations of specific cell functions, and the analysis of tissue barrier properties [13—16].

Numerous studies have utilized TS to develop in vitro models of the intestinal epithelial barrier, enabling
the investigation of absorption [17], interactions with pathogenic microorganisms [18], drug screening [19],
and evaluation of drug-induced toxicity [20]. TS have also been applied to generate artificial blood-brain bar-
rier models for studying immune cell migration into the CNS, a key feature of multiple sclerosis pathogenesis
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[21, 22]. Furthermore, these systems have been used to investigate the function of brain endothelial cells by
co-cultivating endothelial cells with astrocytes or pericytes [23, 24].

Transwell analysis is traditionally used to assess the migratory and invasive activity of tumor cells. Li et
al. (2018) used TS for tumor cells’ migratory study. It was demonstrated that depletion of the active pool of
Prdx1 protein reduced the invasive and migratory capacity of colorectal cancer cells, whereas increased Prdx1
expression produced the opposite effect [25]. Using TS, Zhao et al. (2022) showed that miR-29b-3p microRNA
exerted an inhibitory effect on the proliferation, invasion, and migration of 22Rv1 prostate cancer cells [26].
TS have also been applied to investigate the impact of ICOS gene expression on the invasive potential of
hepatocellular carcinoma cells [27]. The inhibitory role of secretory cGMP-dependent protein kinase type II
(PKG II) in the migration, invasion, and proliferation of gastric cancer cells was likewise demonstrated using
TS [28]. Furthermore, Jeon et al. (2016) employed TS to study the influence of mitochondria on invasion and
migration in drug-resistant lung adenocarcinoma cells [29].

TS have been applied to study amyloidogenesis, prion transfer between cells, and the processes of amy-
loid absorption by macrophages in the presence of various amyloid neurodegenerative diseases [30—33]. In
addition, TM-based systems have been used to investigate the effect of the spatial organization of the cell
culture of fibroblast-like cells and dermal fibroblasts on the level of expression of bone remodeling mark-
ers [34] and the level of fibroblast migration [35].

Track-etched membranes have also been employed in the development of “organ-on-a-chip” systems.
Organs on chips (organ chips) are microfluidic cell culturing devices containing continuously perfused hollow
microchannels populated with living cells. This design enables simulation of physiological processes at the
tissue and organ levels, offering a potential alternative to animal experiments in the future [36]. Furthermore,
track membranes are integral components of multi-chamber microfluidic devices [37, 38].

The quantitative method of transepithelial/transendothelial electrical resistance (TEER) is widely used
for measuring the integrity of tight junction dynamics in cell culture models of endothelial and epithelial mon-
olayers. TEER values serve as reliable indicators of the integrity of cellular barriers prior to evaluating the
transport of drugs or chemicals. TEER measurements can be performed in real time without damaging the
cells. A classic TEER setup consists of a cell monolayer cultured on a semipermeable filter insert, which
separates the system into apical (upper) and basolateral (lower) compartments. For electrical measurements,
two electrodes are used: one placed in the upper compartment and the other in the lower one, separated by a
cell monolayer. In these devices, TMs serves as substrates for cell growth, forming a monolayer through which
electrical resistance is measured. They provide a controlled porous structure that promotes cell adhesion,
growth, and differentiation [38, 39].

Despite the widespread use of TS for culturing various cell lines and microfluidic devices equipped with
TMs, there is limited information in the literature regarding the influence of TM chemical composition on cell
growth and proliferation, as well as on their potential cytotoxicity.

Several studies have examined the toxicity of bisphenol A, a monomer unit of polycarbonate membranes,
and the degree of its extraction from the polymer [40—44]. These findings are relevant for evaluating the tox-
icity of polycarbonate films, as they undergo alkaline hydrolysis and are exposed to aqueous environments
during cell cultivation. In contrast, no studies have directly assessed the cytotoxicity of PET TMs. Neverthe-
less, some reports indicate that PET, in the form of nano- and microgranules, can exhibit toxic effects [45, 46].

Therefore, the present study aims to investigate the impact of the chemical composition of PET TMs on
cell growth, proliferation, and viability, with a particular focus on evaluating potential cytotoxicity. The results
obtained in this study may be utilized to assess the feasibility of applying PET TMs in regenerative medicine,
particularly as a component of implantable biological capsules carrying living cells.

Experimental

Preparation of TMs for Working with Cell Cultures

To fabricate TMs with cylindrical pores, a high-quality polyester polyethylene terephthalate film was
used (“PJSC Chemical Plant, Vladimir, Russia, premium grade, State standard No. 24234-80) with a thickness
of 11 um. The film was irradiated with accelerated heavy ions using an IC 100 cyclotron. The irradiated
samples were then subjected to ultraviolet (UV) sensitization followed by chemical etching. Detailed pro-
duction conditions and membrane characteristics are described by Apel et al. (2021) [47]. Finally, the
resulting membranes were sterilized by autoclaving at a temperature of 121 °C and a pressure of 1 atm for
60 minutes.
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Measurement of the mechanical characteristics of TMs

The tensile mechanical properties of the investigated films were measured at room temperature using a
Shimadzu AGS-X testing machine equipped with a 50 N load cell. Rectangular samples with a width of 10 mm
and a gauge length of 35 mm were stretched at a rate of 1 mm/min. The sample thickness was measured by a
Mitutoyo litematic v1-50 thickness tester (measuring force 0.01 N). The stress and strain parameters were cal-
culated using the Trapezium X software.

Hydrophilic-Hydrophobic Properties of TMs

The degree of hydrophilicity of the polyester films and TMs was determined by measuring the contact
angle of wetting with water (8°) using the “sitting drop” method on a DSA-100 device (KRUSS, Germany).

Scanning Electron Microscopy (SEM)

A high-resolution scanning electron microscope, FESEM SU-8020 (Hitachi, Tokyo, Japan), was used for
morphological analysis of the surface, as well as the number and diameter of pores in PET TMs. The exami-
nation was conducted in the secondary electron (SE) registration mode at an accelerating voltage of 3 kV with
a magnification of 5x10* times. Prior to examination, a 15 nm layer of platinum-palladium alloy was deposited
onto the samples by magnetron sputtering using a Quorum Q150T S system.

Cell Cultures

The cell cultures were provided by the leading researcher M.E. Krasheninnikov (Research and Educa-
tional Center “Cell Technologies”, Peoples’ Friendship University of Russia named after Patrice Lumumba,
Moscow, Russia). Linear cell cultures and primary cell culture were selected for the work: MCF7 — a line of
human epithelial cells (adenocarcinoma); 3T3 — a line of mouse embryonic immortalized fibroblasts; MSC —
mesenchymal stromal cells isolated from rabbit bone marrow. Multipotent cells with the ability to differentiate
in the adipo-, osteo- and chondrogenic direction, as well as the ability to actively proliferate. They have a
fibroblast-like, spindle-shaped morphology. All cells were tested for the absence of mycoplasma contamina-
tion prior to experiments using a chemiluminescent detection system (Servicebio, China). Rabbit MSCs were
maintained in T75 culture flasks (Sarstedt, Germany) in DMEM/F12 medium (Himedia, India) supplemented
with L-glutamine, 10 % FBS (Himedia, India), insulin 1.6 pg/ml (PanEco, Russia), FGF2 — 4 ng/ml (FGF2,
Israel), dexamethasone 2 nM (Russia), penicillin-streptomycin (PanEco, Russia), passaged every 3 days 1/5
no more than 5 passages, under conditions of +37 °C, high humidity and an atmosphere of 5 % CO,.

MCF7 and 3T3 cell cultures were maintained in T75 culture flasks (Sarstedt, Germany) in DMEM/F12
culture medium (Himedia, India) supplemented with L-glutamine, 10 % FBS (Himedia, India), and penicillin-
streptomycin (PanEco, Russia), passaged every 3 days 1/10, under conditions of +37 °C, high humidity and
5 % CO; atmosphere.

Cytotoxicity

Cytotoxicity testing was performed in accordance with the Interstate Standard ISO 10993-5-2011, “med-
ical devices. evaluation of the biological effect of medical devices”. Part 5. Cytotoxicity studies: in vitro meth-
ods” [48]. In accordance with the Interstate Standard, the studies were performed on: 1) an extract from the
material; 2) on the material itself (direct contact method). Phosphate buffered saline (PBS) with normal pH
(7.2) and physiological osmolarity was selected as the eluent. In the control group, a 1:1 mixture of PBS and
culture medium was applied. In the extract group, the extract was added in a 1:1 PBS solution with the culture
medium. In the direct contact group, PET TMs were placed directly into the culture, with a 1:1 PBS-to-culture
medium mixture added. Two methods, described below, were employed to assess cytotoxicity.

Extract Preparation

Extracts were prepared under conditions of 121 °C and 1 atm for 1 hour. PET TM samples at 1.6 +
0.2 mg/cm? were immersed in sterile phosphate-buffered saline (PBS, pH 7.2; PanEco, Russia). The final ma-
terial-to-solution ratio was 1.6 = 0.2 mg/ml.

Preparation of Test Samples

Metal punches with a diameter of 10 mm and an area of 0.79 cm? were used to prepare PET TM samples
for direct contact. The material was cut on a silicone substrate and subsequently sterilized in PBS under the
specified conditions in a volume of 1 cm? per 1 ml of solution.
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Cytotoxicity (Imaging)

Imaging was chosen as the primary method for assessing cytotoxicity, using automated inverted micros-
copy with photo and video recording under continuous culture conditions (37 °C, 5 % CO,, and high humid-
ity). MCF7 and 3T3 cell cultures were seeded into 24-well plates (10,000 cells/cm?; well surface area = 2 cm?)
according to Table 1. After 24 h, the test samples were introduced, and cultivation was continued for an addi-
tional 3 days. The criterion for cytotoxicity was a significant difference in confluency (a characteristic of the
area occupied by the cell culture during cultivation) at the end of the experiment (a difference of more than
20 % confluency) for samples with a weak cytotoxic effect or a visible change in morphology for samples with
a pronounced cytotoxic effect (growth arrest, cell death, balling and detachment).

Real-Time Cellular Cytotoxicity Assay (RTCA)

The real-time cellular assay (RTCA) is a non-invasive method based on continuous measurement of cel-
lular impedance. This approach employs gold microelectrodes embedded in the bottom of a microtiter plate
well to monitor resistance to electron flow in a conductive solution. When adherent cells attach to the elec-
trodes, they impede the flow of current, which is quantified by the dimensionless parameter Cell Index (C;),
where C; = (resistance at time n — resistance in the absence of cells) / nominal resistance value. An increase
in C; over time reflects cell proliferation, eventually plateauing at 100 % confluence. Introducing an apoptosis
inducer or cytotoxic substance decreases C; to zero, reflecting the detachment of cells from the well bottom.
Thus, the RTCA method provides quantitative data on cell number, their proliferation, size/shape, and quality
of attachment to the substrate; C; is a cell index based on the measurement of cellular impedance during cell
culture growth, the change in which is interrelated with proliferation, CPE, cytostatic effect or cytotoxicity.

RTCA was chosen as an additional method for determining cytotoxicity. For this purpose, cMSCs were
seeded at a density of 10,000 cells/cm? (well area 0.32 cm?) into 16-well E-plates equipped with gold electrodes
to measure the cellular index (C;). After that, the onset of the active growth phase was expected, and materials
were added in accordance with Table 2. Cultivation was carried out until a plateau was reached. For the nega-
tive control, a 0.2 % SDS solution 1:1 to the culture medium was added to the control well after reaching the
plateau. To normalize the effect of the extract or PET TM on C;, background subtraction was performed during
post-processing of the data, with negative values set to zero.

The criterion for cytotoxicity was a statistically significant difference in the k coefficient (C;, 1/h) for
samples with a weak cytotoxic effect, or a low C; value after reaching a plateau (<50 % of the maximum) as a
result of adding the test substance, for samples with a pronounced cytotoxic effect.

Statistical Analysis

Data processing was performed in Excel (Microsoft, USA). Statistical analysis was performed in
GraphPad Prism version 9.5.1 (USA). To compare the growth rate between groups, a mathematical model of
exponential growth with a plateau was applied

y=y,—(y, —y,)xe",

where y, is the maximum C, yo is the initial C;, and £ is the growth rate of C; 1/h.

The acceptability of the calculated models was assessed using the R? coefficient. Differences in growth
rate (k, 1/h) between the study groups were assessed using the F criterion. The data on the graph are given as
the mean =+ standard deviation (SD). Statistical significance was accepted at p <0.05.

Results and Discussion

Characteristics of TM Surface Morphology

Porosity and pore diameter were determined from scanning electron microscopy (SEM) micro-
graphs (Fig. 1). The characteristics of TMs are presented in Table 3.

Physical Properties of TMs

In this study, the hydrophobic-hydrophilic and mechanical properties of PET TMs were investigated (Ta-
ble 4). In addition, based on a comprehensive literature review, values for the zeta potential and surface charge
of these membranes are presented. The isoelectric point (pl) of PET TMs generally lies between 3.5 and 4
[49], indicating that under physiological conditions (pH = 7.0), they carry a net negative charge. This is con-
sistent with the findings of Sabbatovskii et al. (2012), who reported that PET TMs with a pore diameter of 25
nm exhibit a zeta potential of approximately —27 mV (pore density ~2 x 10° pores/cm?, measured in 0.25 M
KCl solution). Furthermore, the same study demonstrated that membranes with pore diameters ranging from
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13 to 80 nm consistently possess a negative surface charge, with surface charge density (o) values on the order
of (1-100) x 10* C/m? under varying electrolyte concentrations [50]. The observed negative values of zeta
potential and surface charge have been attributed to the presence of carboxyl functional groups on the mem-
brane surface [51]. Importantly, the magnitude of the surface zeta potential, and thus the surface charge density
of PET TMs, can be strongly influenced by parameters such as membrane pore size, the pH of the surrounding
medium, and ionic strength of the solution [52, 53]. Taken together, the negative zeta potential and associated
surface charge characteristics facilitate favorable electrostatic interactions between PET TM surfaces and cel-
lular membranes, thereby promoting enhanced cell adhesion on the PET TM substrate [54, 55].

The contact angle was found to range from 67° to 75°, indicating that PET TMs possess moderately
hydrophilic properties. This degree of wettability is considered optimal for efficient cell adhesion to the poly-
mer surface, as demonstrated for mouse fibroblast cell lines [56] and HUVEC cells [57]. Such wettability
provides a balance between adhesive and repulsive interfacial forces, thereby enhancing cellular attachment.
Moreover, a surface contact angle of approximately 70° was reported to promote increased migration of HU-
VECs [57]. Similarly, Margel et al. (1993) demonstrated using canine endothelial cells that contact angle val-
ues within this range correspond to high levels of adhesion and proliferative activity [58].

Substrates with varying mechanical properties are used for culturing different cell lines [59]. In this study,
the Young’s modulus of the PET TMs was determined to be 2871 £+ 157 MPa. Materials with stiffness com-
parable to that of TM (~3 GPa) used in the present study have been previously employed to investigate the
behavior of vascular smooth muscle cells, endothelial cells, and chondrogenic cells, demonstrating the rele-
vance of high-stiffness substrates in modulating cellular responses [60—62].

Therefore, PET TMs physical properties enable its effective application in cell biology research and tissue
engineering by providing optimal conditions for cell adhesion, migration, and proliferation.

Sterilization of PET TM

After autoclaving at 121 °C for 1 h, PET TMs showed no visible changes in shape, remained intact, and
retained their transparency. These observations confirm the suitability of this sterilization method for subse-
quent sample preparation.

Cytotoxicity

Culturing MCF7 and 3T3 cells with the extracts of the tested samples, as well as under direct contact
conditions, revealed no effect on the growth rate of the cell cultures (Fig. 2 a, b). MCF7 cells exposed to both
extract and direct contact retained their cuboidal, epithelial-like morphology. The samples did not affect cell
proliferation, and no differences in confluence were observed at the end of the experiment. Thus, no cytotoxic
effect on MCF7 cells was detected. Similarly, 3T3 cells maintained their elongated, fibroblast-like morphology
under both conditions. The samples did not affect proliferation, and no cytotoxic effect on 3T3 cells was de-
tected.

The RTCA method and measurement of the cellular index C; on the culture of cMSC cells also showed
no significant effect on the rate of cell proliferation (Table 5, Fig. 3 a, b). For comparison, to induce a pro-
nounced cytotoxic response, sodium dodecyl sulfate (SDS) was added to the control group 164 h after the start
of cultivation. This treatment, which disrupts cell membranes, causes detachment from the culture surface, and
releases cellular proteins, DNA, lipids, and other components into the medium, led to a sharp decline in C..

It was noted that the studied samples slightly reduced the maximum value of the cellular index C;. The
growth rate of C; in the groups (coefficient k) of extract, direct contact, and control was 0.01531, 0.01568, and
0.01877 per hour, respectively. There was no statistically significant difference in the coefficient k& between
the groups (p value = 0.138).

Table 1
Scheme for adding samples and cell cultures to a 24-well plate
1 2 3 4 5 6
A — — MCF7, Extract 1:1 MCF7, Direct contact 3T3, Extract 1:1 3T3, Direct contact
B — — MCF7, Extract 1:1 MCF7, Direct contact 3T3, Extract 1:1 3T3, Direct contact
C — — MCF7, Extract 1:1 MCF7, Direct contact 3T3, Extract 1:1 3T3, Direct contact
D — — MCF7, Control MCF7, Control 3T3, Control 3T3, Control
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Table 2
Scheme of adding samples and cell cultures to a 16-well e-plate
No. 1 2

A MSC, Extract 1:1 MSC, Extract 1:1

B MSC, Extract 1:1 MSC, Extract 1:1

C MSC, Extract 1:1 MSC, Direct contact

D MSC, Direct contact MSC, Direct contact

E MSC, Direct contact MSC, Direct contact

F MSC, Control MSC, Control

G MSC, Control Direct contact

H Extract 1:1 PBS
Table 3

Characteristics of TM obtained by SEM
PET TM Thickness, um Pore density, cm? Pore diameter, nm Porosity, %
10.8+0.3 (8+£0.7) x10° 2545 3.68+0,21
Table 4
Physical properties of PET TM
Parameter Young’s modulus, £ (MPa) Ultimate strength, og (MPa) | Contact angle, 6° (side A/ side B)
Value 2871+157 71+5 67.31+1.97 / 75.02+1.40
Table 5
Results of mathematical modeling of rabbit MSC cell culture growth (Ci)
Parameters Extract 1:1 Direct contact Control p value, (F [DFn, DFd])
k (1/h) 0.01540,003 0.016+0,002 0.019+0,002 0.138 (1.986 [2, 693])
R? 0.89 0.96 0.97

Figure 1. SEM micrographs of the PET TM surface
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Figure 2. (@) — Effect of the extract and direct contact on the growth of the MCF7 cell culture compared to the control
group during interaction with the test substance for 5 days; (b) — Effect of the extract and direct contact on the growth
of the 3T3 cell culture compared to the control group during interaction with the test substance for 5 days;
Objective 10x (Ph), timelapse 78 hours, shooting interval 40 minutes. Scale bar: 50 um
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Figure 3. (@) — A growth rate of rabbit MSC cell culture, the dependence of C; on time; (b) — interval 70—164 hours
selected for subsequent statistical analysis, point 70 hours is taken as 0; data are presented as mean + SD

Conclusions

The cytotoxicity of PET TM was assessed using two methods on three cell cultures (the epithelial line
MCF7, the 3T3 fibroblast-like line, and primary rabbit MSC BM culture) in accordance with the Interstate
standard ISO 10993-5-2011, IDT, medical devices. Evaluation of the biological effect of medical devices, Part
5, cytotoxicity studies: in vitro methods. The results demonstrated that PET TM samples did not affect cell
cultures, the proliferation rate and cell morphology. The cytotoxicity assessment confirmed that PET TM sam-
ples are non-cytotoxic. Based on these findings, PET TMs can be recommended for further biomedical re-
search, including their application in tissue-engineered constructs and for the encapsulation of cellular prepa-
rations intended for long-term therapeutic use.
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Track-Etched Membranes for Gold Nanowire SERS Substrates

In this study, a novel and reliable method for the production of bimetallic Ni-Au segmented nanowires by
template-assisted electrochemical deposition was developed. Track-etched membranes were used as templates
for the synthesis of gold nanowires with a diameter of about 100 nm by electrochemical deposition. To enhance
structural stability, a modified approach was proposed, wherein gold nanowires were grown on nickel nanowire
cores instead of being deposited directly onto the copper layer, as is commonly practiced. The morphology and
composition of the resulting nanostructures were characterized by scanning electron microscopy (SEM) com-
bined with energy-dispersive X-ray analysis (EDX). Elemental mapping analysis was performed to visualize
the spatial distribution of constituent metals within the nanowires, revealing a well-defined segmented archi-
tecture: copper was localized at the base, nickel occupied the central region, and gold was selectively deposited
on the top surface. The Surface-Enhanced Raman Scattering (SERS) activity of the substrates was evaluated
using Rhodamine 6G at the concentration of 10~ M, confirming their effectiveness for signal enhancement.
The developed approach allows precise control of the nanostructures morphology and composition by separat-
ing the deposition stages for nickel and gold segments. By eliminating direct contact between gold and copper
layers, this strategy effectively suppresses intermetallic diffusion, thereby enhancing the structural stability of
the resulting bimetallic nanowires.

Keywords: track-etched membrane, template synthesis, gold nanowires, copper layer, SERS substrates, elec-
trochemical deposition, nanostructures, signal enhancement, intermetallic diffusion

Introduction

Development of stable and reproducible SERS substrates is critical for rapid and reliable detection of
organic compounds in field conditions [1]. While silver-based substrates provide higher signal enhancement
due to superior plasmonic response in the visible region, gold substrates are preferred for practical applications
due to their better chemical stability and biocompatibility [2]. Au inertness under ambient conditions prevents
oxidation and sulfidation. That preserves its surface integrity and plasmonic properties over time, thereby en-
suring consistent SERS performance and signal reproducibility.

Conventional methods of SERS substrates fabrication include chemical reduction and physical deposition
techniques, which are commonly employed due to their simplicity and scalability [3]. However, these methods
often lack precise control over the size, shape, and spatial distribution of gold nanostructures, leading to inho-
mogeneous surface morphologies and inconsistent signal enhancement across the substrate. To address these
limitations and enable the development of reproducible and reliable SERS platforms, template-assisted syn-
thesis in porous materials has emerged as a promising approach. Specifically, porous alumina oxide and track-
etched membranes allow a controlled fabrication of ordered gold nanowire arrays with well-defined dimen-
sions and improved uniformity of a SERS signal [4-6].

Due to the optical transparency of anodic aluminum oxide (AAO) in the visible spectral range it serves
as a suitable template for the direct fabrication and in situ characterization of gold nanostructures. Study [4]
demonstrates that variations in the size and aspect ratio of gold nanoparticles synthesized within AAO pores
result in a pronounced color shift of the template, attributed to the localized surface plasmon resonance. Fur-
thermore, research [5] reported the emergence of a magneto-optical effect in hybrid gold—nickel nanostruc-
tures, suggesting their potential for applications in optoelectronic and spintronic devices.

In comparison to AAO, polymer track-etched membranes fabricated via ion-track technology offer
greater versatility and control over pore morphology. These polymer membranes allow precise tailoring of the
pore geometry, including cylindrical, conical, and other predefined shapes [7, 8]. Moreover, this method ena-
bles forming a calibrated metallic nanostructure array, including multi-material and composite ones [9]. An
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additional advantage is the ability to fabricate three-dimensional nanowire networks, which can be integrated
as polymer-based composites [10] or employed as self-supporting porous metallic meshes [6, 11]. Such a
structural flexibility makes track-etched membranes a promising platform for the development of reproducible
and functionally tailored SERS substrates.

Several studies have reported the fabrication of gold nanostructures as SERS-active substrates using
track-etched membranes as templates [12, 13]. However, a key limitation of such approaches lies in the usage
of copper as a conductive base layer which is unsuitable for direct gold electrodeposition due to the interdif-
fusion between the two metals, leading to structural and chemical instability [14, 15].

A method for fabricating hollow conical gold nanostructures was demonstrated, exhibiting strong SERS
performance with detection of Rhodamine 6G at concentrations as low as 10* M [16]. But, a long-term stabil-
ity of the resulting substrates was compromised by the choice of copper as a base material, which facilitates
interfacial diffusion and degradation over time.

To address this issue, alternative strategies have been proposed. One common solution involves a depo-
sition of a thin metallic coating, not copper, onto the polymer template prior to the electrochemical growth. In
[17], electrodeposition from sulfide-based electrolytes was shown to yield predominantly polycrystalline gold
nanoparticles, whereas cyanide-based electrolytes favored the formation of (110)-textured monocrystalline
structures. The process included sputtering a thin gold film onto a polycarbonate template, followed by gal-
vanic strengthening with a copper layer. Also, gold sputtering is described in the work [18].

An alternative approach was proposed in [19], where a mercury drop was used as a liquid cathode base,
eliminating the need for any intermediate metal coating. This method enables a synthesis of stable gold nan-
owires within polymer templates without diffusion-related degradation.

In this work, we demonstrated a structurally stable alternative through the electrochemical growth of gold
onto pre-formed nickel nanowire cores, effectively preventing interfacial diffusion and phase transformation
of gold. The resulting bimetallic Ni-Au segmented nanowires exhibit both chemical robustness and pro-
nounced SERS activity, as evidenced by consistent signal enhancement of Rhodamine 6G at concentrations as
low as 10* M. This approach enables the fabrication of scalable, uniform, and functionally reliable SERS
substrates, suitable for high-performance sensing applications where stability, reproducibility, and environ-
mental resistance are critical.

Experimental

Polyethylene terephthalate (PET) track-etched membranes (TMs) with a pore diameter of 100 nm were
selected as a templates for the synthesis. The membranes were fabricated at the Flerov Laboratory of Nuclear
Reactions, Joint Institute for Nuclear Research (JINR, Dubna). The film thickness was 12 pm for two types of
the TMs with intersecting and parallel pore systems. The surface density of the pore was 1.2x10° cm™.

Nickel deposition was carried out using a Watts-type electrolyte with the following composition:
NiSO4x7 H,0 — 300 g/1; NiCl,x6 H,O — 45 g/L; H;BOs boric acid — 38 g/L. The pH of the nickel electrolyte
was 4. Electrodeposition was performed at an electrolyte temperature of 60 °C, using a nickel anode grade
NPAL (purity above 99 %).

Gold deposition was conducted using a commercial gold plating electrolyte. The pH of the solution was
maintained at 9, and the deposition temperature was set to 70 °C. A gold wire was used as an anode.

Thermally stable electrochemical cells for deposition were fabricated from polycarbonate using 3D print-
ing [20].

The obtained nanostructures were characterized using a JEOL JSM-6000 plus electron microscope in
secondary and backscattered electron scanning modes. The accelerating voltage was 15 kV. The survey was
carried out using a special holder to set the samples at different angles. Elemental analysis was performed
using an attached EDX spectroscopy system.

Raman and surface-enhanced Raman scattering (SERS) spectra of Rhodamine 6G (R6G) at a concentra-
tion of 10* M were recorded on aluminum foil and SERS substrates based on Ni—Au segmented nanowires.
The measurements were carried out using a Horiba LabRam Evolution confocal spectrometer equipped with a
single-mode continuous-wave (CW) laser operating at 633 nm, with a maximum output power of 100 mW. A
100% objective lens was used to focus the laser beam, resulting in a spot size of approximately 1 pm in diam-
eter.

For conventional Raman measurements on aluminum foil, the laser power was attenuated to 1 mW to
minimize thermal effects and photodegradation of the analyte. In SERS experiments, two excitation power
levels — 0.1 mW and 1 mW — were employed to assess signal dependence on laser intensity and to ensure
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reliable detection under low-power conditions. Each spectrum was obtained by averaging five individual ac-
quisitions, with an integration time of 20 seconds per scan, to enhance spectral reproducibility and signal-to-
noise ratio.

Spectra were additionally recorded from rhodamine deposited on nickel nanowires at laser powers of
I mW and 5 mW in order to demonstrate the absence of any significant signal enhancement, confirming the
lack of SERS activity in nickel-based structures.

Results and Discussion

Growth and Deposition Curves

Bimetallic Ni-Au segmented nanowires were grown in several stages (Fig. 1). In the first step, a 100 nm
thick copper layer was sputtered onto the surface of the track-etched membrane to provide a conductive base.
Subsequently, an additional copper layer with a thickness of 3—5 pm was electrodeposited onto the initial
sputtered layer (Fig. 1b). This step was carried out to mechanically improve the copper layer and ensure its
structural integrity during further processing. In the second step, nickel was deposited into the pores of the
track-etched membrane (Fig. 1¢). The deposition was performed in a galvanostatic mode at a current density
of 2 mA/cm?. The deposition time was chosen such that the pores were filled approximately halfway.

The deposition rate of nickel nanoparticles is 225 nm/min.

.,;"
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Figure 1. Stages of bimetallic Ni-Au segmented nanowire deposition

The degree of pore filling can be determined experimentally, taking into account the time required for
complete pore filling, or theoretically based on the total charge passed through the electrochemical cell.
Examples of volts of time dependencies removed during nickel and gold deposition are shown in Figure 2.
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Figure 2. Changes in the electrochemical cell potential during metal deposition into 100 nm pores
of track-etch membranes at a fixed current density of 2 mA/cm?: a) complete pore filling with nickel;
b) partial pore filling with gold

At the third step, a gold segment was electrodeposited onto the nickel nanowires core (Fig. 1d). The
deposition was carried out in a galvanostatic mode at a current density of 2 mA/cm?. The deposition time varied
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between 500 and 2000 seconds. Figure 25 presents the deposition curve for the gold segment. The deposition

rate of gold nanoparticles is 60 nm/min.
After deposition of the gold segments, the polymer template was dissolved in a concentrated alkaline

solution (6M NaOH) at 80 °C for 2 hours (Fig. le).
Following membrane dissolution, the resulting nanostructures were characterized using electron micros-

copy techniques.

Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscopy (SEM) analysis revealed that the synthesized nanowires had an average
total length of approximately 6.5 pm and a diameter of 100 nm (Fig. 4). Backscattered electron scanning clearly
showed distinct contrast along the nanowire axis, indicating the presence of multiple metallic segments. The
nickel segment was measured to be approximately 4.5 um in length, while the gold segment is about 2 pm.

000021

High-vac. SED PC-std. 15KV High-vac. BED-C PC-std. 15kV

Figure 4. SEM images of the substrate with nanowires in secondary electron (SED) mode
and backscattered electron (BED-C) mode

Energy-dispersive X-ray spectroscopy (EDX) analysis confirmed the presence of copper, nickel, and gold
along the nanowire structure (Fig. 5). Furthermore, elemental mapping was performed to visualize the spatial
distribution of constituent metals (Fig. 6). The results demonstrate a well-defined architecture, with copper
localized at the base, nickel in the central segment, and gold selectively deposited at the top surface of the

nanowires.
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Figure 5. EDX analysis results for the bimetallic Ni-Au segmented nanowires
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1 10 pm Cu K . 110 pm Au M

Figure 6. Elemental mapping of the nanowires showing spatial distribution
of copper (green), nickel (red), and gold (blue)

Raman Scattering

Raman and SERS measurements of Rhodamine 6G (R6G) at a concentration of 10 M were performed
on aluminum foil and Ni—Au segmented nanowire-based substrates. The results are summarized in Figure 7.

Figure 7a presents Raman spectra obtained from a dried droplet of R6G on aluminum foil. Clear vibra-
tional features are observed only at the droplet edge, where the analyte is concentrated due to the coffee-ring
effect, but signal still is dominated by a strong photoluminescence background. In contrast, no distinct spectral
features are detected at the center of the droplet. These findings highlight the limitations of conventional Ra-
man spectroscopy for detection that analyte concentration without plasmonic enhancement. All observed Ra-
man bands are consistent with previously reported data for R6G known in literature.

As shown in Figure 7b, Raman spectra collected from R6G adsorbed on nickel nanowires exhibit no
signal enhancement. This confirms that nickel nanostructures alone do not provide measurable SERS activity
under the given experimental conditions.

In contrast, Figure 7¢ demonstrates a substantial improvement in spectral quality when using Ni—Au seg-
mented nanowires as SERS-active substrates. The photoluminescence background is effectively suppressed,
and the characteristic Raman peaks of R6G become clearly resolved. Spectra were acquired at two different
laser powers — 0.1 mW and 1 mW — to evaluate the sensitivity and feasibility of low-power operation. Even
at the reduced power level, the Raman signal remains well above the noise floor, indicating high substrate
sensitivity. This feature is particularly relevant for practical sensing applications, including portable or field-
deployable devices where low-power excitation is often required.

The overall performance of the Ni—Au segmented nanowire substrates suggest potential for the detection
of even lower analyte concentrations and for the analysis of fluorescent compounds, which are typically chal-
lenging to detect using conventional Raman spectroscopy.
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Figure 7. a — Raman spectra of R6G (10~ M) on aluminum foil, showing signal variation at the droplet edge
(coffee-ring region) and center. b — Raman spectrum of R6G (10* M) on Ni NWs.
¢ — Comparison of R6G spectra on Al foil and Ni—Au segmented nanowires

Conclusions

In this work, a novel and reliable approach for the fabrication of bimetallic Ni—Au segmented nanowires
via template-assisted electrochemical deposition was developed. The proposed method enables precise control
over the morphology and composition of the nanostructures by separating the deposition stages for nickel and
gold segments. This strategy effectively avoids direct contact between gold and copper layers, thereby pre-
venting intermetallic diffusion and significantly improving structural stability.

The resulting Ni-Au segmented nanowires demonstrated strong SERS activity, allowing for the sensitive
detection of 10* M Rhodamine 6G. Notably, SERS signals were obtained even at very low laser power
(0.1 mW), highlighting the potential of these substrates for portable and field-deployable sensing applications.
This study demonstrates that the combination of controlled template-based synthesis and bimetallic design
offers a promising route toward the development of stable, reproducible, and highly sensitive SERS substrates
suitable for practical analytical tasks, including trace-level detection of organic compounds with inherent flu-
orescence.
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Nickel (IT) Based Metal-Organic Framework Consolidated on Nanofibers
Modified Track-Etched Membrane for Dye Removal

Metal-organic frameworks (MOFs) are promising adsorption agents with many potential applications. How-
ever, most experiments exploring the potential applications of MOFs have used powders, which limits the range
of possible applications. To solve this problem, an approach to design hybrid membrane (HM) based on track-
etched membrane, electrospun nanofibers and MOF based on L-tryptophan, 1,2-bis(4-pyridyl)ethylene and Ni
(I) (Ni-MOF) was proposed in the current paper. An investigation of Ni-MOF morphology on hydrophilic
chitosan and hydrophobic polyvinylidene fluoride nanofibers showed that the Ni-MOF tends to form super-
structures — spherical conglomerates consisting of flaky crystallites on both types of nanofibers. The HMs and
Ni-MOF powder were characterized by SEM and PXRD. The adsorption properties of the Ni-MOF powder
towards model anionic methyl orange (MO) and cationic thodamine B (Rh B) including kinetics and isotherm
were studied. An investigation of dyes removal by HMs in dead-end filtration mode indicates the effectiveness
of MO and Rh B adsorption as high as ~97 % (~380 ug/cm?) and ~9 % (~37 pg/cm?), respectively. The possi-
bility of regeneration was also investigated. Thus, the HMs may find a potential application for advanced
wastewater treatment processes to provide removal of MO in microfiltration mode.

Keywords: track-etched membranes, metal-organic frameworks, hybrid membranes, nanofibers, electrospin-
ning, dye removal, adsorption, water treatment

Introduction

Water pollution caused by industries is one of the most significant global problems. Water may contain
numerous hazardous compounds such as dyes, heavy metal ions, or drugs, which pose severe risks to the
environment and human health. Methyl Orange (MO), an anionic dye is commonly used in textile, printing
industries and in laboratory practice. Despite this, MO is recognized as low biodegradable, toxic, carcinogenic
and mutagenic compound. It is reduced into aromatic amines by intestinal microorganisms which can lead to
intestinal cancer [1-3]. Rhodamine B (Rh B) is a cationic dye employed in textile, paper, paint industry. It is
toxic, carcinogenic and non-biodegradable. The presence of MO or Rh B in water can negatively affect aquatic
organisms due to toxicity and ability to inhibit photosynthesis by reducing light penetration [4—7]. Various
techniques have been used for removal of dyes from water media: membrane filtration, adsorption, photoca-
talysis, sedimentation, electrochemical methods and so on. Among them, adsorption is one of the most simple
and effective methods for wastewater treatment [8, 9]. Nevertheless, disadvantages of numerous traditional
adsorbents are still poor selectivity, retrievability or stability and slow removal rate [10]. Thus, design of novel
systems for dye removal is highly demanded.
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Nickel (Il) Based Metal-Organic Framework ...

Metal-organic frameworks (MOFs) are crystalline compounds consisting of metal ions or clusters that
are held together by organic ligands. These compounds can form one-, two- or three-dimensional frameworks
that may be porous. Since the 1990s and to the present day, they have been attracting great research interest
due to the unique properties such as high surface area and tunability of structure [11]. There are a variety of
papers studied MOFs as dyes adsorbent. Most experiments of MOFs application in this field were carried out
using MOFs powders [12, 13]. However, for improving processability and realization of MOFs practical ap-
plication in wastewater treatment, depositing MOFs on porous supports to form hybrid membranes (HMs)
could be a promising solution [14]. Recent studies have proposed a novel approach to creating functional HMs
based on track-etched membranes (TMs) modified by electrospun nanofibers (NFs) layer. This approach has
proven suitable for designing materials for removal of harmful ions and dyes from wastewater, seawater de-
salination processes and wound dressings [9, 15—19].

Herein we present an approach to design novel hybrid membrane based on nanofiber-modified track-
etched membrane and MOF synthesized via a low temperature solvothermal method. The MOF based on
L-tryptophan, 1,2-bis(4-pyridyl)ethylene and Ni (II) (Ni-MOF) as it can be synthesized under mild conditions
that exclude membrane damage. TMs modified with chitosan (Ch) and polyvinylidene fluoride (PVDF) NFs
were used as models of hydrophilic and hydrophobic substrates, respectively. The well-defined pore architec-
ture and thoroughly studied physicochemical properties make it possible to use TMs as a convenient model
for investigating the processes of designing HMs. To study the adsorption performance two dyes, anionic
methyl orange and cationic rhodamine B, were selected as model compounds. The adsorption characteristics
such as kinetics and isotherms of adsorption by the Ni-MOF powder were investigated. Dye removal by HMs
in filtration mode and regeneration potential were evaluated. Schematically the synthesis process and applica-
tion in dye adsorption of HMs is illustrated in Figure 1.
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Figure 1. Schematic illustration of HMs preparation and application process

Experimental

Materials

Polyethylene terephthalate (PET) TM with a thickness of 23 pm, pores diameter of 0.3 um and pores
density of (2.7+0.3)x10% cm 2 was made from Hostaphan RNK film in Flerov Laboratory of Nuclear reactions
of Joint Institute for Nuclear Research. This membrane was covered by 40+4 nm thick Ti layer in Ivtekhno-
mash, LLC and used as a support for future studies [20]. The titanium layer is used as collecting electrode
during the electrospinning process to improve uniformity and adhesion of NFs to the TM surface [16, 17].

The following reagents were wused: chitosan (M, =200000 g/mol), polyethylene oxide
(M, = 300000 g/mol), 99.8% acetic acid, 25%  glutaraldehyde, polyvinylidene fluoride
(My = 600000 g/mol), 99.8 % dimethylformamide, 99.8 % acetone were used for electrospinning of NFs;
L-tryptophan (98 %), 1,2-bis(4-pyridyl)ethylene (97 %), nickel nitrate (Ni(NO3),:6H,O, chemically pure),
methanol (analytical grade) were used for Ni-MOF synthesis; methyl orange (97 %), rhodamine B (95 %),
deionized Milli-Q water, acetate buffer were used for adsorption investigations.
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Nanofibers Electrospinning

Ch and PVDF NFs were electrospun on the TM surface according to the methods reported previously [16,
19]. Membranes with Ch or PVDF NF layers were designated as TM+Ch and TM+PVDF, respectively. Den-
sity of NFs layer was found to be 0.37+0.03 mg/cm? for TM+Ch and 0.55+0.05 mg/cm? for TM+PVDF.

Ni-MOF Synthesis

The method described previously was used for synthesis Ni-MOF as a powder and on the membrane
surface [21, 22]. Membranes modified by Ni-MOF were marked as TM+Ch+Ni-MOF or TM+PVDF+Ni-
MOF. The density of Ni-MOF on the membrane surface was amounted to be 3.4+0.6 mg/cm? for TM+Ch+Ni-
MOF and 3.8+0.5 mg/cm? for TM+PVDF+Ni-MOF.

Characterization Techniques

The morphology of the membranes was studied by scanning electron microscopy (SEM, Hitachi
S-3400N). The crystal structure was analyzed by powder X-ray diffraction (PXRD) using PANalytical Empy-
rean powder diffractometer (CoKa radiation) with a high-efficiency Pixel3D position-sensitive detector at a
tube voltage of 40 kV and a current of 40 mA. The 20 angle range was from 8° to 50° with steps A8 = 0.026°.
Hydrophobic-hydrophilic properties of membranes were estimated by water contact angle measurements using
DSA-100. The Brunauer—-Emmett—Teller specific surface area of the Ni-MOF powder was measured as 4.5
m?/g (N2, ASAP 2020).

Adsorption Experiments

Two dyes were selected for adsorption experiments: anionic methyl orange and cationic rhodamine B.
For batch adsorption experiments the Ni-MOF powder was used. Adsorption kinetics was studied in duplicate
by 15 mg of Ni-MOF in 10 ml of dye aqueous solution with initial concentration 50 mg/L for MO and 10 mg/L
for Rh B at 23 °C. Dyes solutions were analyzed by UV-Vis spectrophotometer (Evolution 600) and the ad-
sorption capacity at certain time (g;, mg/g) was calculated using Eq (1):
(G, -C )V

g, =——"—, (1)
m

where Cp is the initial concentration (mg/L), C; is the concentration after adsorption for a certain time (mg/L),
V is a solution volume (L), m is an adsorbent mass (g). To quantify the adsorption kinetics pseudo-first-order
(PFO) model (Eq 2) and pseudo-second-order (PSO) model (Eq 3) were used to fit the experimental data:

q,=q.(1-e™); )
2kt

=l 3)
1+ q,k,t

where ¢. is the adsorption capacity at equilibrium (mg/g), &; is the rate constant of the PFO model (1/min), &
is the rate constant of the PSO model (g/mg-min), ¢ is the time (min).

The adsorption isotherm measurements were performed in duplicate by varying the initial dye concentra-
tion from 10 to 300 mg/L for MO and from 1 to 30 mg/L for Rh B. Three the most widely applied isotherm
models, Langmuir (Eq 4), Freundlich (Eq 5) and Temkin (Eq 6) were employed to fit the experimental data:

qmw(KLCe
R 4
e 1+K,C, @
q,=K.C"; (5)
RT
qe = Qmax7ln (Kr Ce), (6)

where ¢uq is @ monolayer capacity of Ni-MOF (mg/g), K; is the Langmuir adsorption constant (L/mg), C. is
the concentration at equilibrium (mg/L), Kr is the Freundlich adsorption constant ((mg/g)-(L/ mg)'™), n is an
exponent of the Freundlich model, b is the Temkin isotherm constant (J/mol), Kr is the Temkin adsorption
constant (L/mg).

The fitting quality and error analysis of the models were carried out by calculating chi-squared parameter
(Eq 7) and hybrid fractional error function (Eq 8):
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) Zn (qcaz_qexp) . %

= i ’
Qexp

2
HYBR]D _ 100 Zln_l (qexp qcal)
=P~ G

where g.« is the calculated adsorption capacity (mg/g), ge., is the experimental adsorption capacity (mg/g), n
is a number of measured experimental points, p is a number of variable parameters in the equation.

For adsorption investigations in dead-end filtration mode the 25 mm membrane (working diameter
22 mm) was installed in a polycarbonate filter holder. Using tubes, the holder was connected to the syringe
containing 30 ml of selected dye with initial concentration 50 mg/L. The syringe was placed into a syringe
pump and flow rate was set as 2 ml/min. The solution passed through the membrane was collected in a beaker
and placed back into the syringe. The described procedure was repeated throughout 2, 4, 8 and 12 cycles. The
adsorption losses as a, % and 4, ug/cm? was calculated using Eq (9, 10):

; ®)

a:¥xloo; )
0
A:(CFTQ)V, (10)

where C, is the concentration after a certain cycle (mg/L), S is a membrane working area (cm?).

For regeneration studies, the membrane was kept in the 10 ml MO solution with concentration of 50 mg/L
for 24 hours. After that the membrane was immersed in acetate buffer solution with pH = 4 for 3 hours. Ad-
sorption (E4, %) and desorption efficiencies (Ep, %) were calculated throughout 3 adsorption-desorption cycles
using Eq (11, 12):

E, ="« 100, (11)
mO

E, =24 5100, (12)
m

where mqgs is the mass of adsorbed MO (ug), my is the initial mass of MO (ug), maes is the mass of desorbed
MO (ug).

Results and Discussion

Characterization

The surface morphology of TMs modified by Ch and PVDF was described in detail previously [16, 17,
19]. Both Ch and PVDF NFs on the TM surface possess a smooth and uniform morphology. The average
diameters of the NFs calculated by the Gaussian approximation were 16444 nm for Ch NFs and 216+18 nm
for PVDF NFs (Fig. 2 a, b). After Ni-MOF synthesis on the membranes, superstructures — spherical conglom-
erates consisting of flaky crystallites, were formed (Fig. 2 ¢, d). Average diameter of Ni-MOF superstructures
was measured as 19+£2 um for the TM+Ch+Ni-MOF and 22+2 um for the TM+PVDF+Ni-MOF samples. The
results suggest that the morphology of superstructures is independent of the hydrophobic-hydrophilic proper-
ties of the substrate.

To confirm that the crystal structure of Ni-MOF is identical in powder form and on the membrane surface,
PXRD analysis was performed. As shown in Figure 3, the patterns of the TM+Ch, TM+PVDF, TM+Ch+Ni-
MOF and TM+PVDF+Ni-MOF samples contain an amorphous halo in the region up to 20° and the twin peak
around 27° and 30° was interpreted as PET [18]. The remaining peaks for the TM+Ch+Ni-MOF and
TM-+PVDF+Ni-MOF membranes correspond to Ni-MOF [21, 22]. No significant differences were observed
between patterns of the Ni-MOF powder and the HMs. Thus, successful deposition of Ni-MOF on the TMs
modified by Ch and PVDF NFs was achieved.
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Figure 2. SEM images: (a) TM+Ch membrane, (b)) TM+PVDF membrane,
(c¢) hybrid TM+Ch+Ni-MOF membrane, (d) hybrid TM+PVDF+Ni-MOF membrane

TM+PVDF+Ni-MOF
TM+Ch+Ni-MOF

TM+PVDF

Intensity, a.u.

10 20 30 40 50
20, °

Figure 3. PXRD patterns of Ni-MOF powder, TM+Ch and TM+PVDF membranes,
hybrid TM+Ch+Ni-MOF and TM+PVDF+Ni-MOF membranes

To determine hydrophobic-hydrophilic properties of the HMs and substrates, the water contact angle
(CA) measurements were performed (Fig. 4). It was found that the synthesizing Ni-MOF on the membrane’s
surface increases its hydrophilic properties. The CA of TM+Ch was difficult to measure due to the rapid ad-
sorption of water droplets caused by the NFs. However, this value was estimated as ~15° (Fig. 4, a). The
synthesis of Ni-MOF on the surface leads to complete wettability of the HM surface (Fig. 4, b). The CA of
TM+PVDF was measured as 140+1° that determines the membrane surface as hydrophobic (Fig. 4, ¢). The
modified sample TM+PVDF+Ni-MOF showed the CA value of 123+9° (Fig. 4, d). The relatively large devi-
ation suggests non-uniform coverage of Ni-MOF on the TM+PVDF surface. However, the CA of
TM+PVDF+Ni-MOF was decreased up to 20 % in comparison with the pristine one.
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|(a)uTM+Ch;‘ I"‘CA =15 °-

(c) TM+PVDF CA=140%1° (d) TM+PVDF+Ni-MOF

E CA=123+%9°

Figure 4. Photos of a water droplet on membranes: (a) TM+Ch membrane, (b) hybrid TM+Ch+Ni-MOF membrane,
(¢) TM+PVDF membrane, (d) hybrid TM+PVDF+Ni-MOF membrane

Dye Adsorption

To explore the adsorption characteristics of the Ni-MOF powder and hybrid membranes HMs, two model
contaminants were selected: anionic MO and cationic Rh B. Firstly, adsorption kinetics of the Ni-MOF powder
was studied. As shown in Figure 5 the curve reaches a plateau through 120 minutes, corresponding to
95.1+0.1 % MO removal. The time taken for Rh B to reach equilibrium was also estimated as 120 minutes,
corresponding to 8.4+1.2 % Rh B removal. The adsorption kinetics was evaluated using the PFO and PSO
models. For both MO and Rh B, the adsorption process kinetics were well fitted by the PSO model character-
ized by the lowest ¢ values and relatively small deviations between the experimental and calculated adsorption
capacities (Table 1). Therefore, the adsorption of MO and Rh B was proportional to the square of the dye
concentration and probably based on chemical interactions [23, 24].
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§ |
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Figure 5. Adsorption kinetics curves of MO and Rh B by Ni-MOF powder

Table 1
Adsorption kinetics model parameters of Ni-MOF powder
Dve Pseudo-first-order model Pseudo-second-order model
Y e, exp de, cal ki X2 HYBRID e, exp de, cal k> Xz HYBRID
MO 32.1 31.3 0.16 0.6896 | 9.8514 32.1 32.6 0.0085 | 0.0188 | 0.2685
Rh B 0.6 0.58 0.063 0.0092 | 0.2296 0.6 0.62 0.16 0.0018 | 0.0453

Adsorption isotherms were evaluated for future investigations. As shown in Figure 6, the adsorption ca-
pacity increases with the dye concentration increasing that typical property of many adsorbents. The maximum
experimental adsorption capacity toward MO was amounted to be 120.2+1.5 mg/g at initial MO concentration
of 300 mg/L. However, the adsorption capacity did not reach its plateau within the studied concentration range.
Thus, there are still adsorption sites which can be occupied by MO. The maximum experimental adsorption
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capacity of Rh B removal was significantly lower and amounted to be 0.67+0.11 mg/g. The adsorption curve
reached saturation at dye concentration of 10 mg/L.

For better understanding of the adsorption process, isotherms were fitted by Freundlich, Langmuir and
Temkin models. It should be noted that employment of Temkin isotherm requires the gm. value. Herein guqx
value was derived from the Langmuir model [27]. The order of the ¥*> and HYBRID values of the models
corresponded to the following trend: Freundlich > Langmuir > Temkin for MO and Freundlich > Temkin >
Langmuir for Rh B contaminant (Table 2). Freundlich isotherm suggests heterogeneity of adsorbent surface
and exponential distribution of binding sites energies [25]. Seen in Table 2, the Freundlich model exhibited
the highest y?> and HYBRID values for both contaminants which indicates that the model is not capable of
adequately describing the experimental data. The values of x> and HYBRID calculated for the Langmuir model
are lower in the comparison with the Freundlich model. Therefore, the assumption of uniformly distributed
binding energies and constant adsorption heat is more favorable for the experimental data [26]. The calculated
Langmuir maximum adsorption capacity for MO was 115.9 mg/g that is less than the experimental value by
~4 %. This may be caused by an implicit plateau. The best fit of the MO adsorption experimental data was
obtained for the Temkin model. The Temkin isotherm assumes uniform distribution of binding energies and
linearly decreasing of the adsorption heat along with surface coverage. A value of » > 0 constant associated
with the heat of adsorption indicates that the process is exothermic [27]. The best fit of the Rh B adsorption
experimental data was obtained for the Langmuir model. The calculated Langmuir maximum adsorption ca-
pacity for Rh B was 0.74 mg/g that is higher than the experimental value by ~10 %.

0.8+
140+
o —
g 1201 /‘ B-') — T
E
= = 0.6
=100 >
= ‘S
g o0 %o 4
3 50, = Experimental data ot 7 = Experlmental data
k5 —— Freundlich model S / —— Freundlich model
g 40 Langmuir model ‘Q'.O . Langmuir model
@ { Temkin model § ' % Temkin model
g 204 <
0 \- T T T T T T O T T T T T T T T T T T T !
0 20 40 60 80 100 120 0 5 10 15 20 25 30
Equilibrium concentration, mg/L Equilibrium concentration, mg/L
Figure 6. Adsorption isotherms of MO and Rh B by Ni-MOF powder
Table 2
Adsorption isotherm model parameters of Ni-MOF powder
Dve Freundlich model Langmuir model
Y Kr n Xz HYBRID qm, exp qm, cal K; Xz HYBRID
MO 30.7 34 51.4495 1028.9902 120.2 115.9 0.19 3.6965 73.9302
Rh B 0.28 3.5 0.1112 3.7056 0.67 0.74 0.42 0.0106 0.3521
Dve Temkin model
4 b Kr 7 HYBRID
MO 14560 3.5 0.6533 13.0669
Rh B 11865 3.9 0.0246 0.8190

In summary, the Ni-MOF powder is characterized by relatively slow kinetics of dye adsorption
(~2 hours). The PSO model was found to be able to adequately describe the experimental data. This may
suggest that the adsorption process is chemical in nature. The Temkin model could adequately describe the Ni-
MOF dye adsorption isotherms. Thus, the adsorption occurs on uniformly distributed binding sites. At an initial
dye concentration of 10 mg/L, the experimental adsorption capacities were approximately ~6 mg/g for anionic
MO and ~0.6 mg/g for cationic Rh B. These results suggest that Ni-MOF might exhibits selectivity towards
MO.
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Figure 7. Adsorption loses of MO and Rh B at passing through membranes

The efficiency of dye removal by HMs was studied in dead-end filtration mode. The results are shown in
Figure 7. The highest values of adsorption losses were observed for the TM+Ch+Ni-MOF and TM+PVDF+Ni-
MOF samples. After 12 cycles, the adsorption losses of MO were 95.7 % for TM+Ch+Ni-MOF and 96.8 %
for TM+PVDF+Ni-MOF which corresponds to the specific adsorption losses value of 380.3 pg/cm? and 382.2
ug/cm?, respectively. The differences in the adsorption kinetics of TM+Ch+Ni-MOF and TM+PVDF+Ni-
MOF may be caused by the higher density of the Ni-MOF layer on the TM+PVDF+Ni-MOF surface. The
adsorption losses of Rh B were significantly less: 9.3 % (36.7 pg/cm?) for TM+Ch+Ni-MOF and 9.4 % (37.1
ug/cm?) for TM+PVDF+Ni-MOF. Thus, the adsorption follows the above-mentioned trend: the adsorption of
MO is more active than that of Rh B. To estimate the influence of the porous support on the adsorption, the
dye removal by TM+Ch and TM+PVDF was studied. The adsorption losses of MO and Rh B on TM+Ch were
12.1 % (47.6 pg/cm?) and 11.4 % (45.1 pg/cm?), respectively. The TM+PVDF membrane showed lower max-
imum adsorption losses values of 0.9 % (3 pg/cm?) and 6.1 % (24.2 pg/cm?) for MO and Rh B. Therefore, the
Ni-MOF layer mainly contributes to the adsorption of MO by the HMs.
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Figure 8. The efficiency of adsorption and desorption of MO by membranes

Batch adsorption-desorption experiments were used to investigate the possibility of regeneration for MO
only. The results are shown in Figure 8. The adsorption efficiency of HMs was consistently high during the
experiments and amounted to an average of 98.840.9 % (127.1+2.2 pg/cm?) for TM+Ch+Ni-MOF and
97.940.5 % (125.9£1 pg/cm?) for TM+PVDF+Ni-MOF. The desorption efficiency of HMs was ~10 % during
2 cycles and doubled by the 3rd cycle. The desorption efficiency increase may mean degradation of the Ni-
MOF crystal structure during adsorption-desorption cycles. The adsorption efficiency of the TM+Ch mem-
brane was 49.3£2.5 % (63.3£3.8 pg/cm?) during 2 cycles and reached 98.5 % (125.7 pg/cm?) by the 3rd cycle.
This result may indicate the process of chitosan swelling which leads to the reduction in the degree of cross-
linking and increasing in the number of binding sites. The average desorption efficiency of the TM+Ch
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membrane was 77.9 £ 7 % during the experiments. No adsorption and desorption activity of the TM+PVDF
membrane was observed. Summing up, the highest values of adsorption efficiency were measured for HMs
while the desorption efficiency was relatively low. Nevertheless, the HMs are able to provide effective dye
removal within 3 cycles.

Conclusions

In summary, the design of HMs based on Ch and PVDF NFs modified TMs and Ni-MOF was successfully
implemented. Morphology, structure and performance parameters of HMs were investigated. It was found that
Ni-MOF has an ability to form uniform superstructures with average diameter ~20 um on the surface of hy-
drophilic Ch and hydrophobic PVDF NFs. The adsorption characteristics were studied both for the Ni-MOF
powder and for HMs. The adsorption process was best described by the PSO kinetic model for both contami-
nants, while the Temkin isotherm fitted well for MO, and the Langmuir isotherm was more suitable for Rh B.
The Ni-MOF powder exhibited maximum experimentally found adsorption capacity towards MO and Rh B as
high as 120.2+1.5 mg/g (at 300 mg/L of initial concentration) and 0.67+0.11 mg/g (at 30 mg/L of initial con-
centration), respectively. The adsorption measurements in dead-end filtration mode showed maximum values
of dye adsorption by HMs as high as ~97 % (~380 ug/cm?) for MO and ~9 % (~37 pg/cm?) for Rh B. Investi-
gations of regeneration possibilities have shown that the HMs are able to provide effective dye removal within
3 cycles. This study demonstrates an approach to design practical HMs for the application in wastewater treat-
ment. It can be noted that the described approach might be used in the future to design innovative and pro-
cessable materials for wound healing, racemic mixtures separation and sensing applications.
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Galvanic Replacement-Assisted Synthesis of Cu—Ag Composite
Membrane Catalysts for Potassium Ferricyanide Reduction

This study investigates the catalytic properties of mono- and bimetallic composite track-etched membranes
(CTeMs) fabricated using a galvanic replacement strategy. Two bimetallic architectures, Ag/Cu@PET and
Cu/Ag@PET, were synthesized by sequentially depositing copper and silver onto poly(ethylene terephthalate)
(PET) templates. X-ray diffraction analysis revealed that doping Cu@PET with silver nanoparticles formed a
substitutional solid solution (Age,Cusz), which increased crystallinity by >45 % compared to monometallic
Cu@PET. In contrast, doping Ag@PET with copper produced a two-layer tubular structure with phase-sepa-
rated copper co-deposited along silver microtubes. The catalytic performance was evaluated through the
pseudo-first-order reduction of potassium ferricyanide (PFC) by sodium borohydride. The Cu/Ag@PET com-
posite with separate phases demonstrated superior activity, achieving 94.3 % PFC reduction within 40 minutes,
significantly exceeding the performance of monometallic Ag@PET and Cu@PET. Kinetic analysis indicated
that the rate constant and activation energy strongly depended on membrane structure and silver doping time
in case of formation of substitutional solid solution phase. A minimum doping duration of 20 minutes was
required for performance enhancement, with 30-minute Ag/Cu@PET samples reducing activation energy from
62.35 kJ/mol to 32.67 kJ/mol. These findings highlight the critical role of metal deposition order and structural
configuration in optimizing catalytic activity, demonstrating the efficacy of galvanic replacement for designing
high-performance, multi-metallic membrane catalysts.

Keywords: composite, track-etched membranes, galvanic replacement, reduction, photocatalysts, bimetallic,
poly(ethylene terephthalate), silver, copper

1. Introduction

The development of hybrid and multicomponent nanostructured materials has gained increasing attention
due to their superior performance compared to monometallic systems in fields such as catalysis, sensing, en-
ergy storage, and water purification [ 1-4]. Among various synthesis strategies, template-based electroless dep-
osition provides a versatile and scalable approach to fabricate metal micro- and nanostructures with controlla-
ble dimensions and morphology [5, 6]. Depending on the type of redox pathway, the chemical deposition tech-
niques within polymeric templates can be categorized into classical electroless deposition [7], galvanic replace-
ment [8], and radiation-induced chemical reduction [9], as schematically summarized in Figure 1.

In electroless deposition, a reducing agent chemically reduces metal ions to form a metallic layer on the
template surface. The process typically requires sensitization and activation steps and has been widely used
for the fabrication of uniform metal microtubes inside track-etched membranes (TeMs). This technique allows
for precise control over the geometry and composition of micro/nanotubes by adjusting factors such as tem-
perature, time [10], and the composition of complexing agents in the plating bath [11, 12]. Notably, copper-
based CTeMs have demonstrated significant promise in applications such as catalysis [13, 14], and heavy
metal adsorption [15, 16].

Galvanic replacement (GR), is an efficient method of introducing a second, more noble metal into pre-
formed structures of a less noble metal. During this spontaneous redox reaction, the less noble metal (M)
serves as a sacrificial reductant, donating electrons to the more noble metal ion (My). This ion then deposits
onto the surface while partially dissolving the base material [17, 18]. This process enables the synthesis of
bimetallic and even trimetallic structures with improved catalytic, electronic, or optical properties. For

© 2025 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)y 129


https://doi.org/10.31489/2959-0663/3-25-6
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.31489/2959-0663/3-25-6
mailto:a.mashentseva@inp.kz
https://orcid.org/0000-0003-3618-4828
https://orcid.org/0000-0001-8789-1798
https://orcid.org/0009-0007-4431-5468
https://orcid.org/0000-0002-9860-1087
https://orcid.org/0000-0003-0788-4446
http://orcid.org/0000-0003-4393-5845

Rakisheva, S.R., Nurpeisova, D.T. et al.

example, a Cu,O/ZnO@PET composite was previously synthesized using this method, forming a multiphase
material with a solid-solution phase of CuZn and enhanced photocatalytic performance [19].

Electroless template synthesis Galvanicreplacement electroless template synthesis
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Figure 1. Schemes of CTeM synthesis using different synthesis approaches

Radiation-induced synthesis is an alternative approach that uses high-energy radiation (e.g., y-rays,
e-beam) to generate solvated electrons for the in-situ reduction of metal ions immobilized on functionalized
templates. This technique has been successfully used to synthesize various metallic nanostructures including
copper [20], silver, and gold [21] within grafted polymer matrices. However, its application is more specialized
and often requires elaborate pretreatment steps.

While many of these methods have been explored individually, fewer studies have systematically exam-
ined the effect of combining sequential deposition and galvanic replacement strategies within the same mem-
brane system. In particular, bimetallic systems such as Ag/Cu or Cu/Ag, where one metal overlays the other,
offer potential synergistic effects due to modified surface electronic structures and enhanced interfacial reac-
tivity. In this study, we explore for the first time the catalytic performance of Ag/Cu@PET and Cu/Ag@PET
composite TeMs synthesized via a combination of electroless plating and galvanic replacement. The structural
features, crystallinity, and phase composition of these materials are correlated with their ability to catalyze the
reduction of potassium ferricyanide (PFC), a model inorganic pollutant.

PFC is a redox-active compound known for its environmental persistence and toxicity [22, 23]. In aque-
ous systems, PFC acts as a stable source of highly toxic Fe(Ill) [24], which upon reduction to Fe(II) becomes
significantly less harmful and can even be beneficial to metabolic processes [25]. The Fe(Ill) to Fe(Il) reduc-
tion is relevant not only for environmental detoxification but also in various industrial processes such as tin
refining copper extraction [26], wine and citric acid production [27], pigment formation [28, 29], antioxidant
activity [30], and chemical sensing [31].

Previously, we demonstrated that Cu-based CTeMs synthesized via electroless deposition with ascorbic
acid could achieve over 90 % conversion of Fe(Ill) to Fe(Il) in PFC solutions [32]. Building upon this work,
we hypothesize that doping such structures with a second metal via galvanic replacement could lower activa-
tion barriers, increase electron transfer rates, and improve overall catalytic efficiency. We therefore investigate
both Ag/Cu@PET and Cu/Ag@PET configurations to assess how synthesis pathway and metal combination
influence catalytic activity, crystallinity, and morphology. To the best of our knowledge, this is one of the first
comparative studies to systematically examine the effects of metal sequence (Cu — Ag vs. Ag — Cu), doping
time, and solid solution formation (Age7Cus) in the context of PFC reduction using CTeMs. The results may
offer valuable insights into the design of next-generation multicomponent membrane catalysts for environ-
mental applications.

2. Experimental

2.1 Chemicals

All chemicals were used as received without further purification. Analytical grade reagents including
copper(Il) sulfate pentahydrate (CuSOs 5H,0), silver nitrate (AgNOs), formaldehyde (CH»O), sodium
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borohydride (NaBHa4), potassium ferricyanide (Ks[Fe(CN)s]), sodium-potassium tartrate (KNaC4H4O¢ 4H>0),
pyridine, and palladium chloride (PdCl,) were purchased from Sigma-Aldrich. Deionized water (resistivity
18.2 MQ-cm, Aqualon D-301) was used throughout all experiments.

2.2 Synthesis of Composite Track-Etched Membranes (CTeMs)

Commercial poly(ethylene terephthalate) (PET) track-etched membranes with a nominal thickness of
12 pm and a pore density of 4x107 pores/cm? were used as the template. Following chemical etching in 2.2 M
NaOH at 70 °C, gas permeability analysis determined the average pore diameter to be 410+12 nm. Prior to
metal deposition, the membranes were sensitized and activated using standard procedures. For silver plating,
the PET templates were immersed sequentially in sensitization solution (50 g/L SnCl, in 60 mL/L concentrated
HCI for 15 min) and activation solution (59 mM AgNOs3 and 230 mM NHj3 for 3 min) [33]. For copper plating,
a more robust activation protocol was applied, consisting of three sequential sensitization-activation cycles
[34]. Composite membranes were fabricated in two configurations: (i) Ag/Cu@PET: Silver was deposited
onto Cu@PET templates using a galvanic exchange reaction in an AgNOs-containing bath; (ii) Cu/Ag@PET:
Copper was deposited onto Ag@PET templates via galvanic replacement in a CuSOs/formaldehyde bath. The
detailed compositions of the plating baths, pH, temperature, and deposition times are summarized in Table 1.

Table 1

Experimental details of the synthesis of composite TeMs
Composite Plating Bath Composition Adjusted pH Ple}tizi‘(g‘c():ondli)iz?;g Time (min) Ref.
Ag@PET AgNOs (17 ml\l/)lzl,r fd(ﬁlf%uén n:;/r{t)rate (120 mM), B 341 300 33]
carer | CEOTEOCHL NGOG | BE T | w  [ow
Cw/Ag@PET usinsga ?Zéafp%}pi? ttllllleg tl::?;l;}ate (éfé§4) 31 20 This
AGCUGPET | i pET as the templat S S N

2.3 Catalytic Activity Evaluation

Catalytic activity was assessed by measuring the reduction of potassium ferricyanide (PFC) using sodium
borohydride in aqueous medium. A 2x2 cm? CTeM sample was immersed in a 1:1 mixture of PFC (6.0x10~
M, 20 mL) and NaBH4 (5.3x10° M, 20 mL). The reaction was carried out at room temperature with gentle
stirring. Aliquots (350 uL) were withdrawn at 10-minute intervals, and the optical absorbance at 420 nm was
recorded using a Specord-250 spectrophotometer (Analytik Jena, Germany) in the wavelength range of 250—
500 nm.

The reduction percentage (D, %) was calculated using:

c,-C

D, %= x100 %:AO/;OAmeO%, (1)

0
where Ao and 4, are the absorbance values at time 0 and time ¢, respectively, and Cy and C; are the concentration
values of PFC at the initial time and time ¢ [13].

A series of experiments were conducted within the temperature range of 20 to 30 °C to investigate the
influence of temperature on the catalytic efficiency of PFC reduction. The reduction reaction was monitored
spectrophotometrically for each experiment, and the rate constants (k, in min") were determined based on the
pseudo-first-order kinetic model.

The activation energy (£,) was calculated by applying the Arrhenius equation [19]:

Ink=InA—(E,/RT), 2)
where £k is the apparent rate constant (min'), 4 is the pre-exponential factor, E, is the activation energy (J/mol),
R is the universal gas constant (8.314 J/mol-K), and T is the absolute temperature in Kelvin (K). A linear plot

of In k versus 1000/T was constructed, and the slope (—£./R) was used to calculate the activation energy graph-
ically.
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2.4 Investigation of the Composition and Structure of Composite Catalysts

The morphology and dimensional features of the synthesized composite track-etched membranes
(CTeMs) were examined using a JEOL JFC-7500F field-emission scanning electron microscope (FE-SEM).
Prior to analysis, membrane samples were sputter-coated with a thin layer of gold to enhance conductivity.
The energy-dispersive X-ray spectroscopy (EDX) was performed using a Hitachi TM3030 SEM equipped with
a Bruker XFlash MIN SVE detector, operating at an acceleration voltage of 15 kV. Elemental mapping and
point analysis were used to confirm the distribution and relative abundance of metal phases (Ag and Cu) within
the composite membranes.

The inner diameters and wall thicknesses of the metal microtubes, as well as the initial pore size of the
PET template, were estimated by gas-flow porometry. The calculation was performed using the Hagen—
Poiseuille equation [35], which relates the pressure-driven gas permeability through cylindrical pores to their
geometric dimensions. The deposition rate of copper (R) was calculated as the mass gain per unit area per hour,
expressed in mg/cm?-h, based on the difference in membrane weight before and after plating.

Crystallographic analysis of the deposited metallic structures was carried out using an X-ray diffractom-
eter (Bruker D8 Advance, Germany) equipped with a Cu K, radiation source (A = 1.5406 A). XRD patterns
were collected in the 260 range of 30° to 80°, with a step size of 0.02° and a counting time of 1 second per step.
The system operated at 40 kV and 40 mA.

The average crystallite size (L) was estimated using the Scherrer equation, applied to the full width at
half maximum (FWHM) of the most prominent diffraction peaks. The FWHM values were determined through
peak fitting using pseudo-Voigt functions, which enabled accurate quantification of crystallinity and phase
identification.

3. Results and Discussion

3.1 Synthesis and Structural Analysis of Composite TeMs

The changes in the structural parameters of the synthesized mono- and bimetallic composite track-etched
membranes (CTeMs) are summarized in Table 2. The data demonstrate that the deposition rates (R) obtained
during the second stage of synthesis (i.e., galvanic replacement) were comparable for both Ag/Cu@PET and
Cuw/Ag@PET composites, with values of 0.557 and 0.593 mg/cm?-h, respectively, in addition to Ag@PET
(0.255 mg/cm?-h) and Cu@PET (0.251 mg/cm?-h) composites. These values indicate that the kinetics of metal
substitution or secondary deposition are relatively unaffected by whether silver is deposited on copper or vice
versa under the given conditions.

Despite similar deposition rates, the wall thickness of the Ag-based hybrid microtubes was found to be
significantly higher than that of the Cu-based analogs. Specifically, the silver layer in Ag@PET was
120.6 + 4.2 nm thick, which is almost double the thickness of the copper layer in Cu@PET (64.2 £ 10.9 nm).
This discrepancy is likely attributed to differences in the precursor concentration, ion reduction potential, and
metal nucleation/growth behavior in the respective plating baths.

Interestingly, for the Ag/Cu@PET composite, a notable reduction in the net silver mass increment
(Am = 5.2 mg) was observed compared to the monometallic Ag@PET (Am = 25.5 mg). This decrease suggests
that partial dissolution of the underlying copper microtubes occurs during galvanic replacement, reducing the
overall mass gain. Such dissolution is consistent with the spontaneous redox nature of the galvanic process,
where the less noble metal (Cu) acts as the sacrificial anode, donating electrons to reduce Ag" ions. A similar
trend was reported in other galvanic systems where structural hollowing or mass loss accompanies deposition
of a more noble metal [17].

Table 2
Structural Parameters of Mono- and Bicomponent CTeMs
Inner Diameter | MT Wall Thickness (nm) Deposition ZR ate R Am (mg)
Sample of MTs (nm) (mg/cm?*-h)

/(Cu) I(Ag) Rcu Rag Cu Ag
Ag@PET 153.9+£8.36 - 120.6+4.2 - 0.255 — 25.5
Cu/Ag@PET 144.4+1.8 56.9+0.9 - 0.593 - 7.9 -
Cu@PET 276.0+£21.8 64.2£10.9 - 0.251 - 11.7 -
Ag/Cu@PET* 91.945.0 - 31.34£2.5 - 0.557 5.2

*Deposition time for silver doping: 20 minutes.
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Scanning electron microscopy (SEM) images (Fig. 3) confirmed the successful formation of hollow metal
microtubes within the PET template in all samples. The observed tube structures were continuous and aligned
along the template pores. There were distinguishable differences in wall thickness which were consistent with
the porometry and gravimetric data presented in Table 2.

Figure 3. SEM images of cross sections of monocomponent CTeMs

The phase structure and crystallinity of the synthesized CTeMs were further analyzed using X-ray dif-
fraction (XRD), and the results are presented in Table 3. The diffraction patterns for all samples (see Figure
S1 in the Supplementary information file) showed good agreement with the standard JCPDS cards for face-
centered cubic (fcc) silver (JCPDS 04-0783) and copper (JCPDS 04-0836), confirming the successful for-
mation of the target phases.

Table 3
Crystal Structure Parameters of CTeMs
Struc- Lattice pa-| I::}z)a:ls-e
Sample Phase Space group | hkl |20 (°)|d (A)| L (nm) | FWHM | rameter | , V(A%
ture i (%) | tent
) (%)

111 [38.20] 2.35 | 36.33 0.26
Ag@PET Ag Cubic | Fm-3m(225) ggg 2:4212 ?2451 ggg 8;3 a=4.07408| 76.5 | 100 |67.62
311 |77.36| 1.23 | 33.98 0.33
Cu Cubic | Fm-3m(225)| 111 [43.49| 2.08 | 28.04 0.34  [a=3.60662 279 14691
111 |38.05]2.36 | 33.20 0.28
200 [44.25]2.05 | 21.99 0.43
220 [64.48|1.44 | 27.89 0.37
311 |77.43|1.23 | 23.79 0.48
Cu/Ag@PET Ag Cubic | Fm-3m(225) | 111 [43.49|2.08 | 28.04 0.34  [a=4.07889 796 72.1 |67.89
200 [44.33]2.04 | 34.30 0.28
220 [64.48 | 1.44 | 39.67 0.26
311 |77.59| 1.23 | 37.57 0.30
222 |81.50] 1.18 | 45.62 0.26
111 [43.41]2.08 | 20.36 0.47
Cu@PET Cu Cubic | Fm-3m(225)| 200 |50.54| 1.80 | 17.37 0.56  [a=3.60579| 67.9 | 100 |46.88
220 |74.14 | 1.28 | 41.94 0.29
111 |138.12| 2.36 | 55.74 0.17
200 144.25|2.05 | 25.52 0.37
Ag/Cu@PET| Ago7Cu; | Cubic | Fm-3m(225) | 220 |64.41 | 1.45 | 49.32 0.21 |a=4.08490| 78.9 | 100 |68.16
311 [77.28 | 1.23 | 51.21 0.22
222 181.50] 1.18 | 59.01 0.20

Changes in the full width at half maximum (FWHM) of the diffraction peaks provided insights into the
degree of crystallinity (CD) and average crystallite size (L). The FWHM values were obtained by fitting the
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peaks using symmetric pseudo-Voigt functions, allowing accurate deconvolution of overlapping reflections.
As expected, broader peaks indicated smaller crystallite sizes and lower structural order, while narrower peaks
suggested better-defined crystalline domains.

XRD analysis of the Ag/Cu@PET sample revealed the formation of a substitutional solid solution with
the nominal composition Agy7Cuz when Cu@PET was doped with silver nanoparticles. This membrane exhib-
ited a high crystallinity degree (CD = 78.9 %) and large crystallite sizes (L), reaching to = 59 nm, exceeding
those observed in pure Cu@PET samples (CD = 67.9 %, L = 20—42 nm). The lattice parameter of the Ago;Cus
phase (a = 4.0849 A) was slightly expanded compared to pure Ag (a =4.0741 A), reflecting Cu incorporation
into the Ag lattice. In contrast, the Cu/Ag@PET membrane contained distinct and co-existing Cu and Ag
phases without forming a solid solution. The copper phase exhibited smaller crystallites (L = 28 nm) and
broader FWHM values, while the silver phase maintained relatively higher crystallinity. These observations
are consistent with partial deposition of copper over a preformed Ag structure and are in line with previously
reported galvanic systems [17].

These structural differences suggest that the route of deposition (Ag over Cu vs. Cu over Ag) significantly
influences the resulting crystallinity and phase homogeneity of the composite membranes. The formation of a
single-phase solid solution in Ag/Cu@PET, as opposed to phase-segregated structures in Cu/Ag@PET, is
likely to impact their respective catalytic performances, which will be discussed in the subsequent sections.

The elemental composition and spatial distribution of metal phases within the CTeMs were examined via
energy-dispersive X-ray spectroscopy (EDX) (Fig. 4). Elemental mapping revealed a uniform and continuous
distribution of the deposited metals (Ag and Cu) throughout the microtube walls in all membrane types. Nota-
bly, even after the sequential doping of monometallic membranes, the second metal phase exhibited homoge-
nous incorporation, without any evidence of phase segregation or surface agglomeration.

Point analysis from EDX indicated that the average atomic concentrations of the dopant elements were
approximately 0.6 at.% for copper in Ag@PET, and 29.4 at.% for silver in Cu@PET, confirming the success
of the galvanic replacement reactions and the effective incorporation of the secondary metal phase.
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Figure 4. Energy-dispersive X-ray spectroscopy (EDX) analysis of CTeMs

3.2 Evaluation of Catalytic Activity via PFC reduction

The reduction of potassium ferricyanide (Ks;[Fe(CN)¢]) was employed as a model reaction to assess the
catalytic performance of the synthesized membranes. This system is widely used to evaluate redox-active na-
nomaterials due to its well-defined electrochemical behavior and straightforward spectrophotometric monitor-
ing [36].

In this reaction, either sodium borohydride (NaBH,) [25] or thiosulfate [37] acts as the reducing agent,
converting ferricyanide (Fe**) to ferrocyanide (Fe®"). This process is accompanied by a visible color change
from yellow to colorless. The absorbance of Fe(Ill) species at 420 nm decreases progressively as the reaction
proceeds, allowing real-time monitoring of the conversion degree. The overall redox reaction between ferricy-
anide and borohydride ions in aqueous solution is represented by the following equation [32].

BH, +8[Fe(CN,)I’” +3H,0 — H,BO; +§[Fe(CN,)]* +8H" (5)
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This electron transfer is thermodynamically favorable due to the large difference in standard redox po-
tentials: E° (Fe3+ in [Fe(CN), " /Fe** in [Fe(CN)6]4’) is +0,44 V, while E(BH,/H3BOs) is —1,24 V. This

results in a highly exergonic process (AG << (), which drives the reduction efficiently in the presence of an
appropriate catalyst [32]. It is important to note that borohydride ions are also susceptible to hydrolysis, espe-
cially under acidic or neutral conditions, via:

BH, +2H,0 — 4H, + BO, (6)

This side reaction competes with the desired redox process and may reduce the effective reducing capac-
ity of the system. However, in the present study, the catalytic tests were conducted at pH =~ 9, which signifi-
cantly suppresses borohydride hydrolysis, rendering its effect negligible under experimental conditions.

Figure 5 shows the time-resolved UV—Vis absorption spectra for potassium ferricyanide (PFC) reduction,
which were used to assess the catalytic efficiency of the synthesised CTeMs. The corresponding conversion
efficiencies (D, %) are plotted in Figure 6. As expected, the monometallic Cu@PET membranes exhibited a
high level of catalytic activity, achieving over 75 % reduction within the first 10 minutes of reaction. This
observation is in agreement with previous studies that demonstrated the redox capabilities of copper micro-
tubes prepared via electroless deposition [32]. When copper microtubes were subjected to galvanic replace-
ment with silver to produce Ag/Cu@PET composites, XRD analysis confirmed that a substitutional solid so-
lution (Ago7Cus) had formed. As shown in Figure 6a, the catalytic activity of Ag/Cu@PET was initially lower
than that of pure Cu@PET, especially during the early stages of the reaction. Although the final PFC conver-
sion after 40 minutes was comparable (94.3 % for Ag/Cu@PET vs. 90.8 % for Cu@PET), the overall enhance-
ment in performance was modest. This suggests that the formation of a structurally ordered Ago;Cus phase
does not significantly enhance catalytic activity and may even inhibit it at shorter reaction times, possibly due
to slower reduction rate as indicated by its lower rate constant (k) of 7.43x102 min™', compared to 9.29x10>
min! of Cu@PET (Section 3.3).

In contrast, the Cu/Ag@PET composites, composed of silver microtubes coated with a distinct ~60 nm
copper layer, demonstrated a clear and substantial improvement in catalytic performance relative to their parent
Ag@PET membranes. The monometallic Ag@PET system was the least active among all membranes tested,
achieving only 79.4 % PFC reduction after 40 minutes. However, upon deposition of copper, the Cu/Ag@PET
composites achieved up to 94.3 % conversion, reflecting a ~19 % improvement over Ag@PET. This perfor-
mance gain can be attributed to the presence of physically separated Ag and Cu domains, rather than a uniform
alloyed structure. The phase-separated nature of Cu/Ag@PET likely enables localized synergistic interactions
at the Ag—Cu interfaces, facilitating enhanced electron transfer and increasing the density of catalytically active
sites. Interestingly, while the Ago7Cus solid solution formed in Ag/Cu@PET is structurally well-defined, it
does not outperform the heterogeneous phase structure of Cu/Ag@PET (27.9 % Cu and 72.1 % Ag). This
indicates that structural order alone does not guarantee improved catalytic behavior; rather, interfacial effects
and compositional heterogeneity may be more critical in determining activity.

Previous studies have shown that silver in close proximity to copper can stabilize copper in a partially
oxidized Cu® state, which binds reactants more strongly, thus enhancing surface reactivity [38, 39]. Addition-
ally, silver nanoparticles are known to promote the reduction of surface copper oxides [40], leading to a process
of in situ regeneration of active Cu’ sites, which is a more efficient phase in catalyzing this type of reactions
[14]. This mechanism is particularly effective in biphasic or phase-segregated systems such as Cu/Ag@PET,
where mutual electronic interactions between adjacent Cu and Ag phases can continuously sustain catalytic
performance.
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Figure 5. UV-Vis spectra of the PFC reduction reaction without the addition of a catalyst
and in the presence of the studied composite catalysts
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Figure 6. Change in the efficiency of PFC reduction for initial and modified samples based on MT of copper (@)
and silver () (the doping time of the second component is 20 minutes)

3.3 Kinetics, Doping Time Effect, and Activation Energy

As expected for this class of redox reactions, the catalytic reduction of potassium ferricyanide (PFC) in
the presence of nanoscale composite membranes was found to follow pseudo-first-order kinetics under condi-
tions of excess sodium borohydride (NaBH4), [32]. The rate constants (k) were determined from the slope of
the linear plots of In(Co/C) versus reaction time (¢), as shown in Figure 7. The high linearity of all curves
confirms the proposed reaction order.
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Among all studied membranes, the Ag@PET sample exhibited the lowest reaction rate constant, calcu-
lated as 3.48x1072 min'. In comparison, the Cu/Ag@PET composite, composed of a silver microtube substrate
coated with copper, exhibited a slightly higher rate of 3.92x102 min!, indicating the beneficial influence of
copper addition. Notably, the Cu@PET membranes demonstrated significantly greater reactivity, with a k
value of 9.29x102 min™!, consistent with the well-established redox behavior of copper surfaces. The
Ag/Cu@PET membranes, featuring a solid solution structure of Age;Cus, a lower rate constant of 7.43x1072
min ' compared to its monometallic precursor membrane, i.e. Cu@PET.
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Figure 7. Kinetic curves of PFC reduction at 25 °C and change
in the reaction rate constant for all types of composites studied

To investigate the effect of the time taken for silver doping on the catalytic performance of Ag/Cu@PET
membranes, a series of samples were prepared with doping durations ranging from 5 to 30 minutes. The XRD
analysis results in Table 4 confirmed that all samples had a cubic crystal structure corresponding to Ago7Cus,
with high degrees of crystallinity. However, a slight decrease in crystallinity (CD%) was observed as doping
time increased. This reduction is likely due to the electroless deposition process, where thicker metal layers
tend to become more amorphous within the confined pore geometry of the membrane.

Table 4
Data on the structure and properties of Ag/Cu@PET composites with different doping times

L . MT wall width, nm Catalytic performance of CTeMs
Doping time, min | = CD, % I(Cu) I(Ag) D*% | k min" E., kl/mol
0 67.9 0 90.8 0.093 62.35
5 82.7 26.11£6.13 67.7 0.032 69.24
10 81.4 64.19+£10.91 28.38+2.66 88.4 0.054 40.90
20 78.9 31.30£2.50 94.3 0.074 35.00
30 74.5 42.5£3.8 98.9 0.129 32.67
* —at 25°C

As presented in Figure 8, prolonged silver doping led to improved catalytic activity. Samples doped for
30 minutes achieved almost total PFC reduction (98.9 %) within 30 minutes, while those doped for less than
20 minutes showed only marginal gains compared to monometallic Cu@PET. Thus, a minimum doping thresh-
old appears necessary to achieve significant enhancement in catalytic efficiency.
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Figure 8. Change in the efficiency (a) and kinetic curves (b) of PFC reduction and change in the rate constant
of the PFC reduction reaction in the presence of Ag/Cu@PET composites with different doping times

The activation energy (£,) values, calculated from Arrhenius plots [41], further support this observation.
A clear decreasing trend in £, was observed with increasing silver doping time (Table 4). The E, for the un-
doped Cu@PET sample was 62.35 kJ/mol, whereas the 30-minute doped Ag/Cu@PET membrane exhibited a
markedly lower £, of 32.67 kJ/mol, corresponding to a reduction of over 47 %. This substantial decrease con-
firms that silver incorporation facilitates electron transfer, lowers energy barriers, and enhances reaction ki-
netics under the applied conditions. Although the reduction in Ea with increased silver doping time indicates
improved electron transfer characteristics and more favorable reaction kinetics within the Ag/Cu@PET sys-
tem, this does not necessarily translate to superior catalytic performance. Although the lower Ea indicates a
reduced energy barrier for the redox reaction; however, catalytic activity is governed by a combination of
kinetic and surface phenomena. In phase-separated structures such as Cu/Ag@PET, the presence of distinct
Cu and Ag domains provide enhanced interfacial interactions, greater active surface area, and more efficient
redox cycling between Cu’ and Cu® states. Thus, while Ag doping improves the intrinsic kinetics in
Ag/Cu@PET, phase-separated architectures may remain more effective in promoting surface catalysis.

The issue of the stability of new catalysts is crucial when recommending them for further practical use
outside the laboratory. Figure 9 shows the efficiency of PFC decomposition in the presence of the Cu/Ag@PET
and Ag/Cu@PET (doping time — 30 min) composite membranes over multiple cycles. Notably, all samples
maintained consistent performance across 5 test cycles without significant activity loss. After the 5th cycle,
Cu/Ag@PET sample experienced around 8.7 % decline in degradation efficiency (D value). Similarly, the
Ag/Cu@PET maintained exceptional stability, with only a 4.7 % reduction in efficiency over 5 cycles.

100 -

75 -

50 - ®Ag/Cu@PET
25 - 5 Cu/Ag@PET
0.

1 2 3 4 5 Number of runs

Figure 9. Catalyst reusability of composites membranes over multiple cycles (Experimental conditions: PFC concentra-
tion of 6.0x1075 M, temperature at 25 °C, reaction time — 40 min, catalyst membrane size of 2x2 cm)
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Conclusions

In this study, we demonstrated the use of the galvanic substitution method in the electroless synthesis of
multicomponent composite track-etched membranes (CTeMs) as a template. It is shown that when MT copper
is doped with silver nanoparticles, a solid substitution solution of the composition Agy;Cus with a high degree
of crystallinity is formed. The formation of a two-layer MT of the composition Cu/Ag@PET is observed at
the doping of the MT silver with copper nanoparticles. The effect of dopant phases on the catalytic properties
of CTeM in the PFC reduction reaction showed that in both cases, polycomponent membranes accelerate the
reaction under study more effectively than the initial samples.

Catalytic evaluation using potassium ferricyanide (PFC) reduction as a model reaction demonstrated that
both bimetallic systems offered improved performance over monometallic Ag@PET. However, Cu/Ag@PET
membranes outperformed all other configurations, achieving 94.3 % PFC reduction in 40 minutes. This en-
hancement is attributed to the synergistic effects at the Cu—Ag interface, where spatial phase separation pro-
motes active site generation, electron transfer, and surface regeneration.

In contrast, Ag/Cu@PET membranes displayed only modest performance gains despite their high crys-
tallinity. This suggests that single-phase alloy structures do not provide the same degree of catalytic synergy
as heterogeneous phase interfaces. Kinetic studies confirmed pseudo-first-order behavior, and established a
clear dependence of both the rate constant (k) and the activation energy (£,) on membrane architecture and
silver doping time was the time of silver doping. Importantly, Ag/Cu@PET samples doped for at least
20 minutes were necessary to observe significant performance gains. Membranes doped for 30 minutes showed
nearly complete PFC conversion and an Ea reduction of over 47 % compared to undoped Cu@PET. These
findings highlight the importance of both structural design and processing parameters in developing next-
generation composite catalysts.
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Comparison of SERS Effect on Composite Track-Etched Membranes
with Silver Nanostructures Obtained by Vacuum Deposition and Chemical Synthesis

Track-etched membranes (TMs) represent a universal platform for the development of advanced sensor systems
due to their tunable pore architecture, chemical functionalization, and compatibility with different nanostruc-
tures. In particular, their modification with plasmonic silver nanostructures enables the creation of efficient
solid-state substrates for surface-enhanced Raman scattering (SERS), providing high sensitivity and potential
for selective analyte detection. Solid substrates based on TMs can be a good compromise for SERS systems.
This article is devoted to the study of the SERS effect on track-etched membranes with silver nanostructures.
Silver nanostructures on track-etched membranes were obtained by thermal evaporation, magnetron sputtering
think silver film with subsequent annealing. Other samples were received by deposition of colloidal silver na-
noparticles stabilized with sodium citrate and -cyclodextrin. 4-aminothiophenol was used as a test substance.
All samples exhibited the SERS effect. The intensity of the Raman scattering signal in the obtained samples
was compared and enhancement factors and standard deviations were estimated. Samples obtained both by
deposition of nanoparticles and by sputtering show high values of the enhancement factors, which will allow
them to be used in the future as substrates for biosensors.

Keywords: silver nanoparticles, track-etched membranes, vacuum deposition, surface-enhanced Raman scat-
tering, biosensors, nanostructures, sensor system, composite

Introduction

Track-etched membranes (TMs) are a promising material for the advanced sensors development. TMs
are produced from thin polymer films in which channels are created by irradiating heavy with ions and etching
out destructed regions. Due to the unique technology of TMs production, they have special characteristics
compared to other membranes. TMs are characterized by a uniform distribution of pore diameters, tunable
pore geometry and a wide range of pore size (20 nm — 10 um) [1]. In addition, it is possible to change the shape
of pores in TMs and obtain both symmetric and asymmetric channels [2]. In addition to adjusting the structural
properties, the material from which the TMs are made polyethylene terephthalate, polycarbonate, polyvinyli-
dene fluoride, polyimide can also be selected. TMs have a wide possibility of functionalization, for example,
it is possible to modify TMs with polymers [3], biomolecules [4], low molecular weight compounds [5] using
functional groups on the TMs surface. It is possible to sputter metals [6], create nanofiber coatings on TMs
and form metal-organic frameworks [7]. It is also possible to realize the technology of polymer grafting on
TMs due to residual radicals [8]. All the above-mentioned allows to create a large number of TMs-based sen-
sors: electrochemical sensors for heavy metal ions [9, 10], glucose [11]. In addition, nanoporous TMs are
suitable for the resistive-pulse sensing method [12], to carry out digital loop mediated isothermal amplification
[13]. Furthermore, sensors based on TMs with SERS-effect (surface-enhanced Raman scattering) could be
designed after creating of plasmonic structures on the TMs surface [14].

Currently, SERS is a promising tool for analyzing substances, allowing the detection of extremely low
concentrations down to single molecules [15]. Raman signal amplification is possible due to the formation of
plasmon-polariton waves on the surface of a dielectric substrate with nanostructures plasmonic metals, or by
the formation of localized plasmons (‘“hot spots”) in colloidal solutions containing aggregates of metallic na-
noparticles [16]. The most popular SERS-systems are colloidal solutions of silver nanoparticles. The main
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problem of application of this type of systems is related to instability, tendency to aggregation, influence of
colloidal solutions composition on Raman signal enhancement [17]. The consequence of this is the irrepro-
ducibility of measurement results and the difficulty of using colloidal systems in sensorics. Solid substrates
can be a good compromise for SERS-systems.

Solid SERS-substrates are commonly based on glass, silicon or metals. The formation of nanostructures
for the SERS-effect is carried out by immobilization of metal nanoparticles from solution or by deposition of
metal films using PVD methods with subsequent treatment [18—-22]. Recently, flexible materials such as pol-
ymer films as SERS-substrates attracted research interest due to a number of advantages. Flexible substrates
are easier to manipulate and can be used with roll-to-roll technology [23, 24].

Composite silver nanoparticles and TMs show significant potential in the development of highly efficient
SERS-systems. Of particular importance is the ability of TM not only to act as a flexible substrate for the
preparation of SERS-active nanostructures, but also the ability to concentrate the analyte. Even without mod-
ification, TMs can be used in the design of sensors for filtration of analyte [25, 26]. Numerous works have
been presented on the development of SERS-active structures on TMs. Methods for synthesis, deposition or
immobilization of colloidal nanoparticles of different composition and geometry [27-30]; sputtering of metal
films by PVD methods [31-33], variants of using TMs as templates for the formation of nanostructures in
pores with subsequent membrane etching [34, 35]. TMs with aptamer-modified SERS-surface can significantly
improve the selectivity and efficiency of analysis and create an aptasensor for the virus [36].

Despite the existing studies, there is still a challenge to design robust TM-based SERS systems with high
enhancement factor, signal reproducibility and homogeneity.

The aim of the present paper is to study the features of the formation of the SERS-active silver nanostruc-
tures on the TMs surface using various methods and to compare the performance characteristics for the design
of high-performance analytical systems.

Experimental

Reagents and Materials

The following reagents and materials were used in this work: sodium citrate 5.5-hydrate
Na3;Ce¢Hs07-5.5H,0 (98 %, PanReac); B-cyclodextrin C4H70035 (98 %, Sigma-Aldrich); Branched polyeth-
yleneimine (PEI) (Mn = 60.000, 50 % aqueous solution, Acros Organics); 4-Aminothiophenol (4-ATP) (97 %,
Sigma Aldrich); Ethanol (99.9 %, Merc); AgNOs (99.9 %, LenReaktiv); NaOH (99.9 %, LenReaktiv); Deion-
ized water (Milli-Q, Millipore) with a resistivity of 18 MQ-cm at 22 °C; Track-etched membranes made of
polyethylene terephthalate (thickness 19 um, pore density 2.7-10% cm™, pore diameter 0.4 pm), obtained at the
Flerov Laboratory of Nuclear Reactions of the Joint Institute for Nuclear Research.

Formation of Nanostructures from Silver Nanoparticles obtained by Chemical Synthesis

Spherical silver nanoparticles were prepared using the citrate method, based on the procedure [29]. For
this, 50 ml of 10 M sodium citrate solution, heated to 95 °C, was gradually added with 12.5 ml of 10 M
silver nitrate solution. Before the synthesis began, 1 M sodium hydroxide solution was added to the sodium
citrate solution to achieve a pH of 9.8. The resulting mixture was kept at constant stirring and temperature for
one hour.

The synthesis of silver nanoparticles using B-cyclodextrin was carried out as follows [29]. A 10° M
B-cyclodextrin solution was prepared and adjusted to pH 11 using 1 M NaOH. Subsequently, 107 M silver
nitrate solution was gradually added while stirring at 70 °C. The solution was incubated under these conditions
for 30 minutes and then left at room temperature for one day.

The TMs were washed in ethanol and water, then immersed in a 0.1 % aqueous solution of PEI and left
on a laboratory shaker for 30 minutes. After modification, the TMs were washed in water for 5 minutes. Sub-
sequently, the silver nanoparticles solution was passed through the modified TMs using an Amicon Stirred
Cells filtration cell (Millipore) [37].

Formation of Silver Nanostructures by Physical Methods

Magnetron sputtering was performed using a Q 150T S (Quorum) setup. A 10 nm silver layer was depos-
ited at an argon residual pressure of 102 mbar and a deposition rate of 5 nm/min.

Thermal evaporation was performed using a thin film deposition system Nano 38 (Kurt J. Lesker Com-
pany, Jefferson Hills, Pennsylvania, USA). A 10 nm silver layer was deposited at a pressure of 8-:10~7 Torr and
a deposition rate of 2.4 nm/min.
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The formation of nanostructures was achieved through annealing in a muffle furnace (Bender) at 120 °C
for 10 minutes.

The deposition of silver nanoparticles on TMs was monitored spectrophotometrically using a double-
beam spectrophotometer (Evolution 600, Thermo Scientific). Spectra of colloidal solutions were recorded after
filtration against deionized water. Measurements were conducted at room temperature with an optical path
length of 1 cm and a slit width of 2 nm.

The zeta potential of silver nanoparticles was measured using laser Doppler microelectrophoresis
(Zetasizer Nano ZSP, Malvern). A U-shaped cuvette with built-in gold electrodes was used for measurements.

Scanning electron microscopy (SEM) was performed using a microscope (SU 8020, HITACHI) with a
cold field emission cathode. Cross-sectional were obtained by irradiating the TMs samples with ultraviolet
light until they became brittle. To improve resolution and contrast, a 5 nm-thick layer of platinum-palladium
alloy was deposited on the samples by magnetron sputtering.

The geometric parameters (diameter, shape) of nanoparticles were studied using transmission electron
microscopy (TEM). TEM was performed using a microscope (Talos F200iS/TEM, Thermo Scientific). Copper
grid with a thin film of amorphous carbon (SPI supplies) were used as the supporting substrate. To precipitate
the nanoparticles, the grid was immersed in the solution, taken out and dried. Nanoparticle sizes were calcu-
lated from the micrographs using JMicroVision 1.3.4 software.

Raman spectroscopy was used as an additional confirmation of silver nanoparticles deposition on TMs
and to evaluate the possibility of using the obtained substrates for detection of the test substance. Raman spec-
troscopy was performed on a spectrometer R532 (Enspectr). The excitation laser wavelength was 532 nm, the
spot diameter of the focused beam was 4 um. The test substance used was 4-ATP at a concentration of 10° M
in ethanol. One drop of 2 ul was applied to the membrane for measurement and left to dry completely. The
enhancement factor (K>) was calculated from a comparative experiment in which the ratio of the Raman line
intensities of 4-ATP on commercially produced Enspectr substrates (with a known enhancement factor, K; =
7-10°) was determined. For this purpose, measurements were performed under the same laser operating condi-
tions (radiation power density 20 mV, exposure time 300 msec, number of scans 10) on the Enspectr substrate
and TMs. The intensity values of the 1435 cm™! band were averaged over 5 measurements on 5 replicate sam-
ples. K> calculated according to the formula:

K>=Ki'N,
where N is the coefficient showing how many times the values of the obtained band intensities at 1435 cm™!

differ from each other. The standard deviation and relative standard deviation were calculated for the measured
enhancement factors using the formulas:

_[X(x-X)
T
Sr=2,
X

where x denotes the sample mean, and »n represents the sample size.
Results and Discussion

The study investigated two principal approaches to obtaining SERS-active surfaces on TMs. The first
approach involves the forming of nanoparticles from thin silver films through their aggregation upon heating.
The second approach comprises the deposition of chemically synthesized colloidal silver nanoparticles onto
the TMs surface via filtration.

Silver Nanoparticle Formation via Sputtering

Thin silver films were produced using thermal and magnetron sputtering techniques. Thermal evaporation
was selected due to its ease of implementation and widespread use. A viable alternative to thermal evaporation
is magnetron sputtering, which yields films with improved adhesion, greater uniformity, thickness consistency,
and reduced roughness [38]. An important advantage of magnetron sputtering is lower substrate heating and
the absence of droplet phase and microparticles in the deposited material flux, unlike thermal sputtering [39].
Previous research was conducted to optimize film thickness and annealing conditions for thermally deposited
films [40]. It was determined that the optimal conditions for nanoparticle formation were a film thickness of
10 nm and annealing at 120 °C. Similar studies were performed for magnetron-deposited films. The findings
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revealed that the optimal conditions for nanoparticle formation were identical to those of thermally deposited
films, with a film thickness of 10 nm and annealing at 120 °C. Figure 1 presents micrographs of the original
and annealed silver films with a thickness of 10 nm.

500 nm

Figure 1. Micrographs obtained by SEM of a TMs with a 10 nm silver layer: Magnetron-sputtered before annealing (A4)
and after annealing (C); Thermal evaporation before annealing (B) and after annealing (D)

It can be observed that the initial films do not contain nanoparticles, yet a noticeable difference in mor-
phology exists between the films produced by magnetron sputtering (Fig. 14) and thermal evaporation methods
(Fig. 1B). The films obtained via magnetron sputtering exhibit a smoother surface, while those produced by
thermal evaporation show the presence of islands. These differences are inherent to the deposition methods
and are typical of them.

The formation of nanostructures from thin films was achieved through heating to 120 °C, after which the
film aggregated into silver nanoparticles. The nanoparticle size for films produced by magnetron sputtering
(TM-Ag-M) was 21 = 6 nm (Fig. 1C), whereas for films obtained by thermal evaporation (TM-Ag-T) was 28
+ 7 nm (Fig. 1D).

Silver Nanoparticle Deposition from Solution onto Track-Etched Membrane

The second approach to forming silver nanostructures on a TMs involved filtering a solution of nanopar-
ticles through a PEI-modified TMs. During filtration, silver nanoparticles deposit onto the TMs surface via
electrostatic and donor-acceptor interactions with PEL

This study examined two types of silver nanoparticles. The first were nanoparticles stabilized with sodium
citrate, and the second were nanoparticles stabilized with B-cyclodextrin. Both types of nanoparticles had neg-
atively charged surfaces to prevent electrostatic repulsion from the PEI-modified TMs. The zeta potential of
citrate nanoparticles was —51 £ 5 mV (pH = 10), while that of cyclodextrin nanoparticles was
-35£8mV (pH=11).

The citrate synthesis method was chosen for its simplicity, allowing for the production of nanoparticles
of a specific size without the use of toxic reagents. A drawback of this method is the presence of other nano-
particle shapes, such as nanorods and triangular nanoprisms. As an alternative, the synthesis of silver nanopar-
ticles using B-cyclodextrin as a stabilizer and reducing agent was selected. This method also avoids the use of
toxic reagents and produces particles with good stability and spherical shape.

A notable feature of this method is the presence of a hydrophobic cavity in the B-cyclodextrin molecule,
which can accommodate various molecules for applications in drug delivery systems and biosensing [41, 42].
Figure 2 presents micrographs of silver nanoparticles produced using sodium citrate (AgNPs-Cit) (Fig. 24)
and B-cyclodextrin (AgNPs-CD) (Fig. 2B).
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Figure 2. Micrographs of AgNPs-Cit (4) and AgNPs-CD (B) obtained by TEM

According to TEM data, the size of AgNPs-Cit and AgNPs-CD was 24 + 10 nm and 28 + 4 nm, respec-
tively.

The UV-visible absorption spectra of the AgNPs-Cit and AgNPs-CD are presented in Figure 3. The char-
acteristic plasmon resonance for silver nanoparticles was observed in the region of 400 nm.
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Figure 3. UV-visible absorption spectra of silver nanoparticles before and after filtration through TMs

Figure 4. Micrographs of AgNPs-Cit (A, B) and AgNPs-CD (C, D) obtained by SEM

ISSN 2959-0663 (Print); ISSN 2959-0671 (Online); ISSN-L 2959-0663 147



Andreev, E.V., Fadeikina, I.N. et al.

The concentration of nanoparticles was equalised by dilution based on the intensity of the plasmon reso-
nance peak. Also, the change in intensity peak of the plasmon resonance was used to evaluate the completeness
of deposition. The deposition efficiency was 90 % and 95 % for AgNPs-Cit and AgNPs-CD, respectively.

Figure 4 shows SEM of the surface of TMs after deposition AgNPs-Cit (Fig. 4 4, B) u AgNPs-CD (Fig. 4
C, D).

In the micrographs of the TMs surfaces after silver nanoparticle deposition, it can be observed that both
AgNPs-Cit (Fig. 4 4, B) and AgNPs-CD (Fig. 4 C, D) are deposited uniformly across the entire surface. How-
ever, almost all nanoparticles stabilized with B-cyclodextrin are present as agglomerates on the TMs surface,
while those stabilized with sodium citrate predominantly appear as single particles with lesser aggregation. In
the AgNPs-Cit samples, particles of not only spherical shape but also in the form of rods, cubes, and triangular
nanoprisms can be discerned.

Comparison of Chemical and Physical Approaches in the Formation of Silver Nanostructures on Track-
Etched Membranes

When comparing the approaches to the formation of silver nanostructures on track-etched membranes,
the depth of nanoparticle deposition in the pores, the intensity of the giant Raman scattering signal, and the
relative standard deviation of the amplification coefficient were assessed. Micrographs of TMs cross-sections
at angles of 90° and 70° are presented in Figure 5.

The fundamental difference in the coatings can be observed in the cross-sections of TMs with silver
nanoparticles obtained via physical and chemical methods. When nanoparticles are produced from sputtered
films, predominantly only the frontal surface of the TMs is filled. Within the pores, a small number of nano-
particles are observed from one edge, with deposition depths of approximately 1 pm for TM-AgNPs-T
(Fig. 54, B) and 0.5 pm for TM-AgNPs-M (Fig. 5C, D).

Figure 5. Micrographs of TMs cross-sectional by SEM: TM-AgNPs-T (4, B), TM-AgNPs-M (C, D)

The location of nanoparticle formation can be associated with different positions of the silver target when
obtaining films relative to different sections of the membrane. The depth of nanoparticle location is also af-
fected by different slopes of the pore channels of the TMs. With distance from the front surface, the thickness
of the deposited film decreases, and as a consequence, the size and density of the particle distribution decrease.
Nanoparticles are present, as a rule, at one edge of the pore, and at different depths. Part of the pore channel is
inaccessible for filling with nanoparticles. The filling of membrane surface areas is schematically shown in
Figure 6 (4).
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Figure 6. Schematic representation of the process of deposition of silver films (4)
and the process of filtration of silver nanoparticles through a TMs (B)

Formation of a nanoparticle layer by precipitation from a solution differs fundamentally from the method
of formation from thin films. The presence of silver nanoparticles both on the front surface and in the pores of
the track-etched membranes, down to a depth of 3 pm, is observed on the cross-sectional of the TM-AgNPs-
Cit (Fig. 7 4, B) and TM-AgNPs-CD (Fig. 7 C, D) samples.

Figure 7. Micrographs of TMs cross-sectional by SEM: TM-AgNPs-Cit (4, B), TM-AgNPs-CD (C, D)

The density of the nanoparticles layer in the pore is comparable to the density of nanoparticles on the
front surface of the TMs. This behavior of the nanoparticles can be associated with the fact that during filtra-
tion, the nanoparticles carried away by the flow move along the pore channel for a significant distance. At the
same time, the amount of nanoparticles in the solution is sufficient to densely fill the front surface of the TMs
and the pore channels (Fig. 6 B).

SERS Effect on Track-Etched Membranes with Silver Nanostructures

The SERS effect was studied on the composite TMs with silver nanostructures. The polymer material of
the track membrane does not interfere with analyte detection due to the layer of silver nanoparticles on the
surface. 4-ATP with a concentration of 105 M was used as a test substance. Due to the presence of a thiol
group, 4-ATP is well adsorbed on the surface of silver nanoparticles. The presence of a benzene ring increases
the SERS activity of the substance. These factors make 4-ATP a common standard for measuring the SERS
signal [43].

The averaged Raman spectra of 4-ATP on samples SERS-substrates are shown in Figure 8.
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Figure 8. Raman spectra of 4-ATP (10°M): TM-Ag-T, TM-Ag-M (A); TM-AgNPs-Cit, TM- AgNPs-CD (B)

All samples of TMs exhibit vibrational bands corresponding to 4-ATP in the regions of 1145, 1390, 1435,
1575 em™!, which are consistent with similar bands from the literature data obtained on silver nanoparticles
upon excitation by a laser with a wavelength of 532 nm [44]. The intensities of the Raman scattering signals
were comparable. The maximum signal intensity was observed on the TM-Ag-T sample obtained by thermal
evaporation, and the minimum Raman signal intensity was recorded for the TM-AgNPs-CD sample. Higher
signal intensities on TMs with nanoparticles obtained from thin films can be explained by a denser arrangement
of silver nanoparticles. For TM-Ag-T, the average density of nanoparticles on the front surface was =~ 700
pes/um?, for TM-AgNPs-CD = 600 pcs/pum?.

Based on the averaged Raman spectra, the enhancement factors and their relative standard deviations
were calculated, the values of which are presented in Figure 9.
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Figure 9. Histogram of the enhancement factors values
on the samples TM-Ag-T, TM-Ag-M, TM-AgNPs-Cit, TM-AgNPs-CD

The enhancement factors on TMs were determined to be 2.3:10° £ 30 %, 4.9:10° £ 41 %, 9.0-10° £ 56 %,
and 1.1-10° + 45 % for TM-Ag M, TM-Ag T, TM-AgNPs-Cit, and TM-AgNPs-CD, respectively.

It can be observed that TMs with silver nanoparticles produced by physical methods exhibited lower
relative standard deviations compared to samples containing nanoparticles produced by chemical methods.
The lowest relative standard deviation was achieved with magnetron sputtering samples, which can be at-
tributed to the more homogeneous structure and uniform thickness distribution of the initial films.

The highest standard deviation was observed for TMs with silver nanoparticles synthesized using sodium
citrate. This phenomenon can be explained by the greater polydispersity and presence of non-spherical shapes
in citrate-stabilized silver nanoparticles.

For TM-AgNPs-Cit and TM-AgNPs-CD, there are fewer nanoparticles on the surface, but particles within
the pores also contribute to the signal enhancement, which results in a higher relative standard deviation of the
enhancement factor.
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It can be noted that the enhancement factors of all samples are comparable in magnitude and are consistent
with the enhancement values observed on other non-porous SERS substrates with silver nanostructures [45,
46].

Conclusions

Creation of a composite material based on TMs and silver NPs with the SERS effect was carried out using
thermal evaporation, magnetron sputtering and deposition from solution. It was demonstrated that physical
deposition methods (magnetron sputtering and thermal evaporation) enable the creation of a homogeneous
coating of the frontal surface with silver nanoparticles, wherein the particles are in close contact with each
other. However, within the pores, the nanoparticles formed unevenly, with the filling dependent on the position
of the target relative to the examined track-etched membranes region.

Comparison of thermal evaporation and magnetron sputtering methods shows that silver nanostructures
capable of exhibiting the SERS effect are formed in both cases. However, magnetron sputtering demonstrates
better reproducibility of the analytical signal.

Filtration of the solution containing chemically synthesized nanoparticles through the porous material
allows covering the surface with a complex relief with a sufficiently dense layer of nanoparticles and deposit-
ing the nanoparticles into the pores. The filling of the pore channels with nanoparticles occurs uniformly and
to a greater depth compared to sputtering.

The highest enhancement factor of 4.9-10° + 41 % was achieved with the sample featuring thermal evap-
oration of a silver film followed by annealing. Track-etched membranes with citrate silver nanoparticles had
the highest value of the relative standard deviation of the enhancement factor, 9.0-10° + 56 %. The obtained
enhancement factors were comparable to those of other substrates.
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