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Preface

This Reprint brings together recent contributions on polymeric membranes, highlighting their

preparation, functionalization, and applications in water treatment, energy conversion and storage,

environmental remediation and biomedical applications. It is aimed at researchers, engineers,

industry professionals, and students interested in membrane science. These articles provide an

overview of current developments and practical approaches in this versatile field.

María Ortencia González-Díaz and Manuel Aguilar Vega

Guest Editors
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Recent Advances in Polymeric Membranes—Preparation
and Applications

Maria Ortencia González-Díaz 1,2,* and Manuel Aguilar-Vega 1,*

1 Centro de Investigación Científica de Yucatán, A.C., Calle 43 No. 130, Chuburná de Hidalgo,
Mérida C.P. 97200, Yucatán, Mexico

2 Secretaría de Ciencia, Humanidades, Tecnología e Innovación (SECIHTI), Av. Insurgentes Sur 1582, Col.
Crédito Constructor, Demarcación Territorial, Benito Juárez C.P. 03940, Ciudad de Mexico, Mexico

* Correspondence: maria.gonzalez@cicy.mx (M.O.G.-D.); mjav57@gmail.com (M.A.-V.)

1. Introduction

Polymeric membranes have gained increasing importance due to their low energy
consumption, ease of operation, and favorable chemical, mechanical, and thermal stabil-
ity [1]. Their versatility and relatively low cost have positioned them as essential materials
in modern separation and purification technologies, motivating continuous innovation
to meet increasingly demanding environmental, industrial, and biomedical applications,
among others.

Across these diverse fields, recent research has converged on improving membrane
robustness, selectivity, and long-term stability, together with advancing more sustainable
and energy-efficient fabrication practices. Current efforts include enhancing resistance to
fouling, extreme pH, oxidizing agents, and high-pressure operation, as well as incorpo-
rating greener solvents and environmentally conscious processing routes [2]. Moreover,
there is growing interest in membranes capable of maintaining stable, energy-efficient
performance during extended operation, particularly under variable feed conditions and
frequent cleaning cycles [3]. Advances in polymer architecture, surface functionalization,
and controlled polymerization have expanded the ability to tune membrane porosity,
transport behavior, and biocompatibility. These strategies support current progress in
water treatment and energy conversion systems, where optimized ionic transport and
electrochemical stability are increasingly required, and biomedical technologies [4,5]. In
particular, the capacity to engineer biomimetic morphologies allows polymeric membranes
to approximate key characteristics of the extracellular matrix (ECM), enabling controlled
drug delivery, improved cell–material interactions, and enhanced tissue regeneration.

The development of new polymeric materials and their growing number of applica-
tions necessitates the development of better-suited membranes with different characteristics
or new composite membranes and methods of preparation, capable of meeting increas-
ingly complex industrial, environmental, and medical demands. Their preparation can be
achieved through various techniques and configurations, and ongoing research is continu-
ously broadening the scope of materials and functionalities available. The following Special
Issue, Recent Advances in Polymeric Membranes—Preparation and Applications, presents eight
contributions, including both original research and reviews, that highlight recent progress
across multiple fields.

2. Overview of Special Issue Contributions

In the field of water treatment and environmental remediation, the contributions
addressed both sustainability and performance improvements in polymeric membranes.

Membranes 2026, 16, 3 https://doi.org/10.3390/membranes16010003
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The authors of one study explored the revalorization of recycled high-impact polystyrene
(HIPS) into asymmetric membranes for wastewater purification (Contribution 1). Through
chemical sulfonation, sulfonic acid groups were successfully incorporated into the polymer
structure, significantly improving surface hydrophilicity (with the contact angle decreasing
from 83.8◦ to 66.1◦) and enhancing antifouling resistance. As a result, the sulfonated mem-
branes exhibited a marked increase in hydrophilicity and antifouling resistance, leading
to a higher flux recovery ratio (FRR) compared with their non-sulfonated counterparts.
The R-HIPS-5 membrane also achieved high rejection rates for Reactive Black 5 dye (94%)
and divalent salts such as MgSO4 (72%) and Na2SO4 (67%), demonstrating that recycled
plastics can be transformed into high-performance functional materials for sustainable
water treatment. In another study (Contribution 2), the authors evaluated the long-term
durability of poly(vinylidene fluoride) (PVDF) ultrafiltration membranes under repeated
alkaline cleaning over a period of two years in a pilot-scale setup. Despite progressive
pore enlargement and an over 50% increase in permeate flux, the quality of the treated
water was preserved due to the formation of a thin fouling-induced separation layer that
maintained high rejection of chemical oxygen demand (COD), turbidity, and surfactants.
This finding confirms that PVDF membranes possess strong chemical resilience and can
sustain efficient operation under industrial cleaning regimes.

Environmental challenges were also addressed in two comprehensive review papers.
The authors of the first study (Contribution 3) focused on recent developments in polymer
inclusion membranes (PIMs), highlighting advances in selectivity through the use of
ionic liquids, task-specific carriers, and polymer functionalization techniques. They also
addressed improvements in structural stability achieved with high-performance polymers
and cross-linking strategies. Particular attention was paid to the shift toward sustainable
fabrication, including the adoption of biodegradable polymers, green solvents, and scalable
techniques such as phase inversion and electrospinning. These efforts collectively point to
a new generation of PIMs that combine high separation efficiency, mechanical durability,
and reduced environmental impact. In the second review (Contribution 4), the authors
analyzed the performance of pressure-driven membrane processes, microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), for removing micro-
and nanoplastics from diverse aqueous matrices, including wastewater, surface water,
and landfill leachate. Reported removal efficiencies reached up to 100%, depending on
membrane type, pore size, and hydrodynamic conditions. The authors also discussed
how membrane fouling, plastic particle aggregation, and the lack of standardized testing
protocols remain major barriers to large-scale implementation. The authors emphasized
that future progress will rely on improving fouling control strategies, optimizing membrane
surface properties, and integrating membrane systems with complementary technologies
such as coagulation or adsorption to enhance process robustness and scalability. Both
reviews highlight how polymeric membranes are evolving to meet environmental demands
while aligning with principles of sustainability and the circular economy.

In the field of energy applications, the authors of another included article (Contribu-
tion 5) focused on quaternized polysulfone membranes as anion-exchange solid polymer
electrolytes for zinc–air batteries. This work contributes to the growing interest in polymer-
based electrolytes as safer and more stable alternatives to conventional aqueous systems.
By optimizing the degree of functionalization, the membranes achieved a hydroxide ionic
conductivity of 22.19 mS·cm−1 and a peak power density of 70 mW·cm−2, both of which
surpassed those of the commercial benchmark membrane (Fumapem FAA-3-50). In addi-
tion, postmortem analysis revealed reduced zinc oxide formation on the electrode surface,
indicating enhanced rechargeability and lower passivation during cycling. These results
highlight the critical role of polymer chemistry in advancing energy-conversion and storage

https://doi.org/10.3390/membranes160100032
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technologies and demonstrate the potential of solid-state membranes to enable efficient,
durable, and environmentally friendly electrochemical devices.

Regarding biomedical applications, the contributions reflected the increasing impor-
tance of polymeric membranes in health-related technologies. Electrospun polyacrylonitrile
(PAN) membranes incorporating melanin derived from pecan nutshell residues exhibited
strong antioxidant, antimicrobial, and enzyme-inhibiting properties, confirming the effec-
tiveness of natural pigments as active fillers in polymer matrices (Contribution 6). The
membranes containing up to 5 wt% melanin showed radical scavenging rates exceeding
80% for ABTS and 60% for DPPH assays, demonstrating a marked improvement compared
to unmodified PAN fibers. In addition, they inhibited key skin-aging enzymes such as
collagenase, tyrosinase, and elastase by up to 37%, 36%, and 33%, respectively, and dis-
played antibacterial activity against common pathogenic strains. These multifunctional
features suggest potential use in skin-care and regenerative applications, illustrating how
natural bioactive compounds can be successfully integrated into synthetic membranes to
produce sustainable, value-added biomaterials. In another study (Contribution 7), the
authors optimized field-emission scanning electron microscopy (FE-SEM) conditions to
visualize the delicate porous structure of polypropylene membranes used in extracorpo-
real membrane oxygenation (ECMO) devices, enabling high-resolution imaging while
minimizing morphological damage. The authors of another contribution reviewed the
development pathway of a new hydrophilic polysulfone dialyzer, including its design,
in vitro characterization, and clinical evaluation (Contribution 8). The modified membrane
demonstrated reduced protein adsorption, improved hemocompatibility, and stable perfor-
mance, illustrating how innovations in surface chemistry can translate into safer and more
effective dialysis treatments.

3. Conclusions

Together, the contributions included in this Special Issue demonstrate how poly-
meric membranes are being advanced to address pressing global challenges. From water
purification and environmental remediation to next-generation batteries and biomedi-
cal applications, these studies highlight the versatility of polymeric membranes and the
continuing innovation in their preparation and application. Despite significant progress,
challenges remain in scaling up sustainable fabrication methods, improving long-term
stability, and translating laboratory developments into industrial and clinical contexts. We
would like to thank all of the authors and reviewers for their valuable contributions, and
we hope that this Special Issue will continue to inspire further research and innovation in
the field of polymeric membranes.
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Recent Developments in Polymer Inclusion Membranes:
Advances in Selectivity, Structural Integrity, Environmental
Applications and Sustainable Fabrication
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* Correspondence: a.zajac@ujd.edu.pl; Tel.: +48-343614918

Abstract: Polymer inclusion membranes (PIMs) have undergone substantial advancements
in their selectivity and efficiency, driven by their increasing deployment in separation
processes, environmental remediation, and sensing applications. This review presents
recent progress in the development of PIMs, focusing on strategies to enhance ion and
molecule selectivity through the incorporation of novel carriers, including ionic liquids
and task-specific extractants, as well as through polymer functionalization techniques.
Improvements in mechanical and chemical stability, achieved via the utilization of high-
performance polymers such as polyvinylidene fluoride (PVDF) and polyether ether ketone
(PEEK), as well as cross-linking approaches, are critically analyzed. The expanded applica-
tion of PIMs in the removal of heavy metals, organic micropollutants, and gas separation,
particularly for carbon dioxide capture, is discussed with an emphasis on efficiency and
operational robustness. The integration of PIMs with electrochemical and optical trans-
duction platforms for sensor development is also reviewed, highlighting enhancements
in sensitivity, selectivity, and response time. Furthermore, emerging trends towards the
fabrication of sustainable PIMs using biodegradable polymers and green solvents are
evaluated. Advances in scalable manufacturing techniques, including phase inversion
and electrospinning, are addressed, outlining pathways for the industrial translation of
PIM technologies. The review concludes by identifying current limitations and proposing
future research directions necessary to fully exploit the potential of PIMs in industrial and
environmental sectors.

Keywords: polymer inclusion membranes; carrier-mediated transport; green membrane
technologies; deep eutectic solvents; ionic liquids; heavy metal removal; gas separation;
membrane stability; analytical sensing membranes; sustainable separation processes

1. Introduction

1.1. Overview of Polymer Inclusion Membranes (PIMs)

Polymer inclusion membranes (PIMs) are a unique type of liquid membrane system.
They involve the trapping of a selective carrier and often a plasticizer within a solid
polymer matrix. This setup creates a hybrid structure that combines the high selectivity
and transport methods typical of supported liquid membranes (SLMs) with the strength
and versatility of polymer films. Since they were first developed in the early 1990s, PIMs
have become useful materials for various separation and sensing tasks, especially in water
treatment, hydrometallurgy, gas purification, and analytical chemistry.

Membranes 2025, 15, 249 https://doi.org/10.3390/membranes15080249
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In a typical PIM, the active transport agent (carrier) is evenly spread throughout a
polymer matrix. This matrix may include substances such as cellulose triacetate (CTA),
polyvinyl chloride (PVC), or polyvinylidene fluoride (PVDF). A plasticizer is sometimes
added to improve flexibility and diffusion. The carrier interacts selectively and reversibly
with the target species at the membrane surface. This interaction allows transport through
cycles of complexation and decomplexation. This carrier-mediated transport method allows
for precise adjustments in selectivity by changing the carrier chemistry, the membrane’s
composition, and interactions between polymer and carrier. The structure of a PIM is
illustrated in Figure 1.

Figure 1. Schematic diagram of the structure of PIMs.

While polymer inclusion membranes have emerged as a promising class of selec-
tive separation materials, it is essential to evaluate their performance in comparison with
conventional membrane technologies such as reverse osmosis (RO), nanofiltration (NF),
and ceramic membranes. These mature techniques have long dominated the industrial
separation landscape due to their high throughput, mechanical robustness, and scalability.
Reverse osmosis and nanofiltration are pressure-driven processes commonly used in water
purification and desalination. While effective for the bulk separation of ions and molecules,
they often face challenges such as high energy consumption, fouling, and limited selectivity
for specific target species. RO membranes exhibit nearly complete ion rejection but lack the
tunable specificity typical of PIMs. Additionally, their operation usually requires high pres-
sures of up to 60 bar, which can be a limiting factor in resource-constrained environments.
PIMs function at ambient pressure. They can be customized for highly selective separations
by using specific carriers designed for targeted ions. For example, Aliquat 336 is effective
for separating chromium (VI), while D2EHPA is used for rare-earth elements [1,2]. This
selectivity enables the efficient extraction of trace contaminants or valuable metals from
complex matrices where RO and NF would indiscriminately remove both desired and in-
terfering species. For instance, Uğur et al. [3] demonstrated the selective separation of Zn2+

and Cd2+ using a PIM that contains calix[4]resorcinarene. They achieved separation factors
that cannot be obtained with conventional membranes. Furthermore, PIMs are less prone
to biofouling due to their dense structures and hydrophobic nature. Their regeneration
can be accomplished simply through pH manipulation instead of backflushing or chem-
ical cleaning, thereby reducing operational costs and complexity. While PIMs generally
exhibit lower flux than RO or NF membranes, their advantages in selectivity and ease of
operation make them particularly well suited for analytical applications, resource recovery,

6
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and selective remediation [4]. Ceramic membranes are well known for their outstanding
resistance to heat and chemicals, making them highly effective in challenging environments.
They are commonly used in applications such as hot gas filtration, chemical wastewater
treatment, and food processing [5]. These membranes can function at temperatures exceed-
ing 300 ◦C and can withstand highly acidic or basic conditions, surpassing the durability
of many polymeric materials. However, they exhibit low flexibility and high brittleness
and often require significant capital investment for fabrication and operation due to the
sintering process and use of metal oxide precursors (e.g., alumina and zirconia). PIMs
generally exhibit lower stability under extreme conditions; however, they provide high
selectivity for target analytes due to the inclusion of task-specific extractants and functional
carriers. For example, Aliquat 336-based PIMs have demonstrated excellent selectivity for
Cr(VI) and As(V) from real wastewater samples under ambient conditions, a property that
ceramic membranes cannot exhibit without pre-treatment or functionalization steps [6–8].
Moreover, ceramic membranes typically perform size-based (sieving) separations (micro-,
ultra-, and nanofiltration). At the same time, PIMs operate through facilitated transport
mechanisms, allowing for the separation of ions with similar sizes and charges—a signifi-
cant advantage in rare-earth element recovery and analytical preconcentration [9]. Ceramic
membranes are not naturally compatible with hydrophobic carriers, such as calixarenes or
organophosphorus compounds, because of their inorganic surface chemistry. In contrast,
polymer inclusion membranes (PIMs) allow for the uniform dispersion of these extractants
within the polymer matrix. This capability enables the recognition and transport of specific
ions [10–13].

Polymer inclusion membranes offer several advantages over traditional separation
methods [14,15]. They facilitate transport through carrier-mediated diffusion and can
operate under ambient pressure and temperature conditions. Additionally, they can be
easily customized by chemically modifying the polymer matrix or carrier molecule. PIMs
also have low energy requirements and possess intrinsic selectivity, making them well
suited for tasks that involve trace-level separation [16]. This includes applications like ex-
tracting heavy metals, removing pharmaceuticals, and concentrating analytes for analysis.
Furthermore, PIMs can be regenerated simply by changing the phase conditions, eliminat-
ing the need for harsh cleaning protocols that are often required in reverse osmosis (RO)
or nanofiltration (NF) systems [17]. While PIMs have unique advantages, they also face
several challenges, including mechanical strength, long-term stability, and scaling up for
industrial use. These issues need to be addressed before PIMs can compete effectively with
established membrane technologies. To enhance their performance, hybrid approaches are
being explored, such as incorporating nanofillers or utilizing high-performance polymers
like PVDF and PEEK [18]. This comparative evaluation emphasizes the unique role of
PIMs within the spectrum of membrane technology. Although PIMs are not intended to
replace high-throughput systems like reverse osmosis in bulk applications, they provide
exceptional selectivity and sustainability for fine separations where traditional membranes
are less effective.

Despite their unique advantages, PIMs face several real limitations that must be ad-
dressed for wider industrial use. Although there has been remarkable progress in the
design and application of PIMs, various practical challenges hinder their large-scale and
long-term deployment. One of the main concerns is long-term fouling, particularly when
PIMs are used with complex feed matrices such as industrial effluents, wastewater, or bio-
logical fluids [19,20]. The accumulation of organic matter, microbial growth, and particulate
deposition can block membrane pores, reduce transport efficiency, and ultimately shorten
the membrane’s lifespan [21]. While surface modification techniques like PEGylation and
fluorination have been explored to reduce fouling, their long-term effectiveness under
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real-world conditions remains uncertain [21–23]. A second critical issue is carrier leaching,
particularly in systems where the carrier is physically trapped rather than chemically
bonded to the polymer matrix. This problem worsens under dynamic flow conditions or
prolonged operation in aggressive media, such as acidic or basic solutions. Carrier leaching
not only undermines the selectivity and durability of the membrane, but it also raises
environmental concerns due to the potential release of toxic extractants into the treated
medium. Operational stability continues to be a significant challenge. Many polymer inclu-
sion membranes perform exceptionally well in controlled laboratory conditions but tend
to suffer a decline in performance when exposed to real-world stressors, such as varying
temperatures, ionic strengths, pH levels, and continuous pressure. Biodegradable poly-
mer matrices, like polyvinyl alcohol (PVA) or polylactic acid (PLA), are environmentally
friendly, but they may experience hydrolytic degradation or a loss of mechanical integrity
over long-term use [24]. Additionally, the economic viability of advanced PIM designs is
hindered by the high cost of ionic liquids (ILs), particularly task-specific or highly pure
types. Although ILs provide enhanced stability, tunable selectivity, and negligible volatility,
their synthesis and purification processes are both expensive and energy-intensive. Prices
for aprotic ILs commonly used in membrane systems range from approximately USD 2.50
to 50 per kg, significantly higher than those for conventional organic solvents [25]. This
financial burden restricts their application in large-volume or low-margin scenarios unless
they can be efficiently recovered and reused. Moreover, the incorporation of nanofillers
or hybrid components (e.g., MOFs, COFs and carbon nanotubes) also increases the ma-
terial costs and complexity of fabrication [26]. Addressing these limitations requires a
multidisciplinary effort involving material innovation, scalable green fabrication strate-
gies, and the development of standardized testing protocols under realistic operational
scenarios. As the field matures, future research must strike a balance between performance,
sustainability, and cost to enable the commercial viability of PIM-based systems in diverse
separation processes.

In recent years, significant research has focused on enhancing the selectivity, chemical
stability, and sustainability of PIMs. A key advancement has been the addition of task-
specific ionic liquids (ILs) as carriers. These salts, which are liquid at room temperature,
have low volatility, high thermal stability, and adjustable physical and chemical properties.
For instance, Hernández-Fernández et al. (2023) showed that using imidazolium-based
ILs in PIMs significantly improved the selective separation of heavy metal ions, such as
Pb2+ and Zn2+. This is due to strong coordination between the IL cations and anions [27].
Similarly, in a 2024 review titled “Ionic liquid-based extraction of metal ions via polymer
inclusion membranes: a critical review”, Adigun et al. discussed the strong attraction
of IL-functionalized PIMs for metal ions and the potential for adjusting selectivity via IL
functionalization [28].

In addition to ionic liquids, organophosphorus extractants such as di-(2-ethylhexyl)
phosphoric acid (D2EHPA), Aliquat 336, and Cyanex 301 are widely used as carriers. They
are effective in transporting metal ions. A recent study by Kazemi and Yaftian (2024)
reported the development of a PVDF-HFP-based PIM that includes D2EHPA. This PIM
showed excellent selectivity and stability for the extraction of Bi3+ ions, maintaining high
transport efficiency over multiple reuse cycles [29].

Concurrently, progress in polymer science has enabled the design of PIMs with im-
proved structural integrity and enhanced resistance to degradation. High-performance
polymers, such as polyether ether ketone (PEEK), PVDF, and CTA, have shown superior
chemical and thermal resistance compared to traditional matrices like PVC. Their use has
increased the operational lifespan of PIMs, especially in harsh industrial or environmental
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conditions. Additionally, polymer cross-linking and blending with hydrophilic additives
have strengthened the membranes, decreased brittleness, and reduced carrier leaching.

Beyond performance improvements, recent research has focused on the sustainable
production of PIMs. An increasing amount of literature explores the use of biodegradable
polymers (e.g., polylactic acid, chitosan), along with green solvents like ethanol, ethyl
acetate, and Cyrene™, as ecofriendly alternatives to traditional toxic solvents, such as
tetrahydrofuran (THF) and dichloromethane. In a 2025 study titled “Polymer Inclusion
Membranes (PIMs) for Metal Separation-Toward Environmentally Friendly Production
and Applications”, Senila et al. reviewed the integration of green chemistry principles
into PIM production, including solvent replacement, bio-based polymers, and recyclable
components [30].

The application scope of PIMs has expanded considerably in recent years. In envi-
ronmental remediation, PIMs have shown effectiveness in the selective removal of heavy
metals (e.g., Cd2+, Cu2+, Zn2+ and Ni2+) from industrial wastewater, acid mine drainage,
and leachates from electronic waste recycling. Their high separation factors, low energy
requirements, and reusability make them attractive options to traditional methods. For ex-
ample, polymer inclusion membranes based on Aliquat 336 embedded in CTA have shown
over 95% removal efficiency for Zn2+ from complex aqueous matrices, while maintaining
structural stability across ten extraction cycles [31].

Analytical platforms have also been integrated with PIMs to preconcentrate and
speciate metal ions, pharmaceuticals, and organic pollutants. The immobilized carrier
environment enables the enrichment of trace analytes, improving detection sensitivity
in optical and electrochemical sensors. Recent developments include optode-based PIM
sensors with colorimetric responses to mercury(II) and silver(I), demonstrating rapid and
selective detection in field conditions [32].

The potential of PIMs in gas separation, particularly for CO2 capture, is gaining atten-
tion. Ionic liquid-modified membranes have shown good results in selectively transporting
CO2 over N2 or CH4, offering new possibilities for their application in flue gas treatment
and carbon capture technologies. Although gas-selective PIMs are still in the early stages
of commercialization, initial studies highlight their scalability and compatibility with
low-pressure operations.

Scalable fabrication methods such as phase inversion, solution casting, and electro-
spinning are currently being explored. These methods aim to shift PIMs from laboratory
prototypes to industrial modules. They allow for control over the thickness, porosity,
and morphology of the membranes, which affects their transport kinetics and durability.
Combining modular units and hybrid membrane systems represents an exciting area in
PIM development, particularly for continuous-flow processes.

In summary, polymer inclusion membranes are in a transformative stage marked by
the careful design of carriers, sustainable fabrication approaches, and interdisciplinary
applications. Their adjustable selectivity, operational stability, and potential for green
engineering make them a flexible technology for separation science in the 21st century.
The following sections of this review will provide more details on these advancements,
focusing on the specific strategies, materials, and applications that are reshaping the scope
and potential of PIMs.

1.2. Historical Development and Current Research Trends

The concept of polymer inclusion membranes (PIMs) emerged from the broader field
of liquid membrane technologies, which began in the mid-20th century. In 1963, Bloch
proposed immobilizing liquid extractants in solid polymer supports, enabling selective
separations without the phase instability associated with traditional solvent extraction
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systems [33]. This basic concept set the stage for the development of PIMs. In the 1990s,
researchers such as Almeida, Cattrall, and Kolev defined the PIM structure by adding
carriers like Aliquat 336 or D2EHPA into polymers such as cellulose triacetate (CTA) or
polyvinyl chloride (PVC) [2,9]. They used a carrier-mediated transport mechanism. The
analyte would form a reversible complex with the carrier at the source phase, diffuse
through the membrane, and decomplex at the receiving phase. This process allowed for
the targeted transport of specific species.

During the 2000s, the research focus shifted to mechanistic understanding and opti-
mization. Studies characterized how polymer–carrier ratios, plasticizer concentration, and
matrix hydrophobicity influenced membrane permeability, selectivity, and reusability [34].
Researchers also began exploring alternative carriers, such as calixarenes and phospho-
nic acids, enabling the separation of rare-earth elements and toxic heavy metals under
environmentally relevant conditions.

From 2010 onward, PIM applications broadened substantially, particularly into envi-
ronmental remediation and analytical chemistry. This period saw the emergence of PIMs
for removing dyes, pharmaceuticals, and heavy metals from real wastewater matrices.
Mechanistic models based on Nernst-Planck equations and Fickian diffusion helped quan-
tify multi-ion systems and predict transport behavior [8]. At the same time, chemically
resistant polymers such as PVDF, PEEK, and modified CTA improved durability under
harsh chemical conditions.

A breakthrough in PIM technology occurred in the early 2020s: the introduction
of ionic liquids (ILs) and deep eutectic solvents (DESs) as task-specific carriers. These
carriers offered better chemical adjustment, thermal stability, and selectivity for both
inorganic and organic targets. In a detailed 2024 review, Adigun et al. noted that IL-
based PIMs are superior in terms of extraction capacity, chemical resistance, and long-term
reusability, especially when handling complex effluents [28]. A similar wave of innovation
focused on using DES-based carriers, leveraging their biodegradability and lower toxicity.
Simultaneously, sustainability in PIM fabrication became a central research priority. A
2025 review by Senila et al. summarized advances in green PIM production, including
the use of biodegradable polymers (e.g., PLA and chitosan), biofillers (e.g., acetylated
lignin), and green solvents (e.g., Cyrene™, 2-MeTHF, and ethyl acetate) [30]. Studies have
demonstrated that these materials could maintain high transport efficiencies while reducing
the environmental footprint of membrane production. For instance, Kaczorowska et al.
(2022) fabricated CTA-based PIMs incorporating lignin for Ni(II) recovery with industrial
wastewater relevance [35].

At the same time, structural and functional improvements to PIMs gained traction.
Kazemi and Yaftian (2024) developed PVDF-HFP membranes incorporating D2EHPA,
which exhibited a transport efficiency of >90% Bi(III) and strong operational stability over
multiple reuse cycles [29]. Other innovations included cross-linked systems, nanocom-
posites, and biofiller-enhanced matrices that combined performance with material re-
silience [36]. A particularly active research trend is the integration of PIMs with sensing
technologies. Colorimetric and electrochemical PIM-based sensors have been successfully
developed for detecting mercury(II), silver(I), and phosphate ions, showing fast response
times and high sensitivity [35,37,38]. These sensors are being adapted for field-deployable
monitoring systems with environmental and biomedical applications.

In parallel, advances in scalable fabrication techniques such as phase inversion, elec-
trospinning, and solvent casting enable industrial translation. These methods enable
precise control over membrane thickness, porosity, and mechanical strength, which are
crucial for continuous-flow operation and long-term use in real-world systems. Figure 2
shows a historical timeline of PIM development, giving a visual overview of this pro-
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gression. Table 1 provides a detailed breakdown of important periods, innovations, and
representative publications.

Figure 2. Historical Timeline of PIM Development.

Table 1. Key Milestones in PIM Development and Representative Publications.

Period Key Developments Representative Publications

1960s–1980s
Conceptual foundation;

immobilized extractants; early
SLMs

Bloch et al. [33]

1990s
Formalization of PIMs; use of
CTA/PVC; Aliquat 336 and

D2EHPA

Almeida et al. [9], Hakami et al. [11],
Zielińska et al. [12]

2000s
Mechanistic studies;

polymer-carrier optimization;
initial modeling

Nghiem et al. [39], Cattrall et al. [40]

2010–2015 Broader applications in
analytical/environmental science Gherasim et al. [41], Kolev et al. [42,43]

2016–2020
ILs and DESs introduced as

carriers; modeling transport of
complex ions

Hernández-Fernández et al. [27],
Matsumoto et al. [44], Kończyk et al. [45]

2021–2022 Green solvents and biodegradable
polymers; sensor integration Senila et al. [30], Sánchez-Ponce et al. [46]

2023–2025
Scalable production; biofillers; gas

separation and industrial
wastewater use

Adigun et al. [28], Kazemi and Yaftian
[29], Kaczorowska et al. [35]

This development shows that PIMs have changed from basic solvent-immobilization
systems to customizable, sustainable, and increasingly scalable materials. The combination
of green chemistry, new materials, and process engineering ensures that PIMs will remain
important in separation science and sustainable technologies in the future.

2. Advances in the Selectivity and Functionalization of PIMs

Selectivity is the defining characteristic of polymer inclusion membranes (PIMs),
distinguishing them from other separation technologies. Selectivity can be dramatically
enhanced by two main strategies: (1) designing advanced carriers such as ionic liquids (ILs),
deep eutectic solvents (DESs), and task-specific extractants, and (2) modifying the chemical
and physical structure of the polymer matrix. These complementary methods provide
synergistic control over transport behavior, enabling PIMs to selectively extract target
species from increasingly complex mixtures, such as industrial leachates, environmental
waters, and biological fluids.

2.1. Novel Carriers and Extractants: Ionic Liquids, Task-Specific Molecules

The transport carrier is essential to a polymer inclusion membrane (PIM). It plays a
direct role in recognizing, complexing, and moving target species. In recent years, there
has been significant progress in this field. This is especially true for the use of ionic liquids
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(ILs), deep eutectic solvents (DESs), and task-specific organic extractants. These offer
customizable chemical environments that dramatically enhance selectivity.

Ionic liquids are room-temperature molten salts composed of organic cations—such
as imidazolium, pyridinium, or phosphonium—and large, non-coordinating anions like
[PF6]− or [NTf2]−. Their structural diversity and negligible volatility make them attractive
alternatives to traditional liquid extractants. When embedded in PIMs, ILs can provide
tailored ion–pair interactions and controlled diffusion environments. For example, mem-
branes formulated with 1-octyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([C8mim][NTf2]) and Cyanex 301 in a PVDF-HFP matrix demonstrated high selectivity for
Co2+ and Ni2+, enabling over 90% recovery of Co2+ from lithium-ion battery leachate. The
separation factor (α) for Co2+ over Li+ exceeded 30, making this system highly relevant for
the recovery of critical metals from electronic waste [27].

In addition to imidazolium-based ILs, phosphonium ionic liquids, such as tri-
hexyl(tetradecyl)phosphonium chloride ([P66614][Cl]), have emerged as powerful carriers
for soft acid metals like Ag+ and Hg2+. Their large hydrophobic cations provide a highly
non-polar environment that facilitates selective complexation through soft—soft Lewis
interactions. Importantly, phosphonium ILs exhibit high thermal and chemical stability,
making them suitable for challenging aqueous matrices and industrial effluents [28].

A growing class of carrier media is deep eutectic solvents (DESs). These are formed
by the eutectic mixture of a hydrogen bond donor and acceptor (e.g., choline chloride
with glycerol, urea, or ethylene glycol). DESs have many useful properties similar to ILs
but are usually easier to synthesize, biodegradable, and more cost-effective. DES-based
PIMs have shown potential in selectively separating of Cd2+, Zn2+, and Pb2+, performing
comparably to IL-based systems. These systems are particularly beneficial in low-resource
settings or when the sustainability of membranes is important [47]. DESs can also enhance
membrane antifouling properties, consistent with trends described in Kandel et al. (2025)
in natural antifouling agents in membrane systems [48]. The use of these solvents not only
facilitates selective ion separation but also reduces biofouling through various mechanisms,
including the modification of hydrophilic surfaces, disruption of bacterial adhesion, and
generation of osmotic stress in microbial cells. In addition, DESs composed of naturally
derived constituents such as betaine, glycerol, or lactic acid exhibit antimicrobial activity,
further extending their potential role in sustainable membrane engineering. This dual
functionality makes DES-based carriers highly promising for developing multifunctional
PIMs suitable for complex wastewater matrices.

Another group of extractants that has attracted significant interest includes task-
specific molecules, such as calixarenes, crown ethers, and phosphorylated ligands. These
molecules provide size-selective and highly directional complexation mechanisms, resem-
bling processes of biological recognition. For example, calix[4]arene derivatives bearing
phosphine oxide groups have been incorporated into CTA-based membranes for the sepa-
ration of rare-earth elements, achieving separation factors > 100 for La3+ over Eu3+ [49,50].
Their rigid cavity structure and ability to form stable inclusion complexes make them ideal
for high-precision separation. On the other hand, crown ethers are effective for alkali
metal cations, particularly in PIMs where ion size and hydration shell properties matter.
A membrane containing 18-crown-6 and Aliquat 336 showed high selectivity between
Na+ and K+. This provides precise control in systems such as nutrient recovery or water
softening [50]. Importantly, greener carriers such as DESs, task-specific ILs, and bio-based
extractants are not merely auxiliary components but are equally vital as membrane-support
materials for achieving comprehensive sustainability. While polymer matrices dictate the
mechanical properties and stability of PIMs, it is the carrier or extractant that governs
transport selectivity, efficiency, and reusability. A poorly selected extractant, even when
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combined with a green polymer, may jeopardize environmental safety due to its toxicity,
potential for bioaccumulation, or leaching. Thus, carriers must be optimized for both their
functionality and ecological compatibility.

The effectiveness of these carriers depends not only on their chemical attraction but
also on their compatibility with the polymer matrix, their diffusion coefficients, and their
tendency to leach into nearby phases. Carriers with high molecular weights or lipophilicity
tend to remain immobilized within the membrane, maintaining long-term performance.
Meanwhile, functional groups capable of hydrogen bonding or ion pairing ensure the
reversibility of complexation, which is essential for facilitated transport. Natural or semi-
synthetic carriers derived from renewable resources present promising benefits as safer
alternatives. For instance, cyclodextrins can selectively encapsulate hydrophobic organic
pollutants through host–guest interactions. In the context of PIMs, CDs are being studied
as bio-based carriers or functional modifiers that enhance the selective extraction of target
analytes through host–guest interactions and surface adsorption mechanisms. For example,
β-cyclodextrin-based membranes have been successfully utilized for removing endocrine-
disrupting compounds (e.g., bisphenol A), phenolic pollutants, and certain pharmaceuticals
from aqueous solutions [51]. Chemical modifications can be applied to CDs (cyclic com-
pounds) to enhance their properties. For example, they can be carboxymethylated or
amino-functionalized to introduce donor atoms that can coordinate with metal ions such as
Pb2+, Cd2+, and Cu2+. This coordination occurs through ion–dipole or hydrogen bonding
interactions [52–55]. These modifications have been shown to improve both the selectivity
and stability of the membrane phase. Cyclodextrins are highly versatile and adhere to the
principles of green chemistry. They are biodegradable, renewable (as they are produced
from the enzymatic degradation of starch), and have low environmental toxicity. Integrat-
ing cyclodextrins into polymer inclusion membranes (PIMs) has been shown to minimize
leaching and enhance the recyclability of the membranes [56]. Moreover, cyclodextrins are
highly compatible with various eco-friendly polymer matrices, such as chitosan, poly(lactic
acid), and poly(vinyl alcohol). This compatibility not only improves the environmental
profile of the membranes but also strengthens their structural integrity [57]. Additionally,
modified tannins or polyphenols are capable of chelating heavy metals. In the study by
Nowik-Zając et al., calix[4]pyrrole derivatives showed exceptional selectivity for Ag+ ions
through anion coordination mechanisms, demonstrating fast transport kinetics and mini-
mal leaching [58]. Similarly, calixresorcinarene-based carriers achieved over 90% removal of
Pb2+, exhibiting high reusability and aligning with both performance and green chemistry
objectives [58,59]. The effectiveness of task-specific ionic liquids (ILs) and deep eutectic sol-
vents (DESs) in the context of plastic-injecting molding (PIM) can be significantly improved
through careful molecular design. By incorporating functional groups such as carboxylates,
thiols, or phosphoryl moieties into the structures of ILs or DESs, we can achieve targeted co-
ordination with soft or borderline metal cations. This approach allows for the fine-tuning of
extraction behavior while maintaining low volatility and high thermal stability. Moreover,
when coupled with biodegradable matrices such as PLA or chitosan, these carriers form
fully integrated membrane systems with minimized environmental footprints. Looking
ahead, research may benefit from synergistically combining bio-based carriers with natural
antifouling agents. For instance, embedding DESs that contain antimicrobial organic acids
or amino acids into membranes functionalized with plant-derived biopolymers could result
in dual-function systems—simultaneously selective and resistant to microbial contamina-
tion. This concept, as proposed by Kandel et al., represents a forward-thinking strategy for
water and wastewater treatment membranes that fulfill both operational and ecological
performance metrics [48]. Table 2 provides a comparison of the most relevant carriers and
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their selective behavior toward different target ions. This shows the variety of options
available to researchers for customizing PIM functionality for specific applications.

Table 2. Representative Task-Specific Carriers and Selectivity Profiles in PIMs.

Carrier Type Example Target Ion(s)
Observed
Selectivity

Ref.

Imidazolium Ionic
Liquid

[C8mim][NTf2] +
Cyanex 301 Co2+, Ni2+ α(Co2+/Li+) > 30 [27,28,60–63]

Phosphonium
Ionic Liquid [P66614][Cl] Ag+, Hg2+ High selectivity for

soft metals [28]

Deep Eutectic
Solvent (DES)

Choline chloride +
glycerol Cd2+, Zn2+, Pb2+ Comparable to ILs;

high for Cd2+, Pb2+ [47,48,64]

Task-Specific
Macrocycle

Calix[4]arene-
phosphine

oxide
La3+, Eu3+ α(La3+/Eu3+) > 100 [49,50]

Crown Ether
System

18-crown-6 +
Aliquat 336 Na+, K+ Size-specific

selectivity [50]

Bio-based Carrier
(Cyclodextrin)

Carboxymethyl-β-
cyclodextrin

BPA, Phenols,
Pb2+, Cd2+

Strong host–guest
interaction [51–57]

Task-Specific
Macrocycle

Calix[4]pyrrole
derivative Ag+ High affinity via

anion coordination [58]

Task-Specific
Macrocycle

Calixresorcinarene
derivative Pb2+ >90% removal,

reusable [59]

The future direction of carrier development for PIMs is moving toward multifunctional
and stimuli-responsive extractants, including smart ILs capable of pH- or redox-controlled
binding and biomimetic carriers inspired by metalloproteins. In parallel, efforts are un-
derway to minimize carrier leaching and toxicity through covalent immobilization or
encapsulation within nanoporous frameworks.

These innovations in carrier chemistry have improved the selectivity and efficiency
of PIMs. They have expanded their application scope to include critical metal recovery,
nutrient recycling, pharmaceutical separation, and sensing technologies, positioning PIMs
as a versatile and sustainable option in modern separation science.

2.2. Polymer Matrix Functionalization and Its Impact on Selectivity

While the transport carrier is responsible for analyte recognition, the polymer ma-
trix in which it is immobilized plays an equally critical role in defining the physical
and chemical environment for transport. The structure and functionality of the matrix
influence membrane permeability, ion–carrier interaction frequency, and even the sys-
tem’s long-term stability. Thus, tuning the polymer matrix is a key strategy for enhanc-
ing the selectivity of PIMs, particularly when dealing with multicomponent mixtures or
low-concentration analytes.

A major direction in matrix optimization involves introducing functional groups
into the polymer backbone. The sulfonation of standard matrices, such as PVC and
CTA, introduces negatively charged sulfonate (-SO3

−) groups, which improve electrostatic
attraction toward multivalent cations and facilitate diffusion. Studies have shown that
sulfonated CTA, membranes yield significantly higher fluxes and improved separation
factors for metal ions such as Pb2+, Cu2+, and Cr3+ compared to their non-sulfonated
analogs [65].

Another functionalization pathway is carboxylation, which is performed by grafting
maleic anhydride or blending with poly(acrylic acid). This modification adds carboxylic
acid (-COOH) groups with strong metal-chelating properties. Carboxylated membranes
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have been especially effective in the selective transport of rare-earth elements and transition
metals under acidic conditions. They improve coordination and membrane stability [66,67].

In addition to chemical groups, adding nanomaterials into a polymer matrix has be-
come an important method for modifying membrane structure and selectivity. Nanofillers
such as graphene oxide (GO), titanium dioxide (TiO2), and halloysite nanotubes increase the
membrane’s internal surface area and provide additional reactive sites for ion binding. For
example, GO-functionalized CTA membranes showed a twofold increase in Pb2+ transport
efficiency, attributed to better carrier dispersion, higher porosity, and reduced fouling [68].
Moreover, the nanostructure of these additives can create complex transport pathways that
limit the unwanted diffusion of non-target species, improving overall selectivity. Nano-
materials are not just passive fillers; they are increasingly being used as active transport
enhancers and ion carriers in electrochemical systems. Recent advancements in membrane
engineering indicate that it is possible to mimic PIM-like behavior by using dual-layer
electrospun membranes that are embedded with functional nanoparticles. Electrospinning
allows for precise control over fiber diameter, alignment, and surface chemistry, enabling
the creation of asymmetric structures where one layer provides selective ion recognition
while the other promotes directional flux. For example, GO or TiO2-loaded electrospun
membranes can act as selective ion-transport channels in capacitive or electrochemical
sensing systems. Their high conductivity and tunable surface chemistry facilitate charge
transfer and selective electrostatic interactions with target analytes. This strategy closely
parallels PIM design in terms of carrier-mediated transport, yet offers enhanced surface-to-
volume ratios and greater adaptability for sensor miniaturization. A recent study by Kwak
et al. (2025) showed that integrating metal–organic frameworks (MOFs) and 3D nanostruc-
tures into bipolar membranes significantly decreased the water dissociation overpotential
to thermodynamic limits, highlighting the synergistic potential of nanoarchitectures in sep-
aration and sensing [69]. Such findings support the integration of functional nanomaterials
into electrospun membranes as a pathway to develop PIM-inspired, hybrid sensing and
separation systems with advanced performance metrics.

Another trend is the use of bio-based fillers in membrane production. Materials such
as acetylated lignin, starch derivatives, and cellulose nanocrystals contribute functional
binding groups (e.g., hydroxyl, phenolic, or amine) and improve the membrane’s mechani-
cal integrity and sustainability. These renewable materials reduce production costs and
lessen the environmental impact. For instance, CTA membranes blended with acetylated
lignin and D2EHPA efficiently extracted Ni2+ and Co2+ from wastewater while maintaining
over 85% performance across multiple transport cycles [70].

An often-overlooked aspect of matrix modification is its indirect influence on the car-
rier’s behavior. Hydrophilic modifications, such as sulfonation or nanoparticle inclusion,
can increase the mobility and availability of the carrier phase. They do this by preventing
clumping and improving its distribution within the membrane. Simultaneously, polar func-
tional groups in the matrix can anchor mobile carriers, reducing leaching and prolonging
the membrane’s life.

These combined effects on ion–carrier interaction, membrane porosity, phase retention,
and fouling resistance highlight the pivotal role of matrix design in controlling selectiv-
ity. The diverse functionalization strategies and their impact on transport behavior are
conceptually illustrated in Figure 3, which summarizes how sulfonation, carboxylation,
nanofiller integration, and biofiller blending shape ion migration from the source phase to
the receiving phase across the membrane.
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Figure 3. Matrix functionalization strategies and their effect on ion transport in PIMs.

A schematic representation of polymer matrix functionalization strategies and their
impact on transport selectivity in PIMs illustrates ion migration across a functionalized
membrane from the source to the receiving phase.

In summary, polymer matrix functionalization provides a complementary route to
carrier design for tuning PIM selectivity. Whether by modifying surface charge, incorporat-
ing diffusion enhancers, or embedding biofunctional moieties, such alterations redefine
how ions interact with the carrier and the membrane phase. These strategies not only
expand the use of PIMs to more complex separation problems but also match their design
with the goals of sustainability, reusability, and long-term stability, core criteria for new
environmental and industrial challenges.

3. Enhancement of Mechanical and Chemical Stability

Durability under mechanical stress and chemical exposure remains a significant chal-
lenge for polymer inclusion membranes (PIMs), especially in industrial and environmental
applications. Over the last five years, we have made significant progress by using better
polymers and cross-linking techniques. Membrane integrity has been reinforced while
performance has been preserved or enhanced.

3.1. Utilization of Advanced Polymers

The choice of base polymer matrix is critical in determining the mechanical, thermal,
and chemical resistance of polymer inclusion membranes (PIMs). Traditional matrices such
as cellulose triacetate (CTA) and polyvinyl chloride (PVC) have shown good compatibility
with various carriers. However, their use is often limited under harsh conditions due to
plasticizer leaching, swelling, and degradation in acidic or organic environments [65,71,72].

To address these challenges, recent research has increasingly focused on advanced
engineering polymers such as poly(vinylidene fluoride) (PVDF), poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP), and polyether ether ketone (PEEK). These materials
offer enhanced mechanical stability, chemical inertness and thermal resistance, enabling
membrane operation in more aggressive environments without sacrificing selectivity or
permeability [29,72,73].
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3.1.1. PVDF- and PVDF-HFP-Based PIMs

PVDF-HFP has emerged as one of the most promising membrane-forming polymers
due to its superior flexibility, hydrophobicity, and chemical inertness. The presence of fluo-
rine atoms confers high resistance to oxidative and acidic attack, while the amorphous HFP
segments promote elasticity and improve membrane processability [72]. Recent studies
have shown that PVDF-HFP-based PIMs functionalized with D2EHPA exhibit significantly
longer operational lifespans and reduced carrier loss compared to CTA- or PVC-based
counterparts. Kazemi and Yaftian (2024) demonstrated that PVDF-HFP membranes func-
tionalized with D2EHPA retained over 90% of their Bi(III) extraction efficiency across five
consecutive acidic transport cycles, while CTA membranes lost structural integrity under
the same conditions [29]. Moreover, PVDF-HFP exhibits lower water uptake and swelling,
which contribute to dimensional stability and reduced carrier loss [28]. A visual summary
of these benefits is presented in Figure 4, which compares the structural behavior of PIMs
based on PVC, PVDF-HFP, and PEEK under repeated acidic exposure. The superior re-
tention of membrane structure and carrier content in PVDF-HFP and PEEK membranes
is evident.

Figure 4. Schematic representation of membrane behavior under aggressive chemical conditions
for different polymer matrices (PVC, PVD-HFP, PEEK), showing comparative carrier retention and
structural degradation across operating cycles ( —Carrier).

3.1.2. PEEK-Based PIMs

Polyether ether ketone (PEEK) in PIMs is not as widely studied because it is complex
to process and expensive. It represents a class of ultra-durable, high-temperature polymers
used extensively in aerospace and biomedical applications. Its semicrystalline structure
provides exceptional tensile strength (>100 MPa), thermal resistance (up to 250 ◦C), and
chemical resistance even to strong acids and chlorinated solvents [74]. In exploratory
studies, PEEK-based PIMs have shown no visible degradation after 96 h of exposure to
concentrated HNO3 and HCl, thereby maintaining their transport properties and structural
integrity. These characteristics make PEEK suitable for long-term, high-pressure, or high-
temperature separations in industrial wastewater treatment and analytical sensing [30].
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3.1.3. Comparative Properties and Potential Applications

High-performance polymer matrices such as PVDF-HFP and PEEK provide notable
benefits compared to traditional materials like PVC and CTA. Their enhanced physico-
chemical properties broaden the range of environmental and industrial conditions in which
PIMs can function effectively.

• Wider pH Stability: PVDF-HFP and PEEK maintain stability across a broad pH range
of approximately 1 to 10, making them suitable for use in both acidic and alkaline
environments.

• Enhanced Thermal Resistance: PVDF-HFP can withstand temperatures up to around
120 ◦C, while PEEK remains stable at temperatures exceeding 250 ◦C. This capability
allows for applications in thermally intensive processes.

• Improved Carrier Retention: Due to their lower surface energy and dense polymeric
structure, these matrices reduce carrier volatilization and leaching, thereby extending
membrane lifetime and selectivity.

• Antifouling Behavior: Their hydrophobic and chemically inert surfaces minimize
organic and microbial adhesion, resulting in lower fouling rates and reduced
cleaning frequency.

PVDF-HFP and PEEK exhibit performance features that make them highly suitable for
demanding applications, such as wastewater treatment, metal recovery, and gas separation
under harsh conditions. Table 3 presents a comparative overview of the key physico-
chemical parameters for commonly used PIM matrix polymers, including tensile strength,
thermal stability, carrier retention capacity, and operational longevity.

Table 3. Comparative properties of polymer matrices used in PIMs.

Polymer
Matrix

Tensile
Strength

(MPa)

Max
Operating
Temp (◦C)

Acid/Base
Resistance

Carrier
Leaching
Tendency

Reusability Ref.

PVC 40–50 <80 Moderate
(pH 3–9) High Low [65,71,72]

CTA 20–40 <90 Moderate Moderate Medium [65,71,72]

PVDF-HFP 50–60 120 Excellent Low High [28,29,72,73]

PEEK >100 >250 Excellent Very Low Very High [30,74]

Additionally, these advanced matrices show excellent compatibility with electro-
spinning, solvent evaporation, and casting techniques, facilitating the development of
nanostructured PIMs or multi-layered composite architectures [27].

3.2. Cross-Linking Strategies and Stability Under Harsh Conditions

Ensuring structural durability and carrier retention in polymer inclusion mem-
branes (PIMs) is crucial, especially under demanding thermal, chemical, or mechani-
cal stress. Cross-linking methods—whether UV/light-initiated, thermal, or chemical—
have emerged as practical approaches to improve membrane strength without losing
transport performance.

Controlled cross-linking creates interlocked polymer networks that limit plasticizer-
induced swelling, reduce carrier leaching, and improve mechanical response. For exam-
ple, the UV-initiated addition of poly(ethylene glycol) dimethacrylate (PEG-DMA) into
PVDF-HFP membranes forms a semi-interpenetrating polymer network (semi-IPN) that
significantly increases tensile modulus by 25%, lowers membrane swelling by over 50%,
and maintains Pb(II) flux nearly unchanged after 10 reuse cycles [27,75]. Thermal cross-
linking techniques, such as mild heating of PVDF-HFP with difunctional linkers have also
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shown notable improvements. Membranes subjected to 80 ◦C curing preserved over 90%
ion-selective transport activity after exposure to 0.1 M HCl for 72 h, compared to a 40% drop
in non-cross-linked counterparts [76]. Chemical cross-linkers, such as glutaraldehyde and
epichlorohydrin, have been used with CTA and PVC matrices to resist organic solvents and
surfactant-rich environments. These membranes displayed 20–40% improved longevity,
extending workable lifetimes from ~5 cycles to more than 8 in industrial wastewater
simulations [9].

Beyond chemical resistance and swelling suppression, the long-term performance
of PIMs in aggressive environments depends on several interrelated factors: (i) polymer
matrix stability, (ii) carrier–polymer compatibility, (iii) plasticizer migration behavior, and
(iv) membrane microstructure. For example, exposure to strong oxidizing agents (such as
ClO− and H2O2), extreme acidic or alkaline pH levels, or high ionic strengths can speed up
polymer degradation or cause carrier leaching in non-cross-linked systems. Cross-linking
helps reduce these effects by limiting segmental mobility and forming a cohesive polymer
network that can better withstand hydrolytic and oxidative stress. A detailed study on
CTA-based membranes demonstrated that glutaraldehyde-induced cross-linking preserved
85% of Pb2+ transport capacity after 15 cycles in wastewater spiked with detergents and
oils. In contrast, uncross-linked controls lost 50% of capacity after only six cycles [77].

Similarly, UV-cross-linked PVDF-HFP membranes retained their performance after
prolonged exposure (120 h) to simulated acidic mine drainage (pH ≈ 2.5), maintaining
stable Zn2+ and Cu2+ permeability. This was attributed to enhanced phase compatibility
between ionic liquid carriers and the semi-IPN structure, which immobilized the functional
phase and prevented leaching [78]. Temperature also plays a critical role. Membranes
operated at ≥60 ◦C often exhibit accelerated plasticizer migration or phase separation.
However, cross-linked membranes (particularly those thermally or UV-cured) showed
limited deterioration in selectivity and structural integrity even after thermal cycling
between 20 ◦C and 80 ◦C [79]. The use of cross-linking also improves resistance to shear
stress in continuous flow or pressurized systems. For example, membranes reinforced
with epoxy or multifunctional acrylates retained their tensile strength and functional flux
after more than 50 h of convective flow at 2 bar, indicating their applicability in pilot-scale
treatment modules [80]. Table 4 highlights the distinct impact of cross-linking routes on
mechanical strength, swelling degree, ion flux stability, and operational lifespan across
various polymer matrices and conditions.

Table 4. Cross-linking strategies enhancing PIM durability.

Cross-Linking
Type

Polymer Base Method Key Benefits Ref.

UV (PEG-DMA) PVDF-HFP UV + PEG-DMA

+25% modulus;
−50% swelling;
stable Pb(II) flux

over 10 cycles

[27,75,78–80]

Thermal Cure PVDF-HFP Heat-curing at
~80 ◦C

>90% flux
retention after

0.1 M HCl
exposure over 72 h

[9,76]

Chemical
(Glutaraldehyde) CTA, PVC Aqueous/vapor

cross-linking

20–40% extended
durability in

solvent/surfactant
conditions

[77,81]
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Table 4. Cont.

Cross-Linking
Type

Polymer Base Method Key Benefits Ref.

Dual-stress
reinforcement PVDF-HFP, hybrid

Epoxy/acrylate
reinforcement;
flow and temp.

cycling

Functional flux
and tensile

retention after
>50 h of flow at

2 bar; stable under
20–80 ◦C thermal

cycling

[78–80]

Moreover, Figure 5 schematically illustrates the difference between the structures of
conventional and cross-linked membranes, showing how networked polymer structures
more effectively retain carrier molecules and reduce plasticizer mobility, thereby enhancing
stability in aggressive environments.

Figure 5. Schematic comparison of conventional vs. cross-linked PIM structures ( —Carrier;
—Plasticizer; —Anion; —Cation).

Overall, strategic cross-linking strengthens membrane structure, minimizes plasti-
cizer and carrier bleed, and creates a stable environment for facilitated transport—even
in aggressive chemical or thermal scenarios. This enables PIMs to compete against con-
ventional membranes, especially in industrial or environmental applications requiring
stringent durability.

4. Environmental Applications of PIMs

Polymer inclusion membranes are increasingly used for environmental remediation,
particularly for removing heavy metals and organic pollutants from water, as well as for
gas separation, and carbon dioxide capture. Their tunable selectivity, combined with their
structural stability, makes them highly promising for real-world applications.

4.1. Heavy Metal and Organic Pollutant Removal from Water

One of the most established and effective uses of polymer inclusion membranes (PIMs)
is the selective removal of hazardous inorganic and organic pollutants from aqueous
environments. These pollutants include transition metals (e.g., Pb2+, Cd2+, Ni2+, and Cu2+),
toxic metalloids (e.g., Cr6+, As5+), and new organic contaminants such as pharmaceuticals,
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pesticides, and industrial dyes. PIMs provide a unique advantage due to their high ion
selectivity, low carrier loss, and reusability under varying environmental conditions.

4.1.1. Mechanism of Removal

PIMs operate via facilitated transport, where the embedded carrier forms a reversible
complex with the target pollutant in the source phase. This complex then diffuses through
the membrane and dissociates in the receiving phase, driven by a concentration gradient
or pH difference. Figure 6 illustrates this process for a representative divalent cation
(e.g., Cd2+).

Figure 6. Schematic representation of Cd2+ transport across a CTA-based PIM from the source to
receiving phase, showing complexation/decomplexation with the carrier.

4.1.2. Heavy Metal Removal

Recent studies demonstrate that ionic liquid (IL)-based PIMs exhibit excellent perfor-
mance in selectively removing Pb2+ and Cd2+ ions from aqueous solutions. For instance,
Hernández-Fernández et al. (2023) employed a CTA-based PIM containing [Bmim][PF6] as
an extractant, achieving greater than 90% Cd2+ removal within 2 h, with minimal leaching
and stable operation across five cycles [27]. ILs also suppress carrier volatilization and
improve membrane stability.

Biofiller-modified PIMs further enhance selectivity and membrane lifespan [36]. Kac-
zorowska et al. (2022) reported a bio-based CTA membrane blended with acetylated lignin
and D2EHPA, which demonstrated consistent the removal of Ni2+ and Co2+ from real
wastewater while maintaining its structural integrity under varying pH conditions [35].

4.1.3. Organic Micropollutant Removal

PIMs have also been successfully applied to emerging contaminants, particularly phar-
maceuticals. Sulfamethoxazole and diclofenac are frequently detected in surface waters,
posing ecological threats. Studies using Aliquat 336-loaded PVC-based PIMs revealed
rejection efficiencies of 85–95% for these drugs, depending on membrane thickness and
phase pH [77]. Functionalization with sulfonic acid or carboxyl groups further enhances in-
teractions with zwitterionic drug species. Additionally, studies have reported the successful
separation of dyes using PIMs modified with cellulose nanocrystals, which offer hydrogen
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bonding and π-π interactions with aromatic pollutants. This approach was shown to reduce
methylene blue concentration by up to 90% in simulated wastewater [30].

Polymer inclusion membranes (PIMs) provide excellent selectivity and reusability, but
it is important to compare their performance with other membrane technologies. Various
techniques, including nanofiltration (NF), reverse osmosis (RO), ultrafiltration (UF), and
hydrogel-based membranes, have commonly been used for pollutant removal. However,
each of these methods has its own specific limitations. For instance, reverse osmosis and NF
provide high rejection rates for heavy metals and pharmaceuticals, but they operate under
high pressure, consume more energy, and are prone to membrane fouling. Ultrafiltration
membranes, including polymer-enhanced ultrafiltration (PEUF), can effectively remove
specific micropollutants and macromolecules; however, they often require additives (e.g.,
oxidized alginate) to achieve enhanced separation and encounter challenges with selectivity
and membrane clogging [78]. Hydrogel membranes are known for their swelling-controlled
transport and stimulus-responsiveness, but they generally lack chemical robustness under
variable pH or ionic strength conditions, and long-term reusability is often limited.

In contrast, PIMs demonstrate the following:

• High ion selectivity due to the molecular specificity of the carriers;
• Low energy demands, operating under ambient pressure and temperature;
• Minimal leaching and long-term reusability, especially when incorporating ILs or

bio-based matrices;
• Tailorability for specific targets, including non-ionic pharmaceuticals, nutrients, or

charged dyes;
• Greater chemical resistance, particularly with CTA, PVDF-HFP, or IL-based systems.

PIMs are particularly appealing for niche applications that require selective separation
under mild conditions. These include tasks such as removing specific antibiotics, pesti-
cides, or nutrient ions like phosphate and ammonium. Additionally, their compatibility
with renewable carriers and biodegradable polymers makes them an attractive option for
sustainable remediation efforts.

4.1.4. Practical Benefits and Benchmarks

The principal advantages of PIM-based systems in environmental remediation include

• Exceptional selectivity toward specific target analytes, enabled by the molecular
recognition capabilities of tailored carriers;

• Energy efficiency, as separation processes are typically conducted under ambient-
temperature and- pressure conditions;

• Operational simplicity and renewability, with facile carrier reactivation and membrane
reuse achievable through controlled pH modulation between phases;

• Enhanced sustainability, particularly when incorporating biodegradable or bio-derived
fillers that reduce the environmental impact of membrane fabrication and disposal.

A performance comparison is summarized in Table 5.

Table 5. Examples of PIM applications in removing metal ions and organic pollutants from water.

Application
Membrane

Composition
Target

Contaminants
Removal
Efficiency

Operational
Stability

Ref.

Heavy metal
removal

CTA +
[Bmim][PF6] Pb2+, Cd2+ >90% in 2 h 5 reuse cycles [27]

Biofiller-
enhanced

CTA

CTA + lignin +
D2EHPA Ni2+, Co2+ ~88% Maintained at

pH 3–6 [28]
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Table 5. Cont.

Application
Membrane

Composition
Target

Contaminants
Removal
Efficiency

Operational
Stability

Ref.

Pharmaceutical
removal

PVC + Aliquat
336

Sulfamethoxazole,
DCF 85–95% 3 reuse cycles [30,77]

Dye removal CNC-modified
CTA

Methylene
Blue ~90% Stable after

4 cycles [78]

4.2. Gas Separation and Carbon Capture

Polymer inclusion membranes (PIMs) have recently gained considerable attention in
the field of gas separation, particularly for their potential application in carbon dioxide
(CO2) capture from industrial flue gases, natural gas purification, and biogas upgrading.
In contrast to traditional dense polymer membranes, which rely on solution–diffusion
mechanisms, PIMs can exploit facilitated transport processes, wherein the polymer matrix
incorporates selective carriers (e.g., ionic liquids, amines) that interact reversibly with
CO2 molecules. This enables PIMs to achieve enhanced permeability and selectivity, even
exceeding the classical Robeson upper bound for polymer membranes [79,80,82–84].

The chemical affinity between the carrier and CO2 typically drives the facilitated
transport mechanism in gas-separating PIMs. Ionic liquids (ILs), for instance, can form
weakly bound complexes with CO2, promoting selective uptake on the source phase and
rapid release on the permeate side. Similarly, amine-functionalized carriers react with
CO2 via carbamate formation, facilitating directional transport. These interactions not
only improve selectivity over non-reactive gases, such as N2 or CH4 but also contribute
to increased diffusion fluxes due to the maintenance of concentration gradients across
the membrane. A schematic representation of this process is shown in Figure 7, which
compares IL-based and GO-enhanced membrane structures for the selective transport
of CO2.

Recent studies report outstanding performance metrics for PIMs in CO2 separation.
For example, PVA membranes incorporating aniline-based ionic liquids deposited on
polysulfone supports achieved CO2/N2 selectivity values of approximately 30 and CO2

permeabilities approaching 300 GPU under ambient conditions [82,83,85,86]. Similarly,
mixed-matrix PIMs composed of PIM-1 and graphene oxide nanosheets demonstrated CO2

permeabilities exceeding 6000 Barrer, coupled with CO2/N2 selectivities above 120 [82,
87]. These results are primarily attributed to the high free volume of PIM-1 and the
additional diffusion channels introduced by the nanofillers. Another noteworthy example
is the blending of PIM-1 with poly(ethylene glycol) (PEG), which not only enhances
polymer–gas interaction but also improves CO2/CH4 separation performance, reaching
permeability values of around 2000 Barrer and selectivity of approximately 39 [82,88,89].
These representative data are summarized in Table 6, offering a comparative overview of
selected PIM-based gas separation systems.
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Figure 7. Schematic of CO2 transport through IL-based and GO-enhanced PIMs ( —CO2 molecule;
�—Graphene Oxide (GO) nanosheet or nanofiller [38].

Table 6. Performance matrix of CO2-facilitated transport PIMs.

Membrane
System

CO2 Permeability
(Barrer)

CO2 Selectivity Notes Ref.

IL-PVA/aniline on
PSf support ≈300 GPU CO2/N2 ≈ 30

Facilitated via
IL-aniline
chemistry

[82,83,86]

IL-PIM-1 + GO ~6.169 CO2/N2 ≈ 123.5
Mixed-matrix,
free-volume

enhanced
[82,87]

PIM-1 + PEG
(2.5 wt%) 1.952 CO2/CH4 ≈ 39 Blend tailored for

CH4 separation [82,88,89]

In addition to their promising transport properties, PIMs exhibit advantageous fea-
tures in terms of stability and process adaptability. The incorporation of ILs such as
[Bmim][PF6] or amino-functionalized ILs contributes to thermal and chemical resistance,
mitigating aging and performance loss even under humid or pressurized conditions [81,89].
Moreover, the structural reinforcement provided by inorganic fillers such as graphene oxide
(GO), polyhedral oligomeric silsesquioxanes (POSS), and titanium-based nanomaterials
improves stability [82,90].

The manufacturing scalability of gas-separating PIMs has also been demonstrated
using established thin-film fabrication techniques, such as non-solvent-induced phase sepa-
ration (NIPS), spin coating, and doctor blade casting. These methods enable the formation
of selective layers as thin as 1.0–10.0 μm, supported on porous polymer substrates, which
provide high gas fluxes and mechanical robustness. Notably, these membranes maintain
stable performance across multiple gas cycles and varying humidity conditions, supporting
their potential for real-world CO2 removal systems [91].

In summary, gas separation and carbon capture using PIMs represent a frontier area of
membrane science, combining the molecular precision of selective carriers with the process
advantages of polymeric films. The integration of ionic liquids and functional nanofillers
into PIM matrices provides a robust route to high-performance CO2 separation, offering
tunable selectivity, enhanced energy efficiency, and improved environmental compatibility.
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5. Integration of PIMs in Sensing Technologies

Polymer inclusion membranes have transcended their traditional role in separation,
emerging as versatile components in optical and electrochemical sensors. By immobilizing
carriers, chromogenic reagents, or electroactive elements within a polymer matrix, PIMs
combine high selectivity, signal amplification, and portability, enabling robust detection
platforms for environmental monitoring and analytical applications [92–94].

5.1. Optical and Electrochemical Sensors Based on PIMs

Polymer inclusion membranes (PIMs) have evolved from mere separation barriers into
highly effective sensing platforms thanks to their capacity to immobilize selective carriers,
chromogenic reagents, or electroactive compounds within a planar polymer matrix. This
versatility enables the development of both optical sensors (optodes) and electrochemical
sensors, combining selectivity, portability, and analytical precision in one compact form.

In optical PIM-based sensors, a colorimetric reagent such as a Schiff base, azo dye, or
ionic liquid complex is embedded within a cellulose triacetate (CTA) or PVC membrane.
These reagents undergo visually detectable color transitions–observable by the naked
eye or monitored via spectrophotometry–upon interacting with specific analytes. Optical
PIM-based sensors operate through a specific chemical reaction or complexation process
involving an immobilized reagent (such as a dye) and an analyte (such as a metal ion). This
interaction alters the electronic structure of the reagent, causing a shift in light absorption
or emission bands, which is observed as a visible color change [71,95,96]. Typically, this
is the result of ligand–metal complex formation, where the reagent acts as a coordinating
ligand. Depending on the type of dye and the target ion, the color change may result
from tautomerism, protonation/deprotonation, or electronic transitions such as metal-
to-ligand charge transfer (MLCT) [92]. The polymer matrix, typically made of CTA or
PVC, is essential for stabilizing the sensing system. It provides mechanical support for
the reagent, prevents leaching, and allows for the controlled diffusion of the analyte to
the reactive site. Furthermore, the physical and chemical properties of the membrane,
such as porosity and hydrophilicity, affect both the kinetics and selectivity of the sensor’s
response [92,95]. Thanks to these features, optical PIM sensors can provide a reliable signal
in a short time frame (typically a few to several minutes), while maintaining reusability
and reproducibility [96].

A noteworthy example, as cited by Sánchez-Ponce et al. (2021), employed 2-
acetylpyridine benzoylhydrazone (2-APBH) immobilized within a PVC-PIM to selectively
sense Cd2+. This sensor achieved a limit of detection as low as 0.02 mg/L, demonstrated a
linear response up to 1.0 mg/L, and provided results within just 20 min [92]. Additionally,
the sensor maintained reliable operation over multiple cycles and proved accurate when
detecting Cd2+ in natural water and even art paint samples.

Beyond cadmium sensors, Cu2+, Zn2+, Fe2+, and Pb2+ optodes based on CTA-PIMs
with chromophores like 1-(2-pyridylazo)-2-naphthol (PAN) have been reported. In one
study, an optode incorporating TEHP and PAN detected metal ions within 20 min and
demonstrated strong optical signal retention over a period of nine days. Techniques
combining mathematical analysis methods, such as multivariate curve resolution, have
further enhanced the quantitative accuracy of these sensors [92,97,98].

Electrochemical PIM sensors, on the other hand, typically involve coating an
electrode—such as a screen-printed or glassy carbon electrode—with a CTA-PIM con-
taining selective ionophores or ionic liquids. Carriers, such as calixarenes or ionophoric
compounds, facilitate the specific transfer of ions, creating measurable potentiometric or
amperometric responses. These systems offer remarkable detection limits in the parts-
per-billion range, rapid response times (often below 30 s), and excellent stability, usually
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preserving functionality over 50 or more measurement cycles [99,100]. The operation of
electrochemical sensors based on polymer inclusion membranes (PIMs) relies on the selec-
tive extraction and transport of target ions from the sample solution into the membrane
phase. This process is facilitated by an ionophore or carrier that is embedded within the
polymer matrix [101]. The selective transport of ions modifies the local electrochemical
environment at the interface between the electrode and the membrane. For potentiometric
sensors, this results in a change in phase boundary potential that is proportional to the log-
arithm of the ion activity, which is then measured as an electrical potential difference [102].
In amperometric systems, redox-active analytes are transferred into the membrane and
oxidized or reduced at the electrode surface, producing a current directly related to analyte
concentration [103]. The polymeric membrane provides physical separation between the
sample and the electrode while allowing selective ion transport through embedded carriers.
Ionic liquids or plasticizers are often incorporated into the polymeric ionic membrane
(PIM) to improve membrane conductivity, enhance ion mobility, and ensure compatibility
with the electrode surface. Additionally, immobilizing reactive components in a solid
matrix boosts operational stability and reproducibility while reducing the leaching of active
compounds, which is a common issue in traditional liquid membrane systems. This struc-
tural robustness allows the sensor to be reused for multiple measurement cycles without
significant degradation in signal quality or selectivity.

What makes PIM-based sensors particularly compelling is their combination of high
analytical performance, mechanical integrity, and deployment readiness—they are inexpen-
sive, simple to fabricate, and portable. The immobilization of reactive components within a
solid matrix also mitigates the leaching issues and instability often encountered in liquid
membrane sensors. The working principles of both PIM-based optical and electrochemical
sensors are illustrated in Figure 8.

Figure 8. Schematic illustration of PIM-based sensing platforms: left–optical sensor with immobilized
colorimetric reagent; right–electrochemical sensor with CTA-PIM coating on electrode.

5.2. Performance Matrix: Sensitivity, Selectivity, and Response Time

The analytical performance of PIM-based sensors is determined by three core pa-
rameters: sensitivity, selectivity, and response time. These factors collectively govern the
practical applicability of the sensor in trace detection, environmental monitoring, and
field-based diagnostics. Their values depend not only on the type of embedded reagent
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or carrier but also on the physical properties of the polymer matrix, the mode of signal
transduction (optical or electrochemical), and the operational conditions.

Sensitivity reflects the sensor’s ability to detect minute changes in analyte concentra-
tion. In PIM-based optodes, this is typically defined by the slope of the calibration curve
and the limit of detection (LOD). Sensors embedding Schiff base ligands or azo dyes in
plasticized PVC or CTA matrices have achieved LODs as low as 0.01 to 0.05 mg L−1 for di-
valent metal ions such as Cd2+, Pb2+, and Fe2+. For example, the Cd2+ sensor developed by
Sánchez-Ponce et al. achieved a linear response range from 0.02 to 1 mg L−1, with an LOD
of 0.02 mg L−1, supporting practical deployment in environmental analysis and potable
water quality control [46]. Similarly, Mancilla-Rico et al. developed a PIM-based optode
capable of simultaneously detecting Cu2+, Zn2+, and Pb2+ using multivariate analysis of
overlapping signals, enhancing both sensitivity and multidimensional selectivity [104].

Electrochemical sensors based on PIMs can achieve even lower detection thresholds–
in the parts-per-billion range—owing to the synergistic effect of facilitated transport and
enhanced charge transfer mechanisms. A study by Yacoob et al. reported the detection
of Zn2+ and Cu2+ at sub-ppb levels using ionophore-modified PIMs on screen-printed
electrodes [32].

Selectivity is another critical aspect, particularly when operating in complex or real-
world matrices. The specificity of PIMs arises from the embedded carrier or ionophore,
which is often designed to form highly stable complexes with the target ion. For instance,
Suah et al. demonstrated that Fe2+-selective optodes based on CTA and PAN exhibit limited
cross-reactivity toward Fe3+ and Zn2+ due to the coordination geometry and the acidic pH
environment favoring Fe2+ complexation [105].

Response time is a practical determinant of how quickly the sensor can report
changes in analyte concentration. Optical systems often have response times ranging
from 5 to 30 min, whereas electrochemical formats can be significantly faster. PIM-coated
electrodes for Cu2+ and Zn2+ reported by Yacoob et al. stabilized in under 30 s, showing
excellent reproducibility [32]. Long-term operational stability, mechanical durability, and
resistance to carrier leaching are also evaluated. Sensors that retain at least 90% of their
signal after 10–15 measurements or a week of storage are considered highly stable [30].
Figure 9 provides a conceptual comparison of PIM-based optical and electrochemical
sensing performance, while Table 7 summarizes representative metrics for selected sensor
configurations.

Figure 9. Comparative schematic of PIM-based optical vs. electrochemical sensor performance,
showing signal generation modes, response time, and detection range (•: analyte molecules, ••:
electrons involved in electrochemical signal generation).
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Table 7. Representative performance metrics of selected PIM-based sensors.

Sensor Type Target Ion(s) LOD Response Time Selectivity/Reusability Ref.

Optical
(PVC-PIM) Cd2+ 0.02 mg/L 20 min High/~10 uses [104]

Optical
(CTA-PIM) Fe2+ ~0.05 mg/L 15–25 min Moderate/9+ days [105]

Optical
(Multianalyte) Cu2+, Zn2+, Pb2+ <0.05 mg/L 15 min With chemometric

modeling [30,32]

Electrochemical
(PIM-SPCE) Cu2+, Zn2+ ppb range <0 s High/>50 cycles [32]

6. Sustainable and Green Approaches in PIM Fabrication

As environmental concerns intensify, the PIM field is shifting toward greener and
more sustainable fabrication methods. Research efforts are increasingly emphasizing
the use of biodegradable polymers, renewable feedstocks, and low-toxicity solvents or
plasticizers. These eco-driven strategies contribute to sustainable chemistry and circular
economy principles while ensuring that membrane performance is not compromised [106].

6.1. Biodegradable and Renewable Polymers

In recent years, the environmental footprint of polymer inclusion membrane (PIM)
production has come under growing scrutiny, leading to substantial interest in biodegrad-
able and renewable materials. Traditional synthetic matrices such as PVC and CTA, while
effective, are not inherently biodegradable and pose long-term disposal challenges. To
align with circular economy principles and the Sustainable Development Goals, researchers
have explored a wide range of biodegradable polymers that offer both performance and
environmental benefits [107].

Poly(lactic acid) (PLA) is one of the most widely studied biopolymers for PIM
matrices. Derived from renewable resources such as corn starch or sugarcane, PLA
offers industrial compostability and relatively high mechanical strength. Its main
drawback—brittleness—can be mitigated through blending with poly(ethylene glycol)
(PEG), plasticizers, or cellulose nanofibers. PLA-based PIMs have been employed in heavy
metal ion separation, demonstrating not only selectivity but also enhanced environmental
safety upon disposal after use [30].

Poly(3-hydroxybutyrate) (PHB), a member of the polyhydroxyalkanoates (PHAs), is
another bio-based polymer that shows promise in membrane science. PHB is synthesized
via microbial fermentation and is fully biodegradable under both aerobic and anaerobic
conditions [8]. Its semicrystalline structure contributes to excellent barrier properties and
chemical resistance. PIMs based on PHB exhibit notable stability in aggressive aqueous
environments, making them suitable for wastewater remediation.

Poly(vinyl alcohol) (PVA) is a partially biodegradable synthetic polymer often used
in combination with green additives. Its water solubility and transparency make it ideal
for sensor applications. Moreover, PVA exhibits excellent film-forming capability and is
highly compatible with carriers such as Aliquat 336 and various ionic liquids. PVA-based
PIMs have demonstrated superior mechanical durability during repeated extraction cycles,
especially when cross-linked or hybridized with biofilters [28].

Chitosan, obtained from the deacetylation of chitin, is a natural polysaccharide that is
both biodegradable and biocompatible. Its amino and hydroxyl functional groups endow
it with significant metal-chelating properties, allowing for the efficient removal of toxic
cations like Cu2+, Cr3+, and Pb2+ [9]. Chitosan-PIMs can be fabricated using low-toxicity
solvents such as dilute acetic acid, making the entire process more environmentally benign.
Figure 10 illustrates the key structural features and degradation mechanisms associated
with selected biodegradable PIM matrices, including PLA, PHB, PVA, and chitosan. The
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figure provides a comparative overview of molecular architecture (e.g., ester, hydroxyl,
or amine groups), biodegradation pathways (such as microbial hydrolysis, enzymatic
attack, or chemical cleavage), and the corresponding environmental fate of each polymer
type. This structural and mechanistic analysis clarifies how each polymer enhances the
performance of eco-friendly membranes and ensures safe end-of-life disposal.

Figure 10. Comparative schematic of PIM-based optical vs. electrochemical sensor performance,
showing signal generation modes, response time, and detection range.

A comparative summary of the properties of these biodegradable polymers, including
their mechanical performance, thermal behavior, and carrier compatibility, is presented in
Table 8.

Table 8. Properties and suitability of biodegradable polymers for use in polymer inclusion membranes
(PIMs).

Plasticizer
Chemical

Origin
Target

Polymer(s)
Biodegradability

Key Benefit in
PIMs

Ref.

Triethyl citrate Citrate ester
(natural) PLA, PHB High Improves flexibility,

non-toxic [8,30]

Glycerol Biobased
polyol PVA, Chitosan High

Enhances water
retention,

compatible with
hydrophilic

carriers

[28]

Acetyl tributyl
citrate

Citrate ester
(natural) PLA, PHB Moderate–

High
Reduces brittleness,

low leaching [30,32]
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Table 8. Cont.

Plasticizer
Chemical

Origin
Target

Polymer(s)
Biodegradability

Key Benefit in
PIMs

Ref.

Polyethylene
glycol (PEG)

Synthetic,
degradable PLA, PVA Moderate

Enhances elasticity
and carrier
dispersion

[28,30]

Sorbitol
derivatives Sugar alcohols Chitosan, PVA High

Maintains
mechanical

integrity and
bio-compatibility

[9]

6.2. Green Solvents and Plasticizers

As awareness grows around the ecological footprint of membrane production, the use
of green solvents and plasticizers has emerged as a critical component in the sustainable
fabrication of polymer inclusion membranes (PIMs). These substances not only reduce the
toxicological burden associated with traditional organic chemicals but also align with the
principles of green chemistry by improving energy efficiency, reducing hazardous waste,
and enhancing membrane recyclability [46,106].

In conventional PIM fabrication, chlorinated solvents such as dichloromethane (DCM),
chloroform, and tetrahydrofuran (THF) have been widely used to dissolve hydrophobic
polymers like cellulose triacetate (CTA). However, these solvents are classified as volatile
organic compounds (VOCs) and pose significant health and environmental hazards due to
their high volatility, flammability, and persistence. Therefore, a paradigm shift has occurred
toward utilizing green solvents, which are non-toxic, biodegradable, and derived from
renewable resources. Among the most prominent are ethanol, ethyl lactate, γ-valerolactone
(GVL), and ionic liquids (ILs). These solvents facilitate polymer dissolution under milder
conditions, thereby reducing the risk of carrier degradation during membrane casting.
For instance, ethyl lactate, derived from lactic acid and ethanol, is a low-toxicity solvent
that effectively dissolves PLA and is increasingly used in the production of eco-friendly
membranes [30,108].

Additionally, ionic liquids, particularly those based on imidazolium, pyrrolidinium,
or phosphonium backbones, have gained popularity due to their negligible vapor pressure
and tunable solvent properties. They are particularly effective in forming PIMs when
combined with biodegradable carriers and natural polymers. As illustrated in Figure 11,
membranes fabricated using green solvents often exhibit more uniform morphology, en-
hanced interfacial compatibility between the polymer and carrier, and greater long-term
stability in aqueous media compared to membranes made using conventional VOC-based
solvents [30,109,110].
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Figure 11. Influence of solvent type on the microstructural characteristics of polymer inclusion
membranes.

Green plasticizers serve an equally essential role in sustainable PIM design by im-
proving polymer flexibility, reducing brittleness, and maintaining carrier integrity during
repeated separation cycles. Traditional plasticizers such as dioctyl phthalate (DOP) and
tributyl phosphate (TBP) are effective softeners but pose significant health concerns, in-
cluding endocrine disruption and bioaccumulation [111]. In contrast, plasticizers derived
from natural sources such as triethyl citrate, acetyl tributyl citrate, glycerol, polyethylene
glycol (PEG), and sorbitol derivatives demonstrate excellent biodegradability and minimal
toxicity [62,64]. These compounds are particularly compatible with biopolymers such
as PLA, PHB, PVA, and chitosan [8]. Their application in PIMs results in improved me-
chanical stability and reduced leaching of extractants into the surrounding environment.
Table 9 provides an overview of the selected green plasticizers commonly used in PIM
systems, highlighting their chemical origin, target compatibility with polymer matrices,
and functional benefits. These materials support the development of safe, effective, and
environmentally sound membranes that are suitable for applications in water treatment,
sensing, and resource recovery.

Table 9. Selected green plasticizers for PIM fabrication and their properties.

Polymer Biodegradability
Mechanical

Strength
Thermal
Stability

Carrier
Compati-

bility

Notable
Applications

Limitations Ref.

PLA High (industrial
composting) Moderate ~150 ◦C Moderate

Heavy metal
extraction,

ion-selective
PIMs

Brittle, low
elongation [8,30,108]

PHB
Excellent
(natural

degradation)
High ~180 ◦C Good

Acid/base-
stable PIMs,
wastewater

recovery

Rigid, high
crystallinity

[8,109,
110]

PVA Partial (aqueous
biodegradation) High ~200 ◦C Excellent

Optical
sensors,

hybrid PIMs

Water-
sensitive,
soluble in
humid air

[18]

Chitosan
Excellent

(enzymatic
degradation)

Low-
Moderate ~120 ◦C High

Metal-
binding,

biocompatible
membranes

Acid
solubility,

lower
durability

[112,113]
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7. Scalable Fabrication and Process Optimization

The ability to scale polymer inclusion membranes (PIMs) is crucial for their success
in industrial settings. Along with selectivity and stability, modern fabrication techniques
allow the production of membranes with a consistent structure and reproducible quality,
which translates into lower processing costs and facilitates large-scale implementation.

7.1. Techniques: Phase Inversion, Electrospinning, and Others

The scalability of polymer inclusion membranes (PIMs) depends on how reproducible,
structural integrity, and economically feasible their fabrication processes are. One popular
method is the non-solvent-induced phase separation (NIPS). This technique has gained
traction due to its flexibility and suitability for high-volume manufacturing. In NIPS,
a polymer solution is applied to a support and then placed in a bath of non-solvent,
typically water. This process starts a solvent–non-solvent exchange, which solidifies
the polymer and creates a porous structure [30,35,114]. NIPS allows for precise control
over porosity and membrane thickness, producing membranes that are both strong and
selectively permeable [115]. NIPS works well with polymers such as cellulose triacetate
(CTA), polyvinylidene fluoride (PVDF), and polyether ether ketone (PEEK), achieving
porosities of up to 70% while ensuring chemical resistance.

Electrospinning is another effective method that excels at making nanofibrous PIMs.
This technique uses a high voltage on a polymer solution to produce very fine fibers,
typically with diameters between 100 and 500 nm. Electrospun membranes have higher
surface-to-volume ratios, improved transport kinetics, and better dispersion of carriers
such as ionic liquids. Electrospun PIMs are noted for their enhanced selectivity and
minimal leaching, mainly when biopolymer matrices or green solvents are used [30,116].
Recent advancements such as alternating current (AC) electrospinning and needleless
configurations have improved production throughput, making electrospinning increasingly
viable for scale-up.

An emerging area is melt electrospinning writing (MEW), a technique that skips
solvents and instead pushes molten polymers using electric fields to create microfibrous
networks. This method provides precise control over fiber orientation and spacing, re-
sulting in membranes with optimized mechanical pathways for selective ion transport.
Although it is mostly used in research settings because of its lower output, MEW has
shown exceptional potential in creating structured, custom-made PIMs for high-efficiency
separations [29]. Figure 12 shows the structural differences between membranes made
with NIPS, electrospinning, and MEW. It highlights their different shapes and the effects of
each process.

Figure 12. Comparison of PIM morphology using conventional and green solvents.
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Table 10, presented below, provides a comparative overview of these techniques in
terms of operational scalability, energy demands, and membrane performance metrics.

Table 10. Comparative analysis of scalable PIM fabrication techniques.

Technique
Fiber

Size/Porosity
Throughput

Energy
Demand

Solvent
Required

Industrial
Potential

Ref.

NIPS 5–50 μm/up
to 70% High Moderate Yes Commercially

established [30,35,114,115]

Electrospinning 100–500 nm Medium High Yes Pilot to
industrial [30,116]

MEW 1–10 μm Low–Medium High No Emerging/R&D [29]

7.2. Industrial Feasibility and Cost Considerations

The shift of polymer inclusion membranes (PIMs) from laboratory-scale prototypes to
large-scale industrial applications depends on their cost-effectiveness, reliability during pro-
cessing, and compatibility with current systems. Several techno-economic factors govern
the industrial uptake of membrane technologies, including fabrication costs, operational sta-
bility under variable field conditions, reusability, and environmental compliance [117,118].

One of the primary benefits of PIM-based processes is their low energy demand,
especially when compared to energy-heavy separation methods such as distillation or
solvent extraction. PIMs operate efficiently under ambient pressure and temperature
conditions, which removes the need for heating and vacuum systems. Energy analysis
reports estimate that membrane separation processes consume nearly 90% less energy
than thermal separation methods [30,119,120]. Material costs and membrane longevity
are also critical. Table 11 summarizes economic indicators for typical materials used in
PIM fabrication, including polymer cost per kg, number of reusability cycles, and carrier
leaching resistance. Emerging biodegradable polymers like PLA and PVA provide savings
due to their lower environmental disposal costs, although they may require optimization
for long-term stability [29,114,120,121].

Another key factor is process integration. PIM modules can be configured in spiral-
wound, hollow fiber, or cassette designs, enabling compatibility with standard water
treatment and chemical recovery systems. Pilot-scale trials have shown consistent per-
formance in removing heavy metals and recovering rare earth elements from complex
mixtures. These include electroplating wastewater and acid mine drainage [122].

Table 11. Estimated economic parameters of materials used in scalable PIM fabrication [123].

Material
Approx. Cost

($/kg)
Reusability

Cycles
Carrier Leaching

Environmental
Impact

CTA 20–40 30–50 Moderate Low
PVDF 60–90 50–80 Low Moderate
PVA 10–25 15–30 High Biodegradable
PLA 5–15 1020 Moderate Biodegradable

PEEK 100–150 >100 Low Low

8. Challenges and Future Perspectives

The field of polymer inclusion membranes (PIMs) has seen significant remarkable
progress in recent years. There have been notable improvements in selectivity, mechanical
strength, environmental compatibility, and manufacturing scalability [19,30,32,35,124].
These advancements have led to the successful application of PIMs in environmental
remediation, gas separation, sensing, and analytical preconcentration. However, even with
these achievements, several scientific and technological challenges still limit the complete
industrial use of PIM systems [29,30,32,35,124,125]. This chapter presents at the important
challenges that remain in PIM development, including material limitations, environmental
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risks, and engineering obstacles related to scaling up. It also looks at future strategies
and research directions focused on overcoming these limitations. By identifying current
bottlenecks and outlining innovative approaches—such as covalent carrier immobilization,
bio-based membrane structures, hybrid nanostructures, and AI-driven design tools—this
chapter sets the stage for the evolution of next-generation PIM technologies tailored for
industrial and environmental resilience [19,28,30,80,126].

8.1. Remaining Limitations in Current PIMs

Despite the important progress in polymer inclusion membranes (PIMs), several
limitations prevent their broad use in industry. One major challenge is carrier leaching,
particularly in hydrophobic membranes where physical trapping does not hold up un-
der dynamic flow or long-term exposure conditions [8,31,35,127]. This not only reduces
membrane lifespan but also poses environmental risks. The cumulative leaching decreases
membrane efficiency and may introduce secondary contamination into treated media.
This issue is especially critical in membranes fabricated with biodegradable matrices such
as polyvinyl alcohol (PVA) or polylactic acid (PLA), which are prone to degradation un-
der acidic or basic pH conditions. Membranes relying solely on physically entrapped
carriers–without covalent bonding or cross-linking–suffer from poor reusability. To tackle
this issue, recent strategies have looked at the covalent grafting of extractants to polymer
backbones or encapsulating carriers within nanoporous supports, such as mesoporous
silica or cyclodextrin frameworks, to improve stability and retention [128,129].

At the same time, a significant technical challenge is the limited pH and temperature
range that conventional PIMs can tolerate. Most PIMs, especially those based on cellulose
triacetate (CTA), degrade or deform under aggressive industrial conditions involving high
ionic strength, oxidative species, or thermal fluctuations. While engineering polymers
such as polyether ether ketone (PEEK) and polyvinylidene fluoride (PVDF) provide better
resistance, their use is restricted due to the need for harmful solvents, such as N-methyl-2-
pyrrolidone (NMP) and dimethylformamide (DMF), along with complex and expensive
processing [130,131]. Current research focuses on using green solvent systems—such as
γ-valerolactone (GVL)–to process these polymers without losing their performance or
sustainability [130,132].

A key issue in industrial settings is the long-term breakdown of membrane structure
and function. Although many PIMs show short-term stability, but their durability over
multiple transport cycles is still lacking. Repeated exposure to fluctuating pH levels, salinity,
and mechanical stress can cause physical damage, such as microcracking, delamination,
and carrier loss. Chemical degradation, including hydrolysis and oxidative breakdown
of both the polymer and extractant, further contributes to performance decay. Research
has found that CTA-based membranes can lose up to 30–40% of their transport efficiency
after 10 to 15 cycles, particularly in solutions containing aggressive ions such as sulfates or
chlorides [30,34].

Another ongoing issue is the limited compatibility of PIMs with complex water
mixtures, like industrial wastewater or natural sources that have a lot of dissolved organic
matter (DOM), humic acids, and microbial contaminants. These factors lead to fouling
and pore blockage, reducing selectivity and flux. Researchers are investigating surface
modifications, including PEGylation and fluorination, to improve hydrophilicity and
antifouling properties. However, their long-term effectiveness in real-world conditions still
needs to be clearly shown [133,134].

From a theoretical perspective, the understanding of ion transport in PIMs is still
not complete. While empirical models, such as Fick’s law-based equations and facilitated
diffusion approximations, provide basic predictive capability, they often fail to capture the
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complex interplay between the polymer matrix, carrier–analyte interactions, membrane
hydration, and competing species. The lack of valid transport models limits rational
membrane design [135]. Recent advances in analytical techniques, such as operando
FTIR spectroscopy, X-ray photoelectron spectroscopy (XPS), and molecular dynamics
simulations, provide promising ways to understand these mechanisms. However, their
integration into membrane engineering frameworks is still in its early stages [30,31,136].

Reproducibility and scaling up are major challenges, particularly when moving from
laboratory casting to pilot or industrial production. Membrane performance can differ
widely, even with the same formulations. This happens due to differences in polymer batch
purity, plasticizer composition, ambient humidity, and drying conditions. Such variability
affects quality control and consistency. Furthermore, the lack of standardized fabrication
protocols for PIMs makes the translation to industrial use harder, especially when using
new techniques like electrospinning, 3D micro-extrusion, or melt electrowriting [137,138].

Regulatory gaps and environmental concerns create major obstacles to the broad use
of PIM technologies. Although these technologies are advertised as green and sustainable,
many PIMs still use volatile organic solvents (VOCs), synthetic extractants such as Aliquat
336 or D2EHPA, and non-biodegradable materials. These substances can raise issues
related to toxicity and environmental impact, especially in areas such as drinking water,
agriculture, or pharmaceutical processing. There is no consistent international regulation
setting acceptable limits of extractant leaching, biodegradability, and environmental effects
of PIM components. Developing next-generation PIMs will need close cooperation with
regulatory agencies to meet sustainability standards and public health needs [35,139,140].

Another bottleneck is the narrow operating pH and temperature window, which
restricts the use of PIM use in aggressive industrial environments [131]. Additionally,
while specific polymers such as PEEK or PVDF offer superior resistance, they often require
toxic solvents or costly processing routes [141]. The scalability of advanced structures,
such as electrospun nanofibers and MEW-written matrices, also faces technical and eco-
nomic constraints. PEEK- or PVDF-based membranes offer promising alternatives due
to their chemical resilience; however, their fabrication often relies on hazardous solvents,
such as NMP and DMF. Efforts to adapt green solvent systems (e.g., γ-valerolactone) to
dissolve engineering polymers without degrading their performance are ongoing. More-
over, uniform membrane casting at an industrial scale, especially via electrospinning or
micro-extrusion, demands precise control over solution rheology, temperature, and phase
separation dynamics [131,142,143].

8.2. Future Reasearch Directions for PIMs

As PIM technologies evolve, the next generation of research aims to overcome cur-
rent limitations by incorporating innovative, adaptive, and multifunctional features into
membrane systems. One major direction involves the development of stimuli-responsive
membranes that can modulate their transport properties in response to external cues such
as pH, temperature, or electric fields. For example, using pH-sensitive carriers, such as ben-
zimidazole derivatives or thermoresponsive polymers like PNIPAm can provide dynamic
control over ion transport. This control could greatly benefit biomedical and environmental
applications [144,145].

Another promising area is combining nanotechnology with PIM architecture. Adding
metal–organic frameworks (MOFs), covalent organic frameworks (COFs), or functionalized
nanoparticles (e.g., TiO2, ZnO, Fe3O4) into polymer matrices can improve selectivity and
permeability. This approach also brings in photocatalytic or antimicrobial functions. These
hybrid materials could pave the way for PIMs capable of simultaneously separating and
degrading of organic micropollutants [146–148].
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In structural engineering, new fabrication methods like additive manufacturing, in-
cluding direct ink writing, melt electrowriting, as well as nanoscale patterning, are being
studied to create membranes with specific porosity, different channels orientations, or
layered architectures. These approaches aim to optimize both flux and selectivity while
reducing resistance to mass transfer [149–152].

Bioinspired designs also offer considerable potential. Mimicking biological mem-
branes using phospholipid analogs, aquaporin-like channels, or self-assembling peptide
carriers can lead to ultra-selective and energy-efficient transport. Moreover, the use of
artificial ion channels or gated nanopores may introduce new paradigms for molecular
recognition and selective separation [153,154]. Figure 13 illustrates the multidisciplinary
innovations driving the next-generation development of PIMs, including the integration of
nanotechnology, innovative materials, and bioinspired designs.

Digital tools are becoming increasingly integral to PIM research. Machine learning
algorithms predict membrane performance using compositional and processing parameters.
When combined with high-throughput screening and multi-objective optimization, these
methods should speed up material discovery and process design [155,156].

From a sustainability perspective, next-generation PIMs will focus more on circular
economy principles. This includes using waste-derived polymers, recyclable membranes,
and closed-loop manufacturing systems. Combining these materials with life cycle anal-
ysis (LCA) and techno-economic analysis (TEA) will be important for measuring their
environmental impact and practicality [30,157,158].

To support these improvements, multidisciplinary collaboration between chemists,
material scientists, process engineers, and computational experts will be vital. Integrating
new fields, such as green chemistry, artificial intelligence, and synthetic biology, could
change the future of membrane science. This integration would lead to scalable, high-
performance PIMs with low environmental impact [159–163]. Table 12 offers a comparison
of emerging research directions, their goals, and related technical challenges.

Figure 13. Comparative overview of future research directions.
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Table 12. Comparative Overview of Future Research Directions in PIMs.

Research Direction Objective Key Challenges

Green Polymer Matrices Develop fully biodegradable and
non-toxic matrices

Limited mechanical stability and
low compatibility with
conventional carriers

Advanced Carrier Anchoring
Enhance carrier stability through

covalent attachment or
encapsulation

Synthesis complexity and limited
scalability

Stimuli-Responsive PIMs
Enable selective transport
triggered by pH, light, or

temperature

Slow response time and material
fatigue under cycling

Multiscale Modeling and
Simulation

Predict transport performance
under complex conditions

High computational cost and lack
of experimental validation

Hybrid Membrane
Structures

Combine PIMs with MOFs, COFs,
or electrospun layers

Interfacial incompatibility and
manufacturing difficulties

9. Conclusions

The development of polymer inclusion membranes (PIMs) has become an important
area in separation science. PIMs offer a unique mix of selectivity, structural flexibility,
and environmental compatibility. In the last twenty years, there has been significant
progress in material design, membrane engineering, and the range of applications. The
findings presented in this manuscript, spanning fundamental chemistry, functionalization
strategies, fabrication techniques, environmental applications, and prospects, highlight the
multidisciplinary potential of PIM-based systems.

PIMs are highly effective in selective ion transport, particularly for heavy metals
and rare-earth elements. This is thanks to their specific carrier-polymer design and im-
proved transport methods. Developments in polymer matrix engineering, like sulfonation,
carboxylation, nanofiller incorporation, and blending with biofillers, have significantly
improved membrane stability, permeability, and reusability. The use of ionic liquids and
smart extractants has also improved the specificity and efficiency of metal separation
processes. From a sustainability standpoint, the move towards biodegradable polymers
and green solvents demonstrates an increasing awareness of environmental impacts and
regulatory requirements. This shift has been supported by using green plasticizers and
solvent-free fabrication methods, allowing for safer membrane production without low-
ering performance. Scalability and industrial feasibility remain critical milestones. The
successful transfer of laboratory-scale fabrication techniques, such as phase inversion, spin
coating, and electrospinning, to pilot and full-scale production environments demonstrates
the readiness of PIM technology. Nonetheless, standardization and quality control still pose
technical challenges, particularly in achieving reproducibility and consistent membrane
quality. PIMs are also gaining popularity in analytical chemistry and sensor development.
Optical and electrochemical sensors based on PIM technology can quickly, selectively, and
accurately detect trace analytes. This highlights their value in environmental monitoring
and medical diagnostics.

Despite this progress, some limitations, such as carrier leaching, reduced lifetime
in aggressive environments, and gaps in regulations, highlight the need for ongoing
innovation. Chapter 8 discussed strategic research directions, including stimuli-responsive
membranes, bioinspired architectures, and AI-guided membrane creation, which could
help overcome current obstacles.

In conclusion, PIMs are evolving into scalable, sustainable, and multifunctional mem-
brane solutions. The combination of green chemistry, nanotechnology, and computational
tools is expected to shape the next generation of high-performance PIM systems that can
tackle global challenges in clean water, resource recovery, and environmental health.
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Abstract: The application of an ultrafiltration (UF) process with periodic membrane clean-
ing with the use of alkaline detergent solutions was proposed for the recovery of wash
water from car wash effluent. In order to test the resistance of the membranes to the
degradation caused by the cleaning solutions, a pilot plant study was carried out for almost
two years. The installation included an industrial module with FP100 tubular membranes
made of polyvinylidene fluoride (PVDF). The module was fed with synthetic effluent
obtained by mixing foaming agents and hydrowax. To limit the fouling phenomenon, the
membranes were cleaned cyclically with P3 Ultrasil 11 solution (pH = 11.7) or Insect solu-
tion (pH = 11.5). During plant shutdowns, the membrane module was maintained with a
sodium metabisulphite solution. Changes in the permeate flux, turbidity, COD, and surfac-
tant rejection were analysed during the study. Scanning electron microscopy (SEM), atomic
force microscopy (AFM), differential scanning calorimetry (DSC), and Fourier-transform
infrared spectroscopy (FTIR) analysis were used to determine the changes in the membrane
structure. As a result of the repeated chemical cleaning, the pore size increased, resulting
in a more than 50% increase in permeate flux. However, the quality of the recovered wash
water did not deteriorate, as an additional separation layer was formed on the membrane
surface due to the fouling phenomenon.

Keywords: car wash wastewater; ultrafiltration; fouling; alkaline cleaning; PVDF membrane;
membrane endurance

1. Introduction

Washing cars requires large amounts of water; thus, many car washes use water
recycling systems [1,2]. Today, more than 50% of car washes have recycling systems that
use sedimentation and sand filtration supported by water aeration [3–5]. In addition,
membrane recycling systems are increasingly being developed [6–9].

The applied type of wastewater treatment system strongly depends on the size of the
car wash. Large automated car washes use multi-stage systems that produce high-quality
wash water, but this is expensive [3]. The average car wash customer spends $15 per visit,
and the global car wash market is estimated to be worth $41 billion by 2025 [2]. Such
revenues allow for investment, and 85% of professional car washes use water reclamation
systems [10].

The financial situation is different for small car washes. Such car washes are generally
supplied with municipal water and discharge their effluent into the sewerage system. In
Poland, car wash owners pay $5–7 per 1 m3 of water for such use. Such low prices do not
provide an incentive to invest in expensive equipment to reduce fresh water consumption.

Membranes 2025, 15, 192 https://doi.org/10.3390/membranes15070192
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Most of these car washes have a reverse osmosis (RO) system (pump, filter, and membrane
module) that produces pure water, resulting in a spot-free final car rinse. Owners of
such car washes expect a similarly simple ultrafiltration (UF) system to be used for water
recycling. The development of this solution is the focus of the research presented here. Such
a simple system for recovering wash water has been proposed using ultrafiltration tubular
polyvinylidene fluoride (PVDF) membranes [11]. PVDF membranes are commonly used in
the manufacture of industrial microfiltration and ultrafiltration modules [12,13]. However,
car wash wastewater treatment by UF causes the rapid fouling of the membranes [3,7,14,15].

It is well-known that the fouling phenomenon is a fundamental obstacle to the indus-
trial application of membrane processes [16,17]. The fouling layer formed on the membrane
surface can be removed by physical methods such as backwashing or flushing [18]. Unfor-
tunately, such methods are often insufficient for wastewater separation and, consequently,
the chemical cleaning of the membrane is required [12,19]. Cleaning agents containing
sodium hydroxide (NaOH) and sodium hypochlorite (NaClO3) are used for membrane
washing [12,13]. Such solutions are aggressive, and, therefore, their frequent and prolonged
application causes damage of the polymeric membranes [12,20–22]. However, alkaline
detergents, such as P3 Ultrasil 11, are commonly used in membrane plants due to their high
cleaning efficiency [13,23–25]. To limit membrane damage, companies generally specify
their use [13,26]. However, for new technologies, it is necessary to test the resistance of the
membranes to such detergents. The results of studies involving filtration for a maximum
of a few days are mostly presented, and only a few papers present longer studies, such
as 120-day tests of PVDF membranes [27]. Short-term tests do not provide satisfactory
information; hence, in this study, tests lasting several months were carried out.

The popular spiral wound UF modules cannot be used for car wash wastewater
separation due to the high turbidity [3,14]. Their application requires the use of a pre-
filtration stage [3,7], which is unfavourable for small car washes as it increases the size
(cost) of the treatment system. For these reasons, tubular PVDF membranes have been used
to treat car wash wastewater [11,28]. It has been shown that the UF permeate obtained from
the filtration of the wastewater can be successfully used for car washing [29]. In this study,
PVDF FP100 tubular membranes, installed in the B1 module manufactured by PCI, were
successfully used to produce washing water. A permeate flux of 50–60 L/m2h was achieved
during the UF of real wastewater treatment at a pressure differential of 0.1 MPa [11]. For
such a process’ yield, the UF plant consisting of two to five B1 modules would be suitable
for small car washes.

One limitation of the presented solution is the considerable fouling caused by the
compounds of car wash wastewater. In this case, the fouling of the UF membranes was
reduced by membrane washing with cleaning agents containing NaOH, such as P3 Ultrasil
11 and an agent used in car washes to remove insects [11,14,15]. Membranes can also be
cleaned with NaClO3 solutions; however, these cause much more damage to the PVDF
membrane [12]. Previous studies have obtained results for FP100 membranes in tests
involving a small module lasting only a few weeks [11]. While these results are promising,
they are insufficient to convince washer manufacturers to modify their designs and incor-
porate UF plants into their washing systems. What is required is proof that the proposed
method of cleaning the UF membranes will prevent them from failing quickly. To obtain
such data, a two-year study of an industrial B1 module was conducted.

The performed UF studies showed that PVDF membranes are not fully resistant to
NaOH solutions. As a result, it has been observed that cyclic filtration and cleaning has al-
tered the stability of PVDF membranes [12,30]. On the other hand, it has been observed that
fouling and the presence of surfactants reduce the negative effect of alkaline solutions [31],
which may reduce the degradation of PVDF membranes during car wash wastewater sepa-
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ration. However, the degradation process can be very slow and its deleterious effects can
significantly damage the membranes after several months of membrane module operation.
Following several weeks of testing FP100 membranes, it was found that alkaline cleaning
caused minor damage to the membranes’ active layer [11]. This raises the question of
whether these membranes could withstand several years of exposure in car washes. Due to
the lack of such data, a pilot scale study was undertaken in this work.

For industrial implementation, commercially available membrane modules are re-
quired. Hence, the B1 module from PCI with FP100 membranes were chosen for the study.
This module has been successfully used for several years in studies on oily wastewater sep-
aration [32]. However, the feed solutions tested in this work, such as bilge water, were not
alkaline. For this reason, the industrial PVDF membrane module tested in this study was
fed with a mixture of car wash chemicals (pH = 8.5–9), which is similar in composition to
the wastewater generated at car washes. Moreover, the membranes were cleaned cyclically
using alkaline agents with pH 11–12. During shutdowns, the membrane module was main-
tained with a sodium metabisulfite solution. The effect of the repeated chemical cleaning
of fouled PVDF membranes on the permeate flux and surfactant rejection was analysed.
Scanning electron microscopy (SEM), atomic force microscopy (AFM), differential scanning
calorimetry (DSC) and Fourier-transform infrared spectroscopy (FTIR) analysis were used
to analyse the changes in the membrane structure. The main objective of the study was to
determine whether the selected tubular module would remain undamaged over the long
term and whether the quality of the permeate obtained would not deteriorate significantly.

2. Materials and Methods

2.1. UF Installation

The UF process was investigated using the UF pilot plant shown schematically in
Figure 1. The unit was equipped with a PCI B1 tubular module with 18 FP100 (100 kDa)
polyvinylidene fluoride membranes (PCI Membranes, Kostrzyn Wielkopolski, Poland)
mounted inside (Table 1). The diameter and length of the tubular membrane were 1.25
cm and 120 cm, respectively. The feed tank (200 L) was connected to a VNR-8 centrifugal
pump (Grundfos, Bjerringbro, Denmark). The feed flowed inside the tubular membranes
at a velocity of 1.9 m/s, and the UF tests were performed at a transmembrane pressure
(TMP) of 0.1 MPa. For all types of solutions tested, the feed temperature was 298 ± 2
K. Temperature control was provided by a tubular heat exchanger (cooled by tap water),
through which the feed flowed. The UF tests were carried out for 7–8 h a day, with the feed
remaining in the system overnight. Overnight breaks also occur in most car washes, as 85%
of car wash customers prefer to visit car washes during daylight hours [10].
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Figure 1. Experimental set-up of the pilot-scale UF unit.
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Table 1. Tubular module and FP100 membrane characteristics.

Parameter Unit B1 Module FP100

Length mm 1220 1200
Diameter mm 100 1.25

Tube - 18 1
Material - AISI 316 Stainless Steel PVDF

Operating pressure bar 64 10
Operating temperature ◦C 80 80

Volume shroud-side L 6.7 -
Volume tube-side L 2.8 0.147
Nominal retention kDa - 100

pH range - 1.5–12 1.5–12

The permeate flux [L/m2h] was obtained based on the following equation:

J =
V
S·t (1)

where V [L]—cumulative permeate volume; S [m2]—effective membrane surface area; and
t [h]—filtration duration.

The rejection efficiency R [%] was determined as follows:

R = 1 − Cp

CF
·100% (2)

where CP [mg/L] and CF [mg/L] are the measured concentrations of the permeate and
feed, respectively.

The UF tests were conducted at constant feed concentrations, with the permeate
returned to the tank. Initially, the feed tank was filled with 100 L of the test solutions.

2.2. Feed Solutions

The permeate from the nanofiltration (NF) process, fed with tap water, was used to
flush/rinsing the UF unit and to prepare test solutions. The NF permeate obtained had a
conductivity in the range of 70–90 μS/cm and its composition has been reported in previous
work [32,33].

In car washes, cars are first washed with various foam solutions and, then, after rinsing
with water, their surfaces are treated with hydrophobic coatings (hydrowax). Synthetic car
wash wastewater has been produced from a mixture of these agents with a composition
similar to that of a car wash. Detergents (Euro Foams and Hydrowax) produced by
EuroEcol (Łódź, Poland) were used. The foam solutions contained surfactants, diethylene
glycol butyl ether, benzene sulphonic acid, and polymers. The exact composition of the
commercial concentrates is given in [14,15]. The mixture used for the UF tests contained
0.5 vol.% foaming agent and 0.2 vol.% Hydrowax solution (EuroEcol, Łódz, Poland). In
addition to Euro Turbo Foam without dyes (“White”), foam agent concentrates with dyes
were also used: Euro Turbo Foam Colour Green (“Green”) and Euro Turbo Foam Colour
Blue (“Blue”). The latter contained indigo carmine dye, which increased the fouling of
PVDF membranes [34]. The parameters of the synthetic wastewater are shown in Table 2.

Before weekend shutdowns, the feed was removed, and the plant was flushed with
water (200 L) and filled with NF permeate. For longer shutdowns, additional maintenance
was performed by flushing the system with 0.25 wt.% sodium metabisulphite (Na2S2O5)
solution (ChemLand, Stargard, Poland). This preservative solution was recirculated for
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15 min, after which the system was drained. The resumption of UF operation after the
break was started by rinsing the UF installations twice with NF permeate (2 × 100 L).

Table 2. Parameters of prepared synthetic wastewater. Anionic and nonionic—surfactants.

Wastewater
COD

[mg/L]
Anionic
[mg/L]

Nonionic
[mg/L]

pH
[-]

Cond.
[μS/cm]

Turbidity
[NTU]

White 2275 ± 378 463 ± 26 25 ± 8 8.5 ± 0.2 155 ± 1 11.3 ± 1.4
Green 2150 ± 70 420 ± 20 21 ± 6 8.8 ± 0.2 162 ± 2 12.5 ± 5.2
Blue 2391 ± 115 393 ± 29 40 ± 14 8.6 ± 0.1 167 ± 2 83.2 ± 14.7

Separation of the wastewater caused fouling and a consequent reduction in permeate
flux. The membranes were, therefore, chemically cleaned at regular intervals. PCI company
recommends P3 Ultrasil 11 from Hankel Ecolab (Suturamed, Szczecin, Poland) for washing
the FP100 membranes. This agent contains surfactants and tetra sodium salt of EDTA in
addition to NaOH [23]. A 0.1 wt.% solution with pH = 11.7 was prepared for washing the
UF plant. A similar pH value is found in the 0.5 vol.% solution of Insect (EuroEcol, Łódź,
Poland). This detergent contains NaOH and is used in commercial car washes to remove
insects from car bodies. It has also been shown to be effective in removing deposits formed
on membranes during the filtration of car wash wastewater [11,14]. The prepared cleaning
solutions (100 L) were recirculated for 30 min (TMP = 0.02 MPa). After chemical cleaning,
the UF system was flushed twice with NF permeate (100 L) and the maximum permeate
flux was determined (TMP = 0.1 MPa).

2.3. Analytical

The Hach cuvette tests were used to determine the concentration of surfactants (LCK
333—nonionic, and LCK 432—anionic) and chemical oxygen demand—COD (LCK 1014).
The values were recorded automatically with the use of a Hach Lange DR2800 spectropho-
tometer (Hach Lange, Düsseldorf, Germany).

The membrane surface was examined by atomic force microscopy. A multi-Mode 8
AFM apparatus equipped with a Nanoscope V converter from Bruker (Billerica, MA, USA)
characterised the membrane roughness in the scanasyst mode. The Ra and Rq parameters
were evaluated on a basis of at least five AFM images (10 μm × 10 μm).

The turbidity of tested solutions was measured with a portable turbidity meter model
2100 AN IS with a detection limit of 0.01 NTU (Hach Company, Loveland, CO, USA).

Differential scanning calorimetry analysis (DSC) was performed in a NETZSCH STA
449 F3 Jupiter (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany). The samples
were heated from room temperature to 523 K at a heating rate of 2 K/min.

3. Results and Discussion

3.1. Car Wash Wastewater Ultrafiltration

The PVDF module installed in the UF plant was tested for almost two years, separating
different types of car wash wastewater (Green, White, and Blue—Table 2). Changes in the
maximum permeate flux after chemical cleaning are shown in Figure 2. The installation
operated for five days a week, totalling almost 300 working days in the study. In addition
to the weekend breaks, there were also several 7- to 55-day shutdowns periods, before
which the installation was maintained with a sodium metabisulfite solution. It is worth
noting that a similar situation can occur with small car washes, as their owners also do not
work on holidays. Figure 2 shows the numbers indicating longer shutdown periods.
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Figure 2. Changes in the maximum permeate flux during UF pilot plant exploitation. NF permeate
used as a feed. Flux determined after membranes cleaning. Cleaning solutions: Insect—0.5 vol.% of
Insect agent concentrate (pH = 11.5), U11—0.1 wt.% P3 Ultrasil 11 (pH = 11.7), and SM—0.25 wt.%
sodium metabisulfite. Numbers—days of shutdowns periods. Point A—membranes washed with
hot 0.1 wt.% P3 Ultrasil 11 solution. Point B—installation rinsed with 0.25 wt.% sodium metabisulfite
solution.

As shown in Figure 2, repeated washing of the membrane with NaOH solutions
increased the permeate flux, possibly due to an increase in the membranes’ pore size [12].
The largest changes occurred during the initial 40 days’ (excluding shutdowns) exploitation
period, which was also observed in other pilot studies [13]. After this period, the maximum
permeate flux increased from 95 to 175 L/m2h. Subsequent to the third maintenance of
the plant with an Na2S2O5 solution, the permeate flux increased to 220 L/m2h. Lower
maximum permeate flux values were obtained after washing the membrane with a P3
Ultrasil 11 solution. The conducted membrane washing with this agent probably did
not remove all contaminants, especially those in the largest pores [11]. These pores were
cleaned to a greater extent by the sodium metabisulphite solution and, as a result, the
highest values of maximum permeate flux were obtained after plant shutdowns (points
SM). It has been found that, after one year of module operation (Figure 2, after 140 days),
this effect disappeared. This could be due to a better cleaning of the fouling layer (generated
during White wastewater separation) also by the P3 Ultrasil 11 solution. Differences again
occurred in the separation of Blue wastewater, as it contained components that were
more difficult to remove by alkaline cleaning solutions. These wastewaters were found to
contain indigo carmine dye, which was found to adsorb strongly onto the surface of PVDF
membranes [34].

A higher flux recovery for membranes contaminated with Blue wastewater was
achieved by washing the module twice (for 30 min each time) with a hot (50 ◦C) solution
of P3 Ultrasill 11 (Figure 2, point A), after which the UF plant was rinsed with a sodium
metabisulphite solution. Consequently, the maximum permeate flux increased to 275
L/m2h (point B). This indicates that this procedure allowed us to clean the membranes and
led to an increase in their pore size.

After one week of ultrafiltration testing, the plant was rinsed again with a sodium
metabisulphite solution; however, this did not result in any further increase in the permeate
flux. This suggests that the Na2S2O5 solution did not enlarge the pores of the tested
membranes, but, rather, cleaned them thoroughly. While the membrane manufacturer
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permits the use of hot P3 Ultrasil 11 solution for cleaning purposes, it should be noted that
this will accelerate the adverse effects of NaOH on the PVDF membrane matrix.

Obviously, increasing the pore size increases permeate flux; however, this also worsens
rejection [35]. However, in ongoing UF studies, it is important to note that the results
presented in the current study demonstrated that no significant change in rejection (Figure 3)
was observed despite the increase in permeate flux (Figure 2). In addition, the separation of
the Blue wastewater improved the rejection (Figure 3, after 200 days). The Blue wastewater
had a significantly higher turbidity (Table 2). This increases the formation of a filter cake,
which acts as an additional separation layer and, consequently, improves the separation [36].
Chemical cleaning removes most of the filter cake from the membrane surface, and, as a
result, a deterioration in rejection was observed (Figure 3, points A).
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Figure 3. Changes in rejection of COD, turbidity, and anionic surfactants during UF studies (samples
collected after one-day UF of wastewater). Point A—parameter determined direct after membrane
cleaning (cleaning solutions: 0.25 wt.% sodium metabisulfite).

The positive influence formation of the fouling layer on the rejection is also confirmed
by the results shown in Figure 4. The separation results obtained immediately after
membrane chemical cleaning (COD and Anion) and the results after 2–3 days of wastewater
filtration (COD UF and Anion UF) can be seen. The results obtained after chemical cleaning
of the membrane deteriorate with the time of filtration of the UF module, especially for the
removal of anionic surfactants, can also be seen. This finding confirms that the repeated
chemical cleaning of the membrane with alkaline agents caused an increase in pore size.
However, during the filtration of the effluents, due to fouling, the separation improves and
remains at a similar level throughout the UF test period.

The changes in the membrane structure induced by the chemical cleaning also affected
the filtration of the car wash wastewater. Figure 5 shows an example of the changes in
permeate flux obtained during two consecutive days of UF testing at different times of the
module exploitation. During the initial period for the new membranes, the flux decreased
rapidly and stabilised at 50 L/m2h. Similar 50% permeate flux decreases after 60 min of
UF have been reported in other work [7,11]. The repeated cleaning of the membranes
with NaOH solutions resulted in an increase in membrane permeability (Figure 2) and,
consequently, an increase in permeate flux during wastewater separation.
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Figure 4. Changes in the rejection during performed UF studies. Membranes after chemical cleaning
(COD and Anion) and after 2–3 days of UF process covered by fouling layer (COD UF and Anion UF).
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Figure 5. Effect of UF module lifetime (d—days) on permeate flux changes during car wash wastewa-
ter separation. Points: U11—membranes washed with P3 Ultrasil 11; N—overnight stops, installation
filled with NF permeate.

In addition, the permeate flux also increased after overnight stops (Figure 5, point N).
This was due to the decompression of the membrane and sediment (TMP = 0) and, also,
to the phenomenon of osmotic washing (module filled with NF permeate). The pore size
increased with the time of use and this effect had practically disappeared after one year of
operation (Figure 5, after 30 h). Importantly, the larger pores favour internal fouling, which
is more difficult to wash off during overnight soaking. Therefore, an increase in permeate
flux was only achieved after intensive chemical cleaning (Figure 2, after 250 h). It was
found that rinsing the system with sodium metabisulphite solution not only maintained
the membranes but also resulted in significant cleaning. As a result, a significant increase
in permeate flux was observed after each system maintenance (Figure 2, SM).

3.2. Membrane Morphology

On completion of the UF tests, the membrane was removed from the module and
rinsed with deionised water. The membrane surface was brown in colour, indicating that
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iron oxides were also present in the resulting fouling layer [32]. After washing with a
30 wt.% HCl solution, the membranes regained their white colour. The AFM images of the
surface of such washed membranes and the new membrane are shown in Figure 6.

(a) (b)

(c)

Figure 6. AFM images of the membranes surface: (a) new membrane; (b) membrane used for
separation wastewater; and (c) membrane after HCl rinsing.

The AFM analysis confirmed that the membrane surface changed during the wastewa-
ter separation and cyclic membrane washing with the alkaline detergents. Despite intensive
washing, large amounts of contaminants remained on the membrane surface (Figure 6b).
HCl rinsing removed most of these sediments, but the sediment residues are still visible on
the membrane surface (Figure 6c). Due to the formation of deposits, the roughness parame-
ters for the tested membranes increased significantly during the UF of car wash wastewater.
The values of Rq increased from 35.1 to 223.7 nm, and Ra from 28.2 to 179.2 nm (Table 3,
after UF tests). The roughness parameters after rinsing with HCl solution decreased, e.g.,
for Rq, from 223.7 to 114.5 nm; however, these were still significantly higher than the values
set for the new membranes.

Table 3. Membranes’ surface roughness.

Parameter New After UF Tests Rinsed

Rq [nm] 35.1 ± 1.4 223.7 ± 12.8 114.5 ± 17.4
Ra [nm] 28.2 ± 4.1 179.2 ± 9.4 81.9 ± 18.4

The AFM images show that the sediment structure was not dense and that the nu-
merous voids visible facilitated the transport of the filtrate to the membrane surface. As a
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result, the formation of a filter cake of considerable thickness did not lead to a decrease in
permeate flux (Figure 5).

The areas of the membrane surface exposed after washing with HCl solution show
no damage (Figure 6c), and, in these areas, the image is similar to that obtained for a new
membrane (Figure 6a). However, the SEM observation revealed that, after the UF tests, the
number of larger pores on the surface of the active layer increased compared to the new
membrane (Figure 7). Consequently, the membrane’s permeability increased, resulting in
an increase in the permeate flux over the course of the module operation (Figures 2 and 5).
The obtained SEM results indicate that the repeated cleaning of the membrane with an
alkaline agent can cause minor changes to the active layer’s structure. This also confirms
that PVDF membranes are not fully resistant to the prolonged exposure to NaOH solutions.

(a)

(b)

Figure 7. SEM images of FP100 membrane surface: (a) new membrane, and (b) membrane after
2 years of UF tests.
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These results raise the question of whether the proposed alkaline washing method
would damage the PVDF membranes to such an extent that they could not be used to obtain
wash water from car wash wastewater. As demonstrated in Figures 3 and 4, the thorough
cleaning of the pores worsens the retention of wastewater constituents. However, once
wastewater filtration begins, these pores quickly become blocked by sludge (Figure 6b),
which improves the rejection degree (Figure 4). Consequently, despite the formation
of larger pores, the tested membranes still effectively filter out turbidity (Figure 3) and
bacteria [11], and the UF permeate obtained from the wastewater was successfully used for
car washing [29].

In addition to enlarging the pore size, the long-term use could have caused changes to
the matrix structure of the PVDF membranes. For example, this could result in membrane
cracking. PVDF forms five crystalline polymorphs, the most common of which are the α

and β forms, which affect membrane performance differently [37]. Transitioning from the
β to α phase can negatively impact the membrane’s flexibility [37,38]. The FTIR spectra of
the studied membranes revealed several absorption bands that can be attributed to the α

and β conformations of PVDF (Figure 8).
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Figure 8. FTIR analysis of new FP100 and after UF test membrane samples.

Characteristic bands appeared at 875, 976, 1070, and 1181 cm−1, indicating the α

conformation, while the 841, 1279, and 1403 cm−1 results belong to the β phase [12,37,38].
An FTIR analysis showed that the intensity of these peaks decreased significantly as a result
of the UF tests (Figure 8). New peaks also appeared in the membranes after two years of
testing and are labelled A, B, C, and D in Figure 8. Peak A, at 978 cm−1 (assigned to CH2

twisting), is attributed to the α-conformation [12]. Similarly, peak D (1383 cm−1) indicates
the occurrence of phase α [37]. However, the intensity of these peaks is low, suggesting
that a significant conversion of phase β to the α conformation does not occur in the studied
membranes.

The changes in the structure of the PVDF membranes can be revealed by the melting
point and enthalpy of the phase transformation measurements in the DSC analysis [39].
The DSC signal of the new membrane shows an endothermic effect (peak temperatures
of 157.1 ◦C and 168.2 ◦C) starting from an extrapolated initial temperature of 137.9 ◦C
(Figure 9). The endothermic DSC peaks are due to the melting of the sample and the calcu-
lated enthalpy was 53.05 J/g. The results obtained for the sample after the UF tests showed
that the second peak decreased, while the peak temperatures were 158.3 ◦C and 168.4 ◦C
for the first and second peaks, respectively. In this case, the enthalpy decreased from 53.05
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to 50.75 J/g. All of the determined melting temperatures are below 179 ◦C, indicating that
phase α and β are the only phases of PVDF present in the studied samples [37].
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Figure 9. DSC analysis of new FP100 membrane sample, and membrane sample collected from
module after two years of UF tests.

Moreover, the results obtained indicate that the almost two years of the module
operation induced some changes in the polymeric structure of the PVDF membranes
studied. This finding confirms the results obtained from the FTIR analysis. However,
the small differences in the determined melting temperatures indicate that there is little
degradation of the membrane matrix.

The performed SEM and AFM examination of the samples after the UF test did not
reveal any cracks in the membrane and the rejection value during wastewater separation
was close to the initial value (Figure 4); thus, it can be assumed that the membranes tested
retained good separation properties despite some changes in the polymeric structure.

4. Conclusions

UF tests conducted over a period of almost two years showed that tubular PVDF mem-
branes could be successfully used to separate car wash wastewater of varying composition
and turbidity close to 100 NTU. However, filtration of the wastewater caused severe fouling,
resulting in a decrease in permeate flux of more than 50% after 2–3 h of UF operation.

The intensity of the fouling phenomenon was reduced by cyclic membrane washing
with detergent agents containing NaOH (pH = 11.5–11.7). Satisfactory cleaning efficiency
was also demonstrated by a 0.25 wt.% sodium metabisulphite solution, which was used to
maintain the UF module during plant shutdown periods.

For a car wash installation with UF, the membrane cleaning programme would include
washing the FP100 membrane with a 0.1 wt.% P3 Ultrasil 11 solution. This should be
performed at least every five days for 30 min. Additionally, it is recommended to flush the
installation with a solution of 0.25 wt.% sodium metabisulphite every fortnight.

After one year of module exploitation with cyclical alkaline washing, the PVDF
membranes showed a deterioration in the degree of separation and an increase in permeate
flux, indicating that the alkali caused partial pore growth. However, after two years
of membrane exploitation, the performed AFM and SEM studies showed no significant
damage, although FTIR and DSC studies revealed some changes in the membrane matrix
structure. This finding confirms that NaOH solutions have a negative effect on PVDF
membranes. However, the resulting changes in the membrane structure do not significantly
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worsen membrane rejection during wastewater separation. This is due to the fact that the
resulting filter cake reduces permeate flux but, at the same time, improves separation.

The results of the current study indicated that periodic cleaning of FP100 membranes
(used in car washes) with alkaline agents enables the B1 tubular module to be successfully
used for recycling wash water in car washes.
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29. Woźniak, P.; Gryta, M. Influence of Reclaimed Water on the Visual Quality of Automotive Coating. Materials 2024, 17, 5382.
[CrossRef]

30. Ali, S.; Rana, U.A.; Zahid, M.; Hussain, A. Effect of NaOH concentration on morphology and performance of PVDF membranes
for desalination. Sep. Purif. Technol. 2019, 209, 46–56. [CrossRef]

31. Wen, G.; Chen, K.; Zhang, Y.; Zhou, Y.; Pan, J.; Wang, Q.; Sun, S.; Wang, Z. Preparation of alkali-resistant PVDF membranes via
immobilization of sodium lauryl sulfate (SDS) on surface. Appl. Water Sci. 2021, 11, 55. [CrossRef]

32. Tomczak, W.; Gryta, M. Long-Term Performance of Ultrafiltration Membranes: Corrosion Fouling Aspect. Materials 2023, 16,
1673. [CrossRef] [PubMed]

33. Gryta, M.; Tomczak, W. Changes in Tubular PVDF Membrane Performance During Initial Period of Pilot Plant Operation.
Membranes 2025, 15, 119. [CrossRef] [PubMed]
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Abstract: Long-term ECMOs are expected to be put into practical use in order to prepare
for the next emerging severe infectious diseases after the novel coronavirus pandemic in
2019–2023. While polypropylene (PP) and polymethylpentene (PMP) are currently the
mainstream materials for the hollow fiber membranes of ECMO, the PP membrane coated
with a silicone layer on the outer surface has also been commercialized. In this study, we
sought a method to accurately observe the detailed pore morphologies of the PP membrane
by suppressing irreversible changes in the morphology in SEM observation, which is
a general-purpose observation with higher resolution. As a result, the convex surface
morphologies of the PP membrane, which was a non-conductive porous structure, were
confirmed in detail by utilizing the lower secondary electron image (LEI) mode (FE-SEM,
JSM-7610F, JEOL Ltd., Tokyo, Japan) at low acceleration voltage, low magnification, and
long working distance, to minimize morphological alterations caused by osmium (Os)
sputtering. On the other hand, although the sputter-coating on non-conductive samples
is mandatory for imaging morphologies with SEM, the non-sputtering method is also
worthwhile for porous and fragile structures such as this sample to minimize morphological
alterations. Furthermore, we propose a method to confirm the morphology of the deep
part of the sample by utilizing the secondary electron image (SEI) mode at an appropriate
acceleration voltage and high magnification with higher resolution.

Keywords: extracorporeal membrane oxygenator; pore structure; polypropylene; field
emission scanning electron microscopy; sputter coating

1. Introduction

The extracorporeal membrane oxygenator (ECMO) is an artificial organ that has
attracted worldwide attention after the novel coronavirus pandemic in 2019–2023 [1]. The

Membranes 2025, 15, 174 https://doi.org/10.3390/membranes15060174
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requirements for the membrane have both high gas permeability and low water vapor
permeability, while the development of ECMO for long-term usage is anticipated [2–5].

There was concern that SARS-CoV-2 in plasma penetrated through the pore in the
hollow fiber membrane and diffused as an aerosol from the gas outlet port of ECMO during
the treatment of COVID-19 severely ill patients with ECMO [6]. We previously used atomic
force microscopy (AFM) to clarify the pore structure of ECMO membranes by using our
approach and theoretically validate the risk of SARS-CoV-2 permeation [7]. However, the
surface roughness of the membranes was larger than the amplitude of the probes, and
we did not obtain appropriate data for polypropylene (PP) membranes for ECMO [7].
Therefore, field emission scanning electron microscopy (FE-SEM) has been used to clarify
the pore structures of the membranes, and theoretically determine the permeability of
SARS-CoV-2 through the pores [7]. Furthermore, the pore structures of the walls of the
cross-sectional membranes made from polymethypentene (PMP) were clarified utilizing the
ion-milling (IM) method [8,9], which did not apply physical stress to the porous structure
when cutting the wall part of the membranes [10]. The phenomena of blockage of voids in
the porous structures were confirmed while using the FE-SEM, and by elevated temperature
during sputter-coating of platinum (Pt) or gold (Au). Notably, the observed images of
membrane morphology made from polypropylene (PP) with a lower melting point showed
differences depending on the acceleration voltage and other conditions [7].

Along with the evolution of microscopic technologies such as FE-SEM [10,11], research
and development for membrane science can progress by taking advantage of those tech-
niques. The advantages and disadvantages of microscopy and spectroscopy techniques
for polymeric membranes were summarized in detail [12]. In particular, the preparation of
cross-sectional membrane samples has been comprehensively studied [13]. These methods
have led to the evolution of practical studies of membrane porous structure–property
relationship, especially in artificial organs [4].

After the novel coronavirus pandemic, studies on the structure–function relationship
or antithrombotic properties of ECMO membranes have been published worldwide [14–18].
In addition to the typical materials such as PP and poly(4-methyl-1-pentene) [16–18], the
composite membrane of PP and poly(4-methyl-1-pentene) [17] or the PP membrane with
gradient pore structure [18] have been developed. A novel membrane based on the hollow
fiber membrane made from PP coated with a silicone layer on the outer surface [5,19] has
also been developed.

This study focuses on the methods to observe the pore structure of the PP membrane
more precisely and in detail by utilizing an FE-SEM with different observation modes
and sputter-coating methods. We explore the methods of conductive materials sputter-
coating and the conditions for observation by FE-SEM, and verify the differences in the
images of pore morphologies. We chose the sputtering of osmium (Os) compared to the
sputtering of Au because the sputtering of Os was considered less damaging to the sample.
The quantitative differences are examined in the pore diameters and distributions, and
surface porosities.

2. Experimental Section

2.1. Materials

MERA NHP (SENKO MEDICAL INSTRUMENT Mfg. Co., Ltd., Tokyo, Japan) is
approved as an extracorporeal membrane lung and assisted circulation/assisted respiration
membrane lung for assisting respiration. The outer surface of the porous hollow fiber
membrane made from PP is coated with thin silicone layer (thickness: 0.2 μm) [19], which
is the extremely rare silicone-composite membrane for ECMO in the world. Inner diameter
of the lumen is 246 ± 3 μm (n = 30), membrane thickness is 27 ± 1 μm (n = 30), sterilization
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method is EOG (ethylene oxide gas). Heparin compound is coated on the outer surface of
the hollow fiber membrane for blood flow channel as an antithrombogenic material.

2.2. Observation of the Inner and Outer Surfaces of the Hollow Fiber Membrane Utilizing Field
Emission Scanning Electron Microscopy

An FE-SEM (JSM-7610F, JEOL Ltd., Tokyo, Japan) was utilized to observe the inner
and outer surfaces of the hollow fiber membrane at an accelerating voltage of 1.0, 2.0 kV,
and 5.0 kV, a working distance of 15.0 or 6.0 mm, and an illumination current of 37.5 pA in
observation fields of a magnification of 30,000, 50,000, and 100,000.

SEI (secondary electron image) and LEI (lower secondary electron image) modes were
utilized. They differ in the position of the detector and the type of secondary electrons that
are detected, and the characteristics of the images are different. In the LEI mode, since
the detector is located at the same height as the sample, the LEI mode detects electrons
emitted from the sample at a low angle. The depth of the field to be imaged is increased
by the longer working distance (WD) making it suitable for imaging a three-dimensional
structure [10]. On the other hand, in the SEI mode, since the detector is positioned above
the sample, it detects low-energy secondary electrons with a shorter WD. The information
on deeper parts of the sample can be obtained at high resolution by irradiating the sample
with acceleration voltages from 1.0 to 30 kV. Higher acceleration voltages make it easier
to obtain high-resolution images, but irreversible destruction or charge-up of the sample
must be avoided.

2.3. Sputter-Coating of Os or Au Particles on the Inner and Outer Surfaces of the Hollow Fiber
Membrane

Nonsputter-coating samples and samples with osmium (Os) or Au sputter-coating
on the membranes were observed accurately and in high-resolution imaging. Various
combinations of sputter-coating and observation modes were used to prevent irreversible
changes in original morphologies of the samples.

Tenant 20 (MEIWAFOSIS Co., Ltd., Tokyo, Japan) was used for Os sputter-coating and
Os thickness was set at 5 nm (5 mA). JFC-1500 (JEOL Ltd., Tokyo, Japan) was used for Au
sputter-coating and Au thickness was set at 7 nm.

2.4. Determination of the Pore Diameter and Surface Porosity of the Hollow Fiber Membrane

Pore areas were measured in observation fields of magnification of 30,000 or 50,000
in size by the analysis of digital imagery utilizing Image J software (Ver.1.53, National
Institute of Health, Bethesda, MD, USA). Equivalent pore diameters and surface porosities
of the images were calculated using the values from pore areas. Data on the samples were
treated using a paired t-test (p < 0.05).

3. Results and Discussion

3.1. FE-SEM Images of the Inner Surfaces of the PP Membrane with the Different Sputter-Coating
Methods and Observation Modes

Figure 1 shows the overview of FE-SEM images of the morphologies of the inner
and outer surfaces of the PP capillary membranes under different observation modes and
sputter-coating methods. The morphologies of the Os or Au sputter-coated samples were
also compared to those without any sputter-coating. For example, (c) is the image of
an inner surface of sputter-coating with Os in LEI mode, accelerating voltage of 1.0 kV,
working distance of 15.0 mm, and magnification of 30,000. Three samples were at least
prepared and observed for each condition.
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Figure 1. Outline of the morphologies of the inner and outer surfaces of the capillary membrane
made of polypropylene coated with silicone layer on the outer surface using an FE-SEM with the
different observation modes and sputter-coating methods. For example, (c) is the image of an inner
surface of sputter-coating with Os in LEI mode, accelerating voltage of 1.0 kV, working distance of
15.0 mm, and magnification of 30,000.

Figure 2(1) shows three images each of (a), (c) and (n). (a) is a nonsputter-coated
sample, (n) is a sputter-coating with Au particles, and the other observation conditions are
the same as in (c). Elongated pore structures along the longitudinal hollow fiber membrane
and convex morphologies of the inner surfaces are confirmed in all images, which are
characteristic of PP membranes manufactured by the stretching mechanism. These images
are similar to those of the cross-sectional longitudinal structure of the PP membrane [17].
While observing the nonsputter-coated sample (a), reducing the number of secondary
electrons that were detected, made it difficult to obtain the images stably. The figures of
the Os sputter-coated sample (c) were stably imaged, but some of the pores were found
to be occluded, and large areas composed of fibrils were specifically confirmed due to
morphological alterations caused by metal sputtering. On the other hand, the Au sputter-
coated images (n) showed an overall loss of convex morphology and elongated pores, and
areas of the PP fibrils were large. Because of the higher conductivity of Au than Os, the
morphological changes during sputtering were larger.

The differences in the images (a) (c) (n) were determined to be sputtered differences
rather than differences in the micro-fiber lengths of different sections of the melt-spun
stretched membranes. In terms of quality uniformity, at this frequency of sampling numbers,
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manufacturing of melt-spun stretched membranes (PP) does not permit the morphology in
(c) and (n).

Figure 2. (1) FE-SEM images of the samples (a), (c), (n), inner surfaces of the capillary membrane,
magnification; 30,000. (2) Distribution of the equivalent pore diameter of the samples, inner lumen of
the capillary membrane determined via FE-SEM, (a), (c), and (n).

These images are different from those of the PP membrane surfaces [18]. The PP
pieces were quenched in liquid nitrogen and coated with Pt using an ion sputter coater
(JEC-3000FC, JEOL Ltd., Tokyo, Japan), SEM imaging at an accelerating voltage of 3 kV
was used [18].

Figure 2(2) shows the distributions of the equivalent pore diameters in (a), (c) and (n).
The distribution of (a) shifted slightly larger than that of (c) and (n). Significant differences
in the equivalent pore diameters were found between (c) and (a) (p = 0.008) and between
(a) and (n) (p = 0.021). Significant differences in the surface porosities were found between
(c) and (a) (p = 0.013) and between (a) and (n) (p = 0.045).

Although charge-up occurred and the images were difficult to stabilize while observing
the nonsputter-coated sample (Figure 2(1) (a)), the equivalent pore diameter and surface
porosity of the observed images were significantly higher than those of (c) and (n). The
slightly smaller equivalent pore diameter and surface porosity of (c) compared to those of
(a) are due to the blockages of the Os sputter-coating, which reduced the size of individual
pores and increased the area of the fibril. In the comparison of samples (a) and (c), the
difference in the graphs shows that the average pore diameter is reduced by 15 nm on
average due to the Os (5 nm) coating, which suggests that larger diameter pores are more
likely to be occluded. Therefore, this can be interpreted as partial occlusion due to the
Os coating.
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These results demonstrate that the images of (a) in the LEI mode and at an accelerating
voltage of 1.0 kV better reflect the morphology and size of the original individual pores.
The relationship between different sputter-coating methods on the porous membrane
made from PP and the observed images is clarified, as well as the differences in the
distribution of equivalent pore diameter and surface porosity. Although the sputter-coating
on the non-conductive samples is mandatory for imaging the morphologies by SEM, the
non-sputtering method is worthwhile for the porous and fragile structure to minimize
morphological alterations caused by metal sputtering.

Figure 3 shows the example of actual analyzed images of Figure 2(a), (c). The openings
on the innermost surface of the membrane were visually checked and numbered one
by one to determine if they were pores or not. Pores were differentiated from convex
morphologies based on the difference in depth. The area and the circle equivalent diameter
were calculated by trimming off the areas that could be recognized as pores one by one.
Contrasts are slightly adjusted. The inner and outer surfaces were observed randomly, so
there are no cross-sectional edges.

 

Figure 3. (a) Image analysis of the samples (a). (c) Image analysis of the samples (c).

3.2. Comparison of LEI and SEI Modes

Figure 4 shows the images in SEI mode (b)(p), compared to the nonsputter-coated
sample imaged in LEI mode (a) and the Au sputter-coated sample imaged in LEI mode (n).

The morphologies of (a) and (b) were quite different. The (b) was affected by the
accelerating voltage of 5.0 kV, and almost all of the elongated pores were deformed during
the observation by FE-SEM, and the convex surfaces of the PP fibril chains also disappeared.

The mean values of the major axis and minor axis of (b) were 166 ± 51 nm (n = 50),
and 53 ± 15 nm (n = 50), respectively [8], so the remaining pores were larger and had a
larger equivalent pore diameter due to the denaturation of the pore structure, compared to
the equivalent diameter of (a) (78 ± 25 nm) (n = 956). The Au sputter-coating image (p)
also showed a characteristic morphology, differing from (n) or (a). Notably, thin PP chains
were severed, pores shrunk or disappeared, and the convexity of the PP fibril chains also
disappeared during FE-SEM observation. A large difference of (p) from the image in (b)
was confirmed because sample (p) was only sputtered with Au with high conductivity.
The results in Figure 4 indicate undesirable physical effects on the membrane, but they are
remarkable outcomes.
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Figure 4. FE-SEM images of the samples ((a), (b), (n), and (p)) and inner surfaces of the capil-
lary membrane, observed in different sputter-coating methods, modes, and acceleration voltages,
magnification; 30,000.

3.3. Appropriate Accelerating Voltages in LEI and SEI Modes (Os Sputter-Coating)

Figure 1 compares images observed in LEI mode (c)(e)(g)(i) with those in SEI mode
(d)(f)(h)(j) at accelerating voltages of 1.0 kV or 2.0 kV, for Os sputter-coating samples. From the
results of Figures 1 and 4, an upper limit of 2.0 kV was set as the accelerating voltage at which
irreversible changes in the sample did not occur while observing the sample in SEI mode.

The images of (c) and (d) are completely different, and (d) is quite different from the
typical image of the PP membrane ((a), nonsputter-coated sample). The deep morphology
of the sample was not confirmed at magnification; 30,000 (d).

The images obtained by changing the accelerating voltage from 1.0 kV to 2.0 kV
in each of (c) and (d) are shown in (e) and (f). The images of (e) and (f) have higher
resolution than those of (c) and (d). In addition, the deep morphologies of the samples are
well-defined in (f) (SEI mode) than in (e) (LEI mode). (c), (d), (e), and (f) are the ones in
which the magnification factor of 30,000X, and those for (g), (h), (i) and (j) are changed to
magnification; 50,000. The images of (g) and (i) (magnification; 50,000) had the same level
of detail compared to (c) and (e) (LEI mode, magnification; 30,000), but (g) and (i) were
slightly more indistinct.

On the other hand, (h) and (j) (SEI mode, magnification; 50,000) showed the same high
resolution and detailed structure compared to (d) and (f) (SEI mode, 30,000X). In addition,
the accelerating voltage of (j) was higher than that of (h), so the accurate pore morphology
in the deep part of (j) was confirmed.
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Figure 5(1) shows a comparison of the enlarged figures of (g), (i), and (j), and Figure 5(2)
shows a comparison of the distributions of their equivalent pore diameters. No significant
differences between (g) and (i), and between (i) and (j) were found in either case.

Figure 5. (1) FE-SEM images of the sample ((g), (i), and (j)), inner surfaces of the capillary membrane,
observed in LEI or SEI mode, the acceleration voltages of 1.0 kV or 2.0 kV, and magnification; 50,000.
(2) Distribution of the equivalent pore diameter of the samples, inner lumen of the capillary membrane
determined via FE-SEM, (g), (i), and (j). red box: another fibril is recognized deeper than the top
surface of the image.
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The differences were obvious when comparing (i) with (j) (accelerating voltage 2.0 kV,
magnification; 50,000) observed in LEI and SEI mode at a more magnified view. The image
of (i) was a little blurred, while (j) had a higher resolution and more detailed structure,
and the deep morphology was also confirmed. Although it is difficult to measure the
depth, since another fibril is recognized deeper than the top surface of the image (red
box), its depth is considered to be deeper than the thickness of the fibril of the top surface
(e.g., 50 nm, 100 nm, etc.). The mean value of the surface equivalent pore diameter of
(j) was 56 ± 25 nm (n = 777) and the surface porosity was 18 ± 3% (n = 3), which were
not significantly different from those of (i), indicating that the surface morphology was
equivalent. These results demonstrate that the deep morphology and precise structure
are clearly confirmed with high resolution without irreversible changes if the accelerating
voltage is appropriately set in SEI mode. Since the images of (j) were quite different from
the previous findings, the reproducibility of these images was carefully validated.

Figure 6 shows the example of actual analyzed images of Figure 5(1) (j). The openings
on the innermost surface of the membrane were visually checked and numbered one by
one to determine if they were pores or not. The area and the circle equivalent diameter
were calculated by trimming off the areas that could be recognized as pores one by one.

 

Figure 6. Image analysis of the sample (j).

3.4. Outer Surface of the Membrane Coated with Silicone Layer

Figure 1(q), (r), (s) and (t) shows the images of the outer surface of the PP membrane
coated with the silicone layer. (q) is an image of a nonsputter-coated sample in LEI mode,
and (s) is an image of a sputter-coated sample with Os in LEI mode.

In both cases, the pores on the outer surface of the membrane were found to be covered
by the silicone layer [7]. The convexity was observed in the (s) image more than in the
(q) image.
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(r) and (t) were observed by SEI mode, (r) was taken with the nonsputter-coating and
an acceleration voltage of 5.0 kV [7], and (t) was taken with the Os sputter-coated sample
at an accelerating voltage of 2.0 kV. (r) was smoother than the others. The features of (t)
were also different from those of (s), this was thought to be because it represented a more
deeper view of the sample.

3.5. Significance of This Study

It is important to precisely design the anisotropy of the pore structure in the cross-
section of the capillary membrane to have highly controlled anisotropic functions [5,9].
Microscopic observation technology such as FE-SEM systems have evolved independently
for each individual system [10,11], and it is necessary to utilize these techniques according
to research needs. The results of this study are expected to further progress the prototyping
and evaluation of such related membranes., and it is expected that next-generation gas
exchange membranes and ECMOs with novel antithrombogenic materials will be put into
practical use.

Although multiple analytical tools should be utilized to achieve a comprehensive
structural analysis, it is noteworthy that the authors are able to reflect on the findings of
the various sample preparations and modes in the previous study, understand the causes,
and apply countermeasures, making this study highly practical. Even though we do not
have other analytical instruments such as permporometry or environmental SEM (ESEM),
the relationship between pore structure and gas permeability of several gases in hollow
fiber membranes have been investigated which are the outcome of this study or by FIB-
SEM [20,21] in future. The goal is to clarify the anisotropic gas permeation behavior in
the anisotropic pore structure of ECMO membranes based on the behavior of Knudsen
flow [22] and Poiseuille flow, and how it depends on the viscosity or molecular weight of
the gas.

When using SEM to observe non-conductive samples, it is difficult to minimize mor-
phological alterations caused by metal sputtering. Since PP has a lower melting point
and PP hollow fiber membranes for ECMO are porous, the observed images of membrane
morphology made from PP showed differences depending on the acceleration voltage
and other conditions by using an FE-SEM. Therefore, we have investigated methods to
minimize morphological alterations caused by Os sputtering or without sputtering. This
is contrary to common sense and has not been seen in previous studies, and utilizing
this method will advance research on a daily basis. Non-sputtered LEI imaging may be
applicable to other porous polymer membranes with similar fragility.

4. Conclusions

In this study, we attempted to observe the original morphology of the porous PP
membranes for ECMO. The unique LEI mode of the FE-SEM reveals the surface convex
morphology of the porous PP membrane for ECMO. Although it is possible to obtain stable
images by the Os sputter-coating on non-conductive materials, the non-sputtering method
is also worthwhile for the porous and fragile structure of the PP membrane with a lower
melting point. On the other hand, the morphology of the deep structure of the porous PP
membrane is confirmed by utilizing the SEI mode at an appropriate accelerating voltage.
It is noteworthy that the authors are able to reflect on the findings of the previous study,
understand the causes, and apply countermeasures, making this study highly practical.
The achievements and approaches of this study are being applied to the development of
next-generation gas exchange membranes.
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Abstract: Innovation in dialysis care is fundamental to improve well-being and outcomes
of patients with end-stage kidney disease. The dialyzer is the core element of dialysis
treatments, as it largely defines which substances are removed from the patient’s body.
Moreover, its large surface size is the major place of interaction of the patient’s blood
with artificial surfaces and thus may lead to undesired effects such as inflammation or
coagulation. In the present article we summarize the development path for a new dialyzer,
including in vitro and clinical evidence generation. We use the example of the novel FX
CorAL dialyzer, which has recently entered European and US markets, to show which steps
are needed to develop and characterize a new dialyzer. The FX CorAL dialyzer includes a
new hydrophilic membrane, which features reduced protein adsorption, sustained perfor-
mance, and an improved hemocompatibility profile, characterized in numerous in vitro
and clinical studies. Safety evaluations revealed a favorable profile, with low incidences of
adverse device effects. Insights gained from both in vitro and clinical studies contribute to
the advancement of dialyzer development, ultimately leading to improved patient care.

Keywords: dialyzer; membrane; hemocompatibility; performance; hydrophilicity; end
stage kidney disease

1. Introduction

Hemodialysis is a life-saving treatment for millions of patients with end-stage kidney
disease (ESKD) [1,2]. The core element of such treatments is the dialyzer, which replaces the
function of the kidney during a ~4 h session, generally three times a week. In contrast to a
continuously working kidney of healthy persons, the dialyzer has to eliminate accumulated
uremic toxins in a very limited time frame from the patient’s body. Thus, the performance
of a dialyzer must approach the selective cleaning characteristics of a healthy human
kidney, i.e., removal of small and middle molecules, while preserving essential proteins
such as albumin. Moreover, during dialysis treatment, patient’s blood contacts artificial
surfaces, such as the capillary fibers, which potentially leads to an activation of different
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blood components, such as immune cells, platelets, or the complement system, contributing
to undesirable outcomes such as inflammation or coagulation/clotting.

Thus, during the development of a new dialyzer, different aspects of performance and
hemocompatibility must be considered to achieve optimal blood-purification properties
and the reduction of short- and long-term adverse events in ESKD patients. Therefore,
thoughtful design, together with excessive in vitro and clinical testing, are necessary to
achieve a high-performing and safe product.

Taking the example of the novel FX CorAL dialyzer (Fresenius Medical Care, Bad
Homburg, Germany), this article summarizes the development path of a new polysulfone
dialyzer, including the scientific evidence-generation stream alongside the development to
characterize performance, hemocompatibility, and safety of this new dialyzer.

2. Development of a New Dialyzer

A dialyzer consists of many parts, including the housing, flange, tubing connectors,
potting, and the core element—the membrane, which mainly defines the dialyzer’s perfor-
mance and hemocompatibility features. While the housing, flange, and tubing connectors
mainly represent the outer dialyzer design, the membrane and potting are located within
the dialyzer.

2.1. Outer Dialyzer Design

With regards to the outer dialyzer design, two main designs are currently available
(Figure 1). In the first variant, the blood enters and leaves the flanges in a vertical direction.
Moreover, the dialysate tubing connections are located within the housing of the dialyzer.
In the second design, both the blood and dialysate tubing connectors are located within
the flanges, and the connections are in a horizontal direction. This design with lateral
blood-inlet ports leads to a spiral and homogenous blood-flow path within the flange
and may increase the performance of the dialyzer [3–6]. Moreover, in contrast to the first
design, the dialysate distribution may be more homogeneous as the dialysate does not only
enter the fiber compartment from one side, but the additional pinnacle structure of the
housing supports the dialysate to enter the fiber compartment from all sides at a similar
flow rate [4–6]. Moreover, the pinnacle structure prevents the detachment of the potting
from the housing, which may happen with dialyzers of design 1, especially when exposed
to higher temperatures. The FX CorAL dialyzer uses the second dialyzer design.

Moreover, different materials can be utilized for the dialyzer outer parts. The two main
materials are polycarbonate and polypropylene. One advantage of polypropylene is the
lower weight, which has positive environmental aspects during, e.g., transportation and
disposal. While dialyzers of design 1 are available with polycarbonate or polypropylene
housings and flanges, the second dialyzer design exclusively uses polypropylene housings
and flanges.
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Figure 1. Outer dialyzer designs. Design 1 with blood inlet and outlet in vertical direction; Design 2
with inlet and outlet in horizontal direction, and dialysate ports within the flanges. The flange of
design 2 leads to a spiral blood flow while the pinnacle structure within the housing allows dialysate
entering from all sides and prevents detachments of the potting from the housing.

2.2. Dialyzer Membrane

Within the dialyzer, the fiber bundle, containing ~5.000–20.000 single capillary fibers,
is potted at the two ends to allow separation of the blood and dialysate compartment.
Based on the number of fibers, as well as the fiber length and geometry, the effective
surface size can be calculated for each dialyzer. For the FX CorAL, nine different models
are available, with surface sizes ranging from 0.6 m2 to 2.5 m2. Moreover, different fiber
geometries are available for the FX CorAL with an inner diameter of 185 μm and wall
thickness of 35 μm for the models FX CorAL 40 (0.6 m2), FX CorAL 50 (1.0 m2), FX CorAL
60 (1.4 m2), FX CorAL 80 (1.8 m2), FX CorAL 100 (2.2 m2) and FX CorAL 120 (2.5 m2),
as well as an inner diameter of 210 μm and wall thickness of 40 μm for the models FX
CorAL 600 (1.6 m2), FX CorAL 800 (2.0 m2) and FX CorAL 1000 (2.3 m2), the latter three
models optimized for hemodiafiltration (HDF) treatments. Due to the different surface
sizes and geometry, the models also differ in their performance characteristics such as
clearance values or ultrafiltration coefficients (e.g., ultrafiltration coefficient FX CorAL 40:
28 mL/h/mmHg, FX CorAL 120: 94 mL/h/mmHg, FX CorAL 600: 60 mL/h/mmHg, FX
CorAL 1000: 82 mL/h/mmHg).

The hollow-fiber membranes may consist of different materials based on cellulose
or synthetic polymers such as polysulfone, poly(aryl)ethersulfone, polyphenylene, acry-
lonitrile, polyester-polymer alloys, or polymethylmethacrylate [6–9]. Synthetic dialyzer
membranes are most widely used in clinical practice. It is important to note that, although
different dialyzers with the same base-material polysulfone exist on the market, continuous
development of the polysulfone membrane during the last decades led to significant differ-
ences in the currently available polysulfone-based dialyzers. This development includes
many different aspects during manufacturing and sterilization, leading to differences in,
e.g., fiber geometry (e.g., inner diameter, wall thickness), pore size distribution, or hy-
drophilicity. One of the most important, and yet intransparent, attributes of polysulfone
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membranes is the concentration and distribution of polyvinylpyrrolidone (PVP). PVP is
added to the membrane spinning mass as a hydrophilic agent, given that polysulfone is
hydrophobic and increased membrane hydrophilicity is associated with reduced membrane
fouling, improved hemocompatibility, and sustained performance [10–21].

For the production of standard hemodialysis membranes, a spinning solution, con-
sisting of a polymer (e.g., polysulfone), co-polymer (PVP), and solvent, is run through the
outer part of the spinneret, while the precipitation fluid (non-solvent) passes the spinneret
through the inner orifice leading to the formation of the hollow fiber, which is then solidi-
fied in a bath containing the non-solvent [22]. During the development of the FX CorAL
membrane (Helixone hydro), the spinning process was refined in a way, in that PVP was
additionally added to the precipitation fluid leading to a PVP-enriched blood-side surface.
Moreover, small amounts of the antioxidant α-tocopherol were added to the spinning
solution, to prevent oxidation and elution of PVP during shelf life [10,13]. The increased
hydrophilicity of the blood-side surface is important given that the inner membrane surface
is the major place of interaction of the patient’s blood during the extracorporeal treat-
ment. The repulsive hydration force of the hydrophilic membrane reduces the interaction
and adsorption of blood components, such as proteins, with the membrane and thus im-
proves hemocompatibility [10,13,14]. Proteins generally bind to such artificial surfaces
and undergo structural changes that subsequently trigger immune system activation [23].
Besides the FX CorAL dialyzer, another dialyzer with hydrophilic membrane modification
is available on the market. The Toraylight NV (Toray Medical, Tokyo, Japan) with the
“Hydrolink membrane” uses a hydrophilic polymer to make its polysulfone membrane
hydrophilic [6,24–28]. In line, also this hydrophilic modification has been associated with
positive hemocompatibility effects, including antithrombotic activity [24,26,28].

PVP stability is another aspect that differs among different dialyzers used in clinical
practice. PVP may undergo oxidation, chain breaks, and subsequent elution from the
membrane, which then may lead to a reduction of the positive effects of this compound.
Generation of elutable PVP may occur either during manufacturing by, e.g., using radiation
as a sterilization process or during shelf life as a continuous slow oxidation process. During
the FX CorAL development and production, both PVP oxidation risks were reduced:
(1) The FX CorAL sterilization process uses INLINE steam sterilization where no radiation
is applied, but hot steam and sterile water are continuously rinsed through the dialyzer.
(2) To reduce oxidation of PVP over time, small amounts of the anti-oxidant α-tocopherol
are added to the spinning mass, leading to a stabilization of PVP over the complete shelf
life [10].

3. Investigation of a New Dialyzer

3.1. Membrane Characterization
3.1.1. Characterization of PVP Content and Elution

To investigate whether the addition of PVP into the precipitation fluid during spin-
ning leads to an increased amount of PVP on the blood-side surface, the Helixone hydro
membrane was tested with X-ray photoelectron spectroscopy (XPS), which allows quan-
tification of the atomic composition just of the fiber surface [13]. When compared to the
predecessor membrane Helixone plus of the FX CorDiax (Fresenius Medical Care, Bad
Homburg, Germany), which does not have additional PVP in the precipitation fluid during
spinning, the novel Helixone hydro membrane had significantly higher PVP content on
the blood-side surface (FX CorAL: 26.3% mass, FX CorDiax: 23.0%, p < 0.05). This was
also the case when comparing to other polysulfone- or polyethersulfone-based membranes
(xevonta [B.Braun, Melsungen, Germany]: 24.7%, p = 0.356; ELISIO [Nipro, Osaka, Japan]:
24.4%, p = 0.219; Polyflux [Baxter, Deerfield, IL, USA]: 18.3%, p < 0.001; Theranova [Baxter,
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Deerfield, IL, USA]: 15.6%, p < 0.001). Moreover, in recirculation experiments up to 10 h, no
elutable PVP from the Helixone hydro membrane was detected (below quantification limit
of 0.5 mg/1.6 m2 dialyzer surface). In contrast, other polysulfone- and polyethersulfone-
based membranes, sterilized with gamma (xevonta: 3.2 mg/1.6 m2, p < 0.001; ELISIO:
2.1 mg/1.6 m2, p < 0.001) or autoclave steam (Polyflux: 9.0 mg/1.6 m2, p < 0.001; Thera-
nova: 9.1 mg/1.6 m2, p < 0.001), showed a strong elution of PVP already after 5 h [13]. In
addition, the generation of elutable PVP was investigated also over the complete shelf-life
of 3 years [10]. Also in these experiments, no eluted PVP was detected from the Helixone
hydro membrane after 3 years, supporting the stabilizing effect of α-tocopherol [29].

These results were in line with the measurements of the surface charge of the dialyzer
membranes [14]. Zeta potential was determined for the FX CorAL and other polysulfone-,
polyethersulfone- and cellulose-based dialyzers. Here, the FX CorAL showed the most
neutral surface charge (−2.38 mV) as compared to all other investigated dialyzers (FX
CorDiax: −5.56 mV, p < 0.001; xevonta: −7.30 mV, p < 0.001; Polyflux: −7.15 mV, p < 0.001;
ELISIO: −7.12 mV, p < 0.001; FDX [Nikkiso, Tokyo, Japan]: −25.74 mV, p < 0.001; Theranova:
−9.39 mV, p < 0.001; Sureflux [Nipro, Osaka, Japan]: −6.28 mV, p < 0.001).

3.1.2. Characterization of Membrane Hydrophilicity

It is well-established that increased PVP content on the membrane surface leads to
increased hydrophilicity [15,20]. This association was also confirmed for the FX CorAL with
contact angle measurements, where fibers are placed in a dye-containing water reservoir
and the capillary height is measured after a predefined time [10]. The contact angle is then
determined based on the capillary height and additional information such as the membrane
geometry. When two membranes with the same geometry but different hydrophilicity
are compared, the more hydrophilic membrane will have a lower contact angle than the
less hydrophilic membrane. In these experiments, the Helixone hydro membrane of the FX
CorAL dialyzer had a significantly lower contact angle then the predecessor membrane
Helixone plus of the FX CorDiax dialyzer (FX CorAL: 45.1◦, FX CorDiax: 51.7◦, p < 0.001),
confirming higher hydrophilicity of this novel membrane [10].

These results were confirmed by atomic force microscopy (AFM) measurements of
the hydrolayer thickness. For the measurement, a fiber is cut lengthwise and affixed on a
slide with the inner lumen exposed. A water droplet is placed on the fiber and on the AFM
probe mount window. The two droplets are then brought together to form a continuous
water bridge. AFM uses a cantilever with a tip that taps or moves on the membrane
surface (Figure 2A). The cantilever bends to a different degree when the tip comes into
contact with the hydrolayer or the membrane surface, leading to a reflection of the laser at
different angles. These laser signals are measured and translated into a force-distance curve
(Figure 2B). The force-distance curve comprises three different sections: (1) the approach
section without increasing force, corresponding to the first step where the tip has no
contact with the hydrolayer or the membrane and thus the cantilever shows no deflection,
(2) a non-linear section, corresponding to the contact of the tip with the PVP-water gel
(“hydrolayer”) and (3) a final linear section with increasing force, corresponding to the
contact of the tip with the solid membrane surface and the strong deflection of the cantilever.
Based on this curve, the thickness of the hydrolayer can be determined as displayed in
Figure 2B. These results showed that the Helixone hydro membrane of the FX CorAL has
a significantly thicker hydrolayer as compared to the Helixone plus membrane of the FX
CorDiax (Figure 2C), in line with the increased PVP content on the blood-side surface and
the lower contact angle, showing that the AFM determination of hydrolayer thickness is
a good measure of membrane hydrophilicity [10,13]. AFM also allows generation of 3D
surface images of dry and wet membranes, showing that the FX CorAL membrane becomes
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smoother than the FX CorDiax under wet conditions (FX CorAL: Ra = 5.3; FX CorDiax
Ra = 11.8) (Figure 2D). Lower membrane roughness is associated with positive effects, such
as lower protein adsorption and blood cell interaction [30,31].

Figure 2. Measurement of hydrolayer. (A) Atomic force microscopy (AFM) determination of hydro-
layer thickness. Membranes are cut open and exposed to water. Contact of the tip to the hydrolayer
and membrane surface leads to a deflection of the cantilever. (B) For analysis, deflection of the
cantilever is plotted in a force-distance diagram and the curved portion represents the thickness
of the hydrolayer. (C) FX CorAL membrane shows a significantly thicker hydrolayer than the FX
CorDiax (n = 30 each, *** p < 0.001). (D) AFM characterization of membrane surface in dry and wet
conditions for FX CorDiax and FX CorAL.

3.1.3. Characterization of Membrane Fouling

Many previous studies demonstrated that increased membrane hydrophilicity,
achieved via increased PVP content, reduces protein adsorption to the membrane via
repulsive hydration force [15–20]. Different experimental approaches were applied to test
whether also the Helixone hydro membrane of the FX CorAL dialyzer also shows lower
secondary membrane formation than other membranes. In the first experiment, the sieving
coefficient of albumin was investigated over time [14]. As proteins from the recirculated
plasma adsorb to the membrane, the sieving coefficient decreases over time, especially in
the first 15 min of plasma contact with the membrane. This is due to a reduction of the
effective pore size by the generated protein layer [10]. These experiments found that the
FX CorAL had the lowest reduction of the albumin sieving coefficient over time, pointing
towards lowest secondary membrane formation. In the second experiment, the increase of
the transmembrane pressure (TMP) at constant inlet and filtrate flows in a plasma recir-
culation experiment was investigated over time. This is also a good marker of secondary
membrane formation, given that with an additional protein layer, more pressure is needed
to achieve the same filtrate flow through the membrane. Also in this experiment, the FX
CorAL showed the lowest increase of the TMP over time, especially in the first minutes
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of recirculation [12]. These results were also confirmed with other protein-containing
solutions, showing generally low protein binding by the Helixone hydro membrane [10,11].

3.2. In Vitro and Clinical Investigation of Performance, Hemocompatibility and Safety
3.2.1. Overview of In Vitro and Clinical Studies with the New Polysulfone Dialyzer

Beyond the necessary performance and hemocompatibility testing, as requested by
respective standards, such as ISO 8637 or ISO 10993, and the information which has
to be presented in the instructions for use (IFU), more detailed investigations may al-
low a better understanding of the new product. For example, the clearance values
presented in the IFU are measured in an aqueous solution. However, in clinical use
the performance changes over treatment time due to protein adsorption to the dialyzer
membrane [10,12,32–38]. Therefore, in vitro and clinical investigation of performance
should take such considerations into account.

Such in vitro and clinical studies were also performed for the FX CorAL dialyzer.
This chapter summarizes and analyzes these in vitro [10–14] and clinical studies [39–42]
regarding the key dialyzer features. Moreover, Tables 1 and 2 give an overview of these
in vitro and clinical studies, respectively.
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3.2.2. Investigation of Performance
Importance of a High-Performing Dialyzer

The major function of the dialyzer is the removal of uremic toxins and excess water
from patients with ESKD. These uremic toxins have a broad molecular weight range and
have been associated with different comorbidities such as inflammation, malnutrition or
cardiovascular disease [43–47]. This is especially the case for so-called middle molecules
such as β2-microglobulin (~12 kDa), as higher levels have been linked to reduced survival
among dialysis patients [46,48,49]. Therefore, efficient removal of such toxins during
dialysis is fundamental for the well-being of patients with ESKD. Moreover, besides the
efficient removal of a broad range of uremic toxins, the dialyzer shall have a sharp molecular
weight cut-off to prevent significant loss of essential proteins, such as albumin. Reduced
serum albumin concentration contributes to protein-energy wasting in dialysis patients
and is a strong predictor of mortality [50–52].

Furthermore, while manufacturers present dialyzer performance values, such as
clearances, in the respective IFUs, it is important to understand that dialyzer performance
is not constant but may change during a dialysis session. This is mainly due to the
formation of a secondary membrane as adsorption of plasma proteins to the dialyzer
membrane reduce the effective pore size [11,12,34]. This effect of reduced performance is
predominant for larger proteins than for smaller solutes such as urea, creatinine or vitamin
B12 [11,12,34–37].

Therefore, in vitro and clinical testing during the development and investigation of a
new dialyzer shall take all these considerations into account. The following two chapters
summarize the in vitro and clinical studies regarding performance characterization of the
FX CorAL dialyzer.

Investigation of Performance in In Vitro Studies

Beyond the standard performance testing for the IFU, including measurements of
clearances at different flow rates (e.g., urea, creatinine, phosphate, vitamin B12, cytochrome
C), sieving coefficients (e.g., β2-microglobulin, myoglobin, albumin), dialyzer mass transfer-
area coefficient (K0A), ultrafiltration coefficients or pressure drop at the blood compartment,
further in vitro testing was performed to characterize the impact of hydrophilic membrane
modification of the FX CorAL with regard to performance stability over treatment time.

First, in contrast to the IFU sieving coefficient data, which are determined typically af-
ter 30 min of plasma recirculation, time-dependent characterization of the β2-microglobulin,
myoglobin, and albumin sieving coefficients up to 240 min was performed [12,14]. In these
investigations, sieving coefficients for all three proteins decreased over time, with the
strongest decrease in the first ~20 min of plasma recirculation and with a higher magnitude
for larger (i.e., albumin, 68 kDa) than for smaller (i.e., β2-microglobulin, 12 kDa) proteins.
In these experiments, the FX CorAL had the lowest reduction of the sieving coefficients
as compared to other synthetic dialyzers, pointing towards lower secondary membrane
formation due to increased membrane hydrophilicity. Based on these time-dependent
sieving coefficient data, molecular weight retention curves were generated, which showed
the lowest shift over time towards lower Stokes radius for the FX CorAL, as compared to
the other investigated dialyzers (FX CorAL: −0.23 nm at sieving coefficient of 50%; ELISIO:
−0.29 nm; xevonta: −0.50 nm) [12]. These curves also allowed to determine the molecular
weight cutoff (MWCO, molecular weight or Stokes radius at sieving coefficient of 10%) and
molecular weight retention onset (MWRO, molecular weight or Stokes radius at sieving
coefficient of 90%) over time. For all investigated time points, the FX CorAL showed the
steepest molecular weight retention curve, leading to the lowest difference between MWCO
(2 min: 2.66 nm; 120 min: 2.51 nm) and MWRO (2 min: 1.96 nm; 120 min: 1.65 nm), as
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compared to the other investigated dialyzers in this study. This supports the selective
permeability of the FX CorAL membrane, with high permeability for middle molecules
while preventing significant loss of essential proteins, such as albumin, in parallel. In line
with these data, the mean effective pore radius declined to a lower extent for the Helixone
hydro membrane of the FX CorAL, as compared to the other investigated dialyzers [12].
When, for example, comparing the pore distribution of the FX CorAL and xevonta dialyzers
before and after protein fouling in relation to the Stokes radius of β2-microglobulin, the per-
centage of pores with an effective radius greater than the Stokes radius of β2-microglobulin
before protein fouling was much higher (2 min: FX CorAL: 98.7%; xevonta: 97.2%) than
after protein fouling (120 min: FX CorAL: 92.4%; xevonta: 85.8%), with a lower decrease
for the FX CorAL dialyzer [11]. Interestingly, the performance for the small molecules urea
and creatinine remained stable throughout the investigated time (60 min) for all dialyzers,
supporting previous studies, that secondary membrane formation especially impacts the
elimination of larger molecules [11,34–37].

Second, in recirculation experiments with human plasma and other protein-containing
solutions, the impact of secondary membrane formation on membrane filtration characteris-
tics was investigated [11,12]. Typically, due to the additional protein layer, which is formed
during treatment, more pressure is needed to achieve the same filtration flow through the
dialyzer membrane [7,11,12]. In recirculation experiments with constant inlet and filtration
flows, the FX CorAL showed the lowest TMP increase throughout the experiment, as com-
pared to all other investigated dialyzers, pointing towards lowest secondary membrane
formation [11,12]. This was especially the case in the first ~30 min, where the protein
fouling process is most active. Vice versa, when investigating the reduction of filtration
flow at constant TMP, the FX CorAL showed the most stable filtration rate, which may
help to achieve high exchange volumes during hemodiafiltration treatments [11], recently
shown to improve mortality among dialysis patients as compared to standard high-flux
hemodialysis treatments [53].

Third, in an in vitro study the potential albumin loss by the FX CorAL over a 240-min
treatment was compared to other dialyzers [12]. In line with the lowest initial albumin
sieving coefficient of the FX CorAL, this dialyzer showed a low level of albumin loss
throughout the total duration [12,14].

Investigation of Performance in Clinical Studies

Four clinical studies investigated the performance of FX CorAL in a randomized
controlled setting (Table 2) [39–42]. Table 3 presents an overview of patient characteristics
and treatment parameters. The main difference in the treatment parameters between the
four clinical studies was the use of autosub plus in the comPERFORM study, leading
to higher substitution and, accordingly, higher convection volumes. When comparing
the treatment parameters to the recommendation of ≥23 L convection volume during a
HDF treatment, which has recently been associated with improved patient survival [53],
comPERFORM and eMPORA III reached this threshold.
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Table 3. Patient characteristics and treatment parameters in clinical studies performed with the FX
CorAL dialyzer.

eMPORA I eMPORA II comPERFORM eMPORA III

Patient characteristics *

Age [years] 66.3 ± 13.6 67.8 ± 13.4 64.8 ± 14.5 67.0 ± 15.6

Gender [% male] 76 74 85 74

Mean BMI [kg/m2] 27.7 ± 5.8 28.9 ± 6.6 28.2 ± 7.5 27.3 ± 5.1

Diabetes [%] 31 36 21 34

Median time on RRT [months] 42 50 56 40

Treatment parameter (online post-dilution HDF) **

Blood flow rate [mL/min] 303 ± 29 306 ± 29 331 ± 12 345 ± 44

Dialysate flow rate [mL/min] 499 ± 5 500 ± 0.1 529 ± 19 577 ± 96

Substitution volume [L] 20.2 ± 5.7 17.6 ± 4.5 25.4 ± 2.8 21.0 ± 3.2

Ultrafiltration volume [L] 1.9 ± 1.1 2.2 ± 1.2 2.0 ± 0.2 2.3 ± 1.0

Effective treatment time [min] 269 ± 29 272 ± 29 273 ± 14 262 ± 21

BMI: body mass index; RRT: renal replacement therapy; * Patient characteristics are presented for the total
population in the respective studies; ** Treatment parameters are presented for the treatments with the FX CorAL
dialyzer. No significant differences were found between treatments with other dialyzers.

All four studies investigated β2-microglobulin removal as the primary endpoint.
Moreover, removal rates and clearances of other uremic toxins of different molecular ranges
were also investigated in all studies. Albumin loss into the dialysate was investigated in
the comPERFORM study only (Table 2). The results for the comparisons between dialyzers
are summarized in Table 4.

Table 4. Primary and secondary performance endpoints in clinical studies performed with the FX
CorAL dialyzer.

Performance Parameter eMPORA I eMPORA II comPERFORM eMPORA III

FX CorAL vs. FX CorAL vs. FX CorAL vs. FX CorAL vs.
FX CorDiax FX class SUREFLUX Polyflux xevonta ELISIO FX CorDiax xevonta

β2-m RR [non-inferiority] � � � � � � � �
β2-m RR [superiority] - - � c � � c �
β2-m clearance c � � c � � c �
Myoglobin RR c � # # � � � �
Myoglobin clearance c � # c � c � �
Phosphate RR # # c c c c c c

Phosphate clearance c c c c c c c c

Creatinine RR # c c c c c c c

Creatinine clearance c c # c c c c c

Urea RR c c c c c c c c

Urea clearance c c # # c c c c

Albumin loss - - - - c c - -

β2-m: β2-microglobulin; RR: removal rate; �: FX CorAL significantly higher vs. comparators; #: FX CorAL
significantly lower vs. comparators; c: comparable; -: not determined.

Across all four clinical studies, the FX CorAL showed the highest β2-microglobulin
removal rate as compared to all other investigated dialyzers (Figure 3). Statistical analysis
of non-inferiority and superiority testing is given in Table 4, showing that the predefined
endpoints were reached. While these differences appear numerically low, it has to be
taken into account that these results were obtained from a single treatment and these small
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differences during the repeating dialysis sessions may have a meaningful clinical impact on
the patients over time. Longer clinical studies are needed to investigate this performance
improvement relative to patient morbidity and mortality rates.

Figure 3. β2-microglobulin removal rates (least square mean ± standard error) of FX CorAL and
comparators in the four randomized controlled trials eMPORA I, eMPORA II, comPERFORM, and
eMPORA III [39–42].

When comparing the β2-microglobulin removal rates across the four clinical stud-
ies, eMPORA I and II achieved lower removal rates, as compared to eMPORA III and
comPERFORM, which applied higher convection volumes.

Moreover, it is important to mention that these clinical results for the β2-microglobulin
removal rate are in line with the in vitro investigations of the FX CorAL dialyzer [12].
Also here, the FX CorAL showed the highest β2-microglobulin sieving coefficient values
throughout the experiment (2 min: 98.8%, 120 min: 91.6%) when compared to the ELISIO
(2 min: 91.0%, 120 min: 84.0%) and xevonta (2 min: 96.3%, 120 min: 87.6%) dialyzers.
To obtain high removal rates during treatment, it is crucial that the dialyzer membrane
sustains the selective permeability throughout the treatment, which is achieved by the FX
CorAL due to lower protein absorption to its membrane.

The results for the secondary endpoints in the four clinical studies regarding removal
rates and clearances of middle molecules (β2-microglobulin, myoglobin) were in line with
the primary endpoint, reflecting the optimization of the new Helixone hydro membrane of
FX CorAL dialyzer for middle molecule removal. Regarding removal rates and clearances
of smaller molecules, such as phosphate, creatinine, and urea, the results were mostly
comparable between the different investigated dialyzers.

The comPERFORM study also investigated the albumin loss during the dialysis
session by measuring the albumin concentration in the spent dialysate. Here, the FX CorAL
demonstrated the lowest amount of albumin loss up to the 60-min time point. Albumin
sieving of FX CorAL remained almost constant thereafter, whereas the other dialyzers’
sieving rates showed a change of the sieving kinetics. These data are in line with in vitro
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examinations indicating lower secondary membrane formation by protein adsorption on
the Helixone hydro membrane [14].

Besides the eMPORA and comPERFORM studies, two further clinical studies by other
groups also investigated the performance of the FX CorAL dialyzer in high-volume post-
dilution HDF treatments [27,54]. The first study was a prospective study with 19 patients,
comparing different models of FX CorAL and FX CorDiax (surface size between 1.4 m2

and 2.0 m2) [54]. Beyond the performance markers investigated in the eMPORA and
comPERFORM studies, this study additionally investigated the reduction ratios (RR) of
the larger kappa free immunoglobulin light chains (22.5 kDa), prolactin (23 kDa), α1-
microglobulin (33 kDa), α1-acid glycoprotein (41 kDa), lambda-free immunoglobulin light
chains (45 kDa), as well as albumin RR and loss (68 kDa). No significant differences were
found for the small, middle, and larger molecules when comparing the FX CorAL and
FX CorDiax with the same surface size, except for the lambda-free immunoglobulin light
chains, where FX CorDiax 80 had significantly higher RR than FX CorAL 80. Also, no
differences were found in terms of albumin loss. These results are in line with the eMPORA
I and eMPORA III studies, which also compared the FX CorAL and FX CorDiax dialyzers
(FX CorAL 600 vs. FX CorDiax 600) and found slightly higher removal rates for the FX
CorAL dialyzer (Figure 3) (ß2-microglobulin RR from Maduell et al. [54]: FX CorAL 600:
85.4%, FX CorDiax 600: 84.1%). As these differences are not significantly different, it has to
be noted that the development of the FX CorAL aimed to improve hemocompatibility by
reducing protein adsorption to the membrane. Indeed, reduced fouling is also associated
with more stable performance during treatment, but also other parameters such as pore
size distribution determine the overall dialyzer performance.

The second study was also a prospective study with 20 patients, comparing the
performance of the Toraylight NV 2.1 dialyzer (Toray Medical, 2.1 m2) with the performance
of the FX CorAL 800 (2.0 m2) dialyzer [27]. The study investigated the same markers as
mentioned in the previous study and additionally measured the protein-bound uremic
toxins p-cresyl sulfate (188 Da) and indoxyl sulfate (213 Da). No differences in the RR
were found for the small molecules, as well as for β2-microglobulin, indoxyl-sulfate, and p-
cresyl sulfate. For the larger molecules myoglobin, kappa free immunoglobulin light chains,
prolactin, α1-microglobulin, α1-acid glycoprotein, and lambda-free immunoglobulin light
chains, the Toraylight NV 2.1 dialyzer showed higher RR than the FX CorAL 800 dialyzer
under the same convection conditions. However, under these conditions, a substantial
albumin loss over 5 g per session in more than 50% of the patients was observed in
treatments with the Toraylight NV 2.1 dialyzer, which was not the case in treatments with
the FX CorAL dialyzer (FX CorAL 800: 1.3 g, Toraylight NV 2.1: 6.2 g).

3.2.3. Investigation of Hemocompatibility
Importance of a Hemocompatible Dialyzer

Hemocompatibility is an indispensable feature of dialyzer membranes and comprises
many complex reactions between blood components and artificial surfaces, especially
with the membrane, given its large surface size. These interactions trigger a cascade
of immune, coagulative, and inflammatory responses, including complement activation,
platelet activation, coagulation, as well as cell activation, inflammation, and oxidative
stress [23,55,56].

1. Complement activation

Complement activation is one of the primary immune responses to foreign surfaces.
After contact of blood to the dialyzer membrane, complement proteins, especially C3,
bind to the surface and undergo activation. This initiates the alternative complement
pathway, which is typically the primary pathway in this context [55,56]. However, the lectin
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pathway and classical pathway can also be involved depending on the membrane’s surface
properties [55–58]. Upon activation, C3 initiates a complement cascade activation, leading
to the generation of different complement factors and finally the formation of the cytolytic
membrane attack complex (C5b-9, MAC) [23,55,56,59]. Although full C5b-9 formation
on cell surfaces in dialysis is rare, sublytic MAC fragments cause cellular activation and
inflammation [23,55,56]. During the complement cascade activation and MAC formation,
two fragments, C3a and C5a, also known as anaphylatoxins, are released [23,55,56,60].
These small peptides are potent pro-inflammatory molecules that attract and activate
leukocytes, contributing to systemic inflammation. Chronic complement activation leads
to a constant low-grade inflammatory state in dialysis patients, which contributes to
cardiovascular complications, immune suppression, and poor clinical outcomes [23,55,61].

2. Platelet activation and coagulation

Platelet activation and coagulation is a further critical hemocompatibility challenge
during the development of new dialyzers, given the thrombogenic potential of dialysis
membranes [23,56]. Upon contact to non-endothelial surfaces like dialysis membranes,
platelets adhere and become activated [23,56]. This activation is mediated by membrane
receptors such as glycoprotein IIb/IIIa (GPIIb/IIIa), which undergo conformational changes
that lead to platelet aggregation [21,23,56]. Additionally, complement fragments, especially
C3a and C5a, interact with platelets and increase their activation. C5a can bind to platelet
receptors, enhancing the release of pro-coagulant molecules and aggregation. Activated
platelets release ADP, thromboxane A2, and other pro-thrombotic molecules, creating a
positive feedback loop that encourages further platelet activation and thrombus formation
on the dialysis membrane [23,56,62]. Beyond platelet activation, hemodialysis induces
activation of the plasmatic coagulation system. This is evidenced by increasing levels of
thrombin-antithrombin (TAT) complexes, indicating elevated thrombin generation during
dialysis treatment [63–65]. Increased activation of platelets and the plasmatic coagulation
system raise the risk of clot formation in the dialysis circuit, necessitating anticoagulation
therapy. However, this also elevates the bleeding risk for patients, creating a complex
clinical management challenge.

3. Cell activation, inflammation and oxidative stress

Cell activation during dialysis affects different cell types beyond platelets such
as leukocytes or endothelial cells [23,55,56,66,67]. Activated leukocytes release pro-
inflammatory cytokines such as TNF-α, IL-1β, and IL-6, as well as reactive oxygen species
(ROS), contributing to systemic inflammation [23,55,56]. Increased ROS leads to oxidative
stress, which exacerbates inflammation and may damage red and white blood cells, increas-
ing cell fragility and disrupting normal cellular functions [23,55]. Besides ROS, also the
anaphylatoxins C3a and C5a may activate different cells in the patient, such as endothelial
cells [23,55]. Endothelial activation results in the upregulation of adhesion molecules like
ICAM-1 and VCAM-1, facilitating leukocyte adherence and transmigration [23,68]. This
response can impair vascular function and contribute to atherosclerosis in chronic dialysis
patients [23]. Chronic cell activation in dialysis patients leads to a persistent inflamma-
tory state and oxidative stress, which are linked to complications such as atherosclerosis,
cardiovascular disease, anemia, and reduced immune function [23,61].

Investigation of Hemocompatibility in In Vitro Studies

During the development of the FX CorAL dialyzer, in vitro hemocompatibility studies
were performed to characterize the activation of complement factors C3a, C5a, and sC5b-9
in a recirculation setup with human blood [14]. Here, the FX CorAL showed the lowest
complement activation for all factors as compared to seven polysulfone-, polyethersulfone-
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and cellulose-based dialyzers. While most of the investigated dialyzers showed higher
complement activation than the reference dialyzer (FX class, Fresenius Medical Care), which
was run in parallel for standardization, the FX CorAL showed a −39.4% [C3a], −57.5%
[C5a], and −58.9% [sC5b-9] lower complement activation than the reference dialyzer [14].

In the same recirculation setup with human blood, also platelet loss, as a marker
of platelet activation, was investigated [13]. Also here, the FX CorAL showed lower
platelet loss than all other investigated dialyzers. When comparing platelet loss to the
reference dialyzer, the FX CorAL showed a −225.2% lower platelet loss. This indicates
lower activation of platelets by the hydrophilic membrane of the FX CorAL dialyzer.

The results of these in vitro hemocompatibility investigations strongly correlated
with the slope of the albumin sieving coefficient decrease over time, supporting previous
evidence that protein adsorption to the membrane may trigger complement activation,
coagulation, and inflammation [10,13,14,23,55,56].

Investigation of Hemocompatibility in Clinical Studies

Hemocompatibility was also investigated in clinical studies. In total, three studies
compared the hemocompatibility profile of the FX CorAL to other dialyzers on the market
(Table 2) [39,40,42]. The results for these studies are summarized in Table 5.

Table 5. Overview of hemocompatibility markers in clinical studies performed with the FX CorAL
dialyzer.

Performance

Parameter
eMPORA I eMPORA II eMPORA III

FX CorAL vs. FX CorAL vs. FX CorAL vs.
FX CorDiax FX class SUREFLUX Polyflux FX CorDiax xevonta

Complement activation

C3a c15 c15 �15 c15 �15 �15

C5a c15 �15 �15 c15 - -

sC5b-9 c15 �15 �60 �60 c60 �60

Cell activation/
inflammation

Leukocyte counts c15 c15 �15 �15 �15 c15

Monocyte counts c240 c240 c240 c240 c15 �15

Neutrophile counts c240 c240 c240 c240 �15 c15

PMN elastase c240 c240 c240 �240 �60 �60

LTB4 - - - - �15 c15

IL-6 - - - - cAUC cAUC

IL-8 - - - - cAUC cAUC

sICAM-1 - - - - c240 c240

hsCRP c240 c240 - - c0 c0

Platelet activation/
coagulation

Platelet counts c240 c240 c240 �240 c15 c15

β-TG - - c240 c240 �60 �60

TxB2 - - - - c15 #15

TAT c240 c240 c240 c240 - -

Oxidative stress
MDA - - - - cAUC cAUC

GSH-Px activity - - - - cAUC cAUC

Contact phase activation Kallikrein c240 c240 c240 c240 - -

PMN elastase: Polymorphonuclear elastase; LTB4: Leukotriene B4; IL-6: Interleukin 6; IL-8: Interleukin 8; sICAM-
1: Soluble intercellular adhesion molecule-1; hsCRP: high-sensitivity C-reactive protein; β-TG: β-Thromboglobulin;
TxB2: Thromboxane B2; TAT: Thrombin-antithrombin; MDA: Malondialdehyde; GSH-Px: glutathione peroxidase;
�: FX Coral significantly better vs. comparator; #: comparator significantly better vs. FX CorAL; c: comparable;
-: not determined; superscript numbers indicate the timepoint of measurement reported in the respective study:
0: pre-treatment, 15: 15 min after treatment start, 60: 60 min after treatment start; 240: 240 min after treatment
start; AUC: area under the curve over 0–240 min of treatment.
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All three studies investigated complement activation, platelet activation, as well as
immune cell activation during the treatment. eMPORA III also investigated interdialytic
changes of hemocompatibility markers [42].

Regarding complement activation, the studies investigated the course of complement
factors C5a (eMPORA I and II [39,40]), C3a, and sC5b-9 (all three studies [39,40,42]) during
the dialysis sessions at time points 15 min, 60 min, and 240 min as well as before the dialysis
treatment. For all dialyzers, the complement factors showed a typical course over time,
with a peak value at 15 min for C3a and C5a and at 60 min for sC5b-9. The FX CorAL
dialyzer showed the lowest C3a and sC5b-9 peak levels across all three studies. Figure 4
shows the relative sC5b-9 peak levels at 60 min compared to the FX CorAL dialyzer. The
increases of the complement factor levels were in most cases significantly lower for the FX
CorAL dialyzer as compared to the other investigated dialyzers (Table 5).

Figure 4. Relative sCb5-9 levels during treatment with of FX CorAL and comparators in the three
randomized controlled trials eMPORA I, eMPORA II, and eMPORA III [39,40,42]. FX CorAL is used
as reference.

Regarding platelet activation, all three studies investigated platelet counts during
the dialysis sessions at time points 15 min, 60 min, and 240 min as well as before the
dialysis treatment. For all dialyzers and all studies, platelet counts dropped after treatment
start, as typically observed during dialysis treatments [69]. While the platelet drop with
the FX CorAL was numerically lower in most comparisons with other polysulfone- or
polyethersulfone-based dialyzers, statistical significance was only reached vs. Polyflux at
240 min (Table 5). However, when investigating β-Thromboglobulin (β-TG), as a sensitive
marker of platelet activation, eMPORAIII showed a clear and significant differentiation
between the FX CorAL and the other comparators, with the FX CorAL treatments having
the lowest β-TG levels throughout the session. In contrast, Thromboxane B2 (TxB2), which
is also a marker of platelet activation showed inconsistent findings, which could be caused
by its strong elimination during treatment due to the low molecular weight (371 Da).
Regarding plasmatic coagulation activation, eMPORA I and eMPORA II investigated

88



Membranes 2025, 15, 132

Thrombin-antithrombin III (TAT) but could not find any significant differences between the
different dialyzers.

Regarding cell activation, inflammation, and oxidative stress, also different markers
were investigated in the three clinical studies during the treatment sessions (Table 5).
Leukocytes typically show a drop in their cell counts after treatment start [70], which was
also observed in the eMPORA studies, and which is a marker of cell activation during
dialysis treatments. The FX CorAL generally induced a lower leukocyte drop 15 min after
treatment start, pointing towards lower immune cell activation. In line, FX CorAL also
showed lower levels of Polymorphonuclear (PMN) elastase and Leukotriene B4 (LTB4),
two markers of leukocyte activation, in eMPORA II and eMPORA III studies. All other
investigated markers of cell activation, inflammation and oxidative stress did not differ
between the different dialyzers (Table 5).

3.2.4. Investigation of Safety
Investigation of Safety in Clinical Studies

An essential requirement for each novel dialyzer is its safe use during dialysis treat-
ments. Therefore, investigation of safety in clinical studies is a critical part and has also
been part of all studies performed with the FX CorAL dialyzer.

Adverse events (AEs), which are evaluated in the context of such clinical studies, can
be categorized based on their seriousness (serious vs. non-serious), relation to the medical
device (i.e., dialyzer) and/or medical procedure (i.e., dialysis treatment), and whether they
are expected or unexpected.

Serious adverse events (SAEs) are distinguished from non-serious adverse events
(nsAEs) by their life-threatening nature, requirement for hospitalization, or significant
medical consequences. AEs directly linked to the dialyzer and/or medical procedure are
classified as adverse device effects (ADEs) and may include issues arising solely from
the device or medical procedure or both. Expected ADEs are those anticipated based
on prior clinical knowledge or device specifications, while unexpected events represent
unanticipated reactions.

Table S1 gives an overview of AEs including the respective numbers of AEs in the four
clinical studies [39–42], summarized for all investigated dialyzers.

To determine the safety profile of the FX CorAL dialyzer, particular focus was placed
on collecting and analyzing (S)ADEs related to dialyzers alone or in combination with
medical procedure reported across all four studies. Figure S1 illustrates known (S)ADEs in
dialysis along with their clinical manifestations (medical conditions and symptoms).

ADE types occur with varying frequency and severity and significantly impact patient
outcomes [71–77].

Among the most common ADEs are fluid- and electrolyte imbalances, which result
from improper ultrafiltration or ionic clearance during dialysis sessions [78–80]. These
issues can manifest as hypovolemia or hypervolemia, leading to symptoms such as dizzi-
ness, fatigue, headache, edema, or even cardiac arrhythmias in severe cases [79,81,82].
Intradialytic hypotension, occurring in up to 10–12% of dialysis sessions, is typically caused
by excessive fluid removal, resulting in reduced blood pressure leading to symptoms
like dizziness, fainting, nausea, vomiting, or shock in severe cases [83–85]. Electrolyte
disturbances, including hypokalemia or hyperkalemia, are also frequent and may cause
muscle cramps, weakness, headache, or life-threatening arrhythmias [86–88].

Hemocompatibility issues, including clotting within the dialyzer, are another prevalent
complication [89,90]. Insufficient anticoagulation or patient-specific factors often contribute
to clotting, reducing treatment efficiency and potentially causing anemia, fatigue, or throm-
bogenicity [91]. Hemolysis, though less common, arises from mechanical stress or improper
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dialysis settings [92,93]. It presents with symptoms such as dark urine, jaundice, or, in
severe cases, circulatory shock [94].

Biocompatibility issues related to the dialyzer materials include allergic reactions
and endotoxin-related pyrogenic reactions. Allergic reactions, which are relatively rare,
represent a subset of hypersensitivity reactions and are caused by an IgE-mediated im-
mune response to the dialyzer membrane or sterilization agents that begin a few minutes
after starting dialysis [95,96]. Symptoms can range from mild itching and rash to severe
anaphylaxis [97]. Regarding dialyzer materials, some previous studies speculated that
PVP could be a possible cause for the rarely occurring hypersensitivity reactions during
treatments with synthetic dialyzers [98–101]. Typically, these patients are then switched
to cellulose-based or polymethylmethacrylate (PMMA) dialyzers for the next treatments.
Whether dialyzers, which do not elute PVP into patient’s blood, such as the FX CorAL, may
be an adequate alternative for these patients, needs to be evaluated in the future. Regard-
ing endotoxin retention, pyrogenic reactions can result from inadequate water treatment
or filter contamination [102–104]. These reactions manifest as fever and chills and may
exacerbate preexisting inflammation or lead to sepsis in vulnerable patients [77].

Vascular access complications, including infections or thrombosis are another sig-
nificant concern [105–108]. Infections at the access site, such as arteriovenous fistulas or
central venous catheters, can lead to systemic sepsis, with fever, chills, and tachycardia
being common indicators [109]. Thrombosis or stenosis may cause access failure, pain,
or swelling, requiring surgical intervention [107,108]. Hematomas and air embolisms,
though rarer, can also arise, leading to discomfort or critical symptoms like syncope and
dyspnea [75,110].

Device-related mechanical failures, while less common, include blood loss due to
circuit disconnections, hemolytic reactions mechanically induced by kinked dialysis lines,
pump malfunctions causing insufficient blood flow, and improper temperature of the
dialysate or blood circuit, or sensor failures affecting ultrafiltration and blood pressure
monitoring [92,111,112]. Such events can compromise treatment and result in feeling cold
or in severe symptoms like anemia or intradialytic hypotension.

Dialysis disequilibrium syndrome is one of the rarest but most severe compli-
cations, arising from rapid solute removal that leads to osmotic shifts and cerebral
edema [75,113,114]. Symptoms include headache, nausea, vomiting, seizures, and in
extreme cases, coma.

Investigation of Safety in FX CorAL Studies

1. Safety population and methodology

The analysis presented in this article is a summary of safety information reported in
the four clinical studies with the FX CorAL dialyzer [39–42]. The total number of study
patients and treatment sessions for this safety analysis across all investigated dialyzers was
249 and 4149, respectively. The number of patients and treatments for the investigational
device FX CorAL and the 6 comparator dialyzers are given in Table S2.

In all studies, adverse events were classified according to the MedDRA Preferred
Terms (PT) and assigned to broader Level 1 categorization terms based on clinical context,
seriousness, severity, relationship to the dialyzer and/or medical procedure, expectedness,
and patient outcomes, as described before. The frequencies of adverse events were calcu-
lated based on the number of study patients and the number of treatments administered.

2. ADE Types and Frequency

Among the total safety population of 249 study patients and 4149 treatment sessions
(Table S2), a total of 446 adverse events were documented, categorized as either serious
(SAEs, n = 27) or non-serious (nsAEs, n = 419) (Table S1). Of these 446 adverse events,
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94 were linked to the dialyzer and/or medical procedure (ADE: 93/SADE: 1). A total of
39 study patients (15.7% of the total population) experienced at least one ADE.

Most ADEs were solely related to the medical procedure, and only a lower frequency
was related to the dialyzer or to both (Table S1). Of 94 (S)ADEs across the four clinicals
studies, 46 AEs were linked solely to the medical procedure, while 14 AEs were related
exclusively to the dialyzer, and an additional 34 AEs were related to the medical procedure
and the dialyzer. These results are in line with the literature, which identified dialysis
procedure per se as the most common cause for ADEs [73–77,85,115]. It is important to
note that ADEs in dialysis treatments are often multifactorial, involving both the dialyzer
and the procedure (Figure S1).

The respective adverse events according to MedDRA Preferred Terms (PT) are listed
in Table 6. The most frequently observed Level 1 adverse event category was electrolyte
imbalance and include events such as muscle spasms, myalgia, vomiting, malaise, pain,
asthenia, palpitations, hyperphosphatemia, or hyperkalemia. Muscle spasms were the
most reported adverse event in this category, observed in 7.2% of patients (n = 18) and in
0.4% of treatments. Across all studies, electrolyte imbalance occurred 41 times, leading to
a frequency of 16.5% among all study patients and of 1.0% among all study treatments.
The second most common observed Level 1 adverse event category was fluid imbalance
with 27 occurrences, equating to 10.8% of patients and 0.7% of treatments. Intradialytic
hypotension was the most common adverse event in the fluid imbalance category, affecting
3.6% of patients (n = 9) and occurring in 0.2% of treatments, a frequency notably lower
than the 10–12% reported in the literature [84]. The other findings are consistent with the
types and frequency categories of AEs typically associated with dialysis treatments, where
large fluid shifts and electrolyte corrections are inherent to the procedure [115]. However,
some symptoms, like ear pain, flatulence, and defecation urgency, also might be due to
other underlying medical conditions. The other observed Level 1 adverse event categories
had a much lower frequency, ranging from 0.4% to 2.4% of study patients and 0.1% or
lower of study treatments. The absence of pyrogenic reactions, microbial contaminations
and allergic reactions was a positive deviation from literature data [77,102–104], reflecting
effective sterilization and infection control measures.

Importantly, none of the ADEs with relationship to the dialyzers were classified as
serious (Table S1), indicating that no events led to significant deterioration in health or
required major medical interventions. One ADE with relationship to the medical procedure
was classified as serious, linked to the level 1 term electrolyte imbalance (MedDRA PT:
hyperkalemia), and occurred during the treatment sequence with the xevonta dialyzer.
In general, the severity of the ADEs was predominantly mild, with a few instances of
moderate severity, particularly related to electrolyte and fluid imbalances.

Moreover, in line with the previous literature, all identified ADEs in the present
studies were expected (Table S1), meaning they were expected as potential outcomes of
dialysis treatments.

The outcomes of all reported ADEs were favorable, with all events either resolving
completely or being ongoing without serious or fatal outcomes. No cases resulted in severe
long-term effects or sequelae, further supporting the safety profile of the HDF procedures
and the dialyzers used in these studies.

91



Membranes 2025, 15, 132
T

a
b

le
6

.
Fr

eq
ue

nc
y

of
(S

)A
D

Es
in

cl
in

ic
al

st
ud

ie
s

pe
rf

or
m

ed
w

it
h

th
e

FX
C

or
A

L
di

al
yz

er
.

L
e
v

e
l

1
T

e
rm

A
d

v
e
rs

e
E

v
e
n

t
(M

e
d

D
R

A

P
T

)

T
o

ta
l

O
cc

u
rr

e
n

ce
s

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/B
o

th
]

F
re

q
u

e
n

cy
P

e
r

P
a
ti

e
n

t
[%

]
*

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/

B
o

th
]

F
re

q
u

e
n

cy
P

e
r

T
re

a
tm

e
n

t
[%

]
**

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/

B
o

th
]

O
cc

u
rr

e
n

ce
s

P
e
r

D
e
v

ic
e

[D
e
v

ic
e

R
e
la

te
d

/P
ro

ce
d

u
re

R
e
la

te
d

/B
o

th
]

F
X

C
o

rA
L

**
*

O
th

e
r

D
ia

ly
z
e
rs

**
**

El
ec

tr
ol

yt
e

im
ba

la
nc

e

•
M

us
cl

e
co

nt
ra

ct
io

ns
in

vo
lu

nt
ar

y
•

Pa
lp

it
at

io
ns

•
Vo

m
it

in
g

•
H

yp
er

ka
le

m
ia

•
M

us
cl

e
sp

as
m

s
•

H
yp

er
ph

os
ph

at
em

ia
•

Bl
oo

d
ph

os
ph

or
ou

s
in

cr
ea

se
d

•
Ea

r
pa

in
•

A
bd

om
in

al
pa

in
•

Pa
in

in
ex

tr
em

it
y

•
Fl

at
ul

en
ce

•
M

ya
lg

ia
•

H
yp

on
at

re
m

ia
•

A
st

he
ni

a
•

M
al

ai
se

•
D

ef
ec

at
io

n
ur

ge
nc

y

41
[3

/2
7/

11
]

16
.5

[1
.2

/1
0.

8/
4.

4]
1.

0
[0

.1
/0

.7
/0

.3
]

11
[2

/9
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

8%

30
[1

/1
8/

11
]

Fr
eq

ue
nc

y
pe

r
tr

ea
tm

en
t:

1.
1%

Fl
ui

d
im

ba
la

nc
e

•
D

ys
pn

ea
•

H
yp

ov
ol

em
ia

•
H

yp
ot

en
si

on
•

D
ia

ly
si

s
hy

po
te

ns
io

n
•

H
ea

da
ch

e
•

H
ea

d
di

sc
om

fo
rt

•
Fa

ti
gu

e
•

C
ir

cu
la

to
ry

co
lla

ps
e

•
D

iz
zi

ne
ss

•
D

eh
yd

ra
ti

on
•

Bl
oo

d
pr

es
su

re
de

cr
ea

se
d

•
V

is
ua

li
m

pa
ir

m
en

t

27
[8

/9
/1

0]
10

.8
[3

.2
/3

.6
/4

.0
]

0.
7

[0
.2

/0
.2

/0
.2

]

10
[5

/2
/3

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

7%

17
[3

/7
/7

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

6%

Pr
ur

it
us

,
no

n-
al

le
rg

ic
•

Pr
ur

it
us

6
[0

/0
/6

]
2.

4
[0

/0
/2

.4
]

0.
1

[0
/0

/0
.1

]

1
[0

/0
/1

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

5
[0

/0
/5

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

2%

92



Membranes 2025, 15, 132
T

a
b

le
6

.
C

on
t.

L
e
v

e
l

1
T

e
rm

A
d

v
e
rs

e
E

v
e
n

t
(M

e
d

D
R

A

P
T

)

T
o

ta
l

O
cc

u
rr

e
n

ce
s

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/B
o

th
]

F
re

q
u

e
n

cy
P

e
r

P
a
ti

e
n

t
[%

]
*

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/

B
o

th
]

F
re

q
u

e
n

cy
P

e
r

T
re

a
tm

e
n

t
[%

]
**

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/

B
o

th
]

O
cc

u
rr

e
n

ce
s

P
e
r

D
e
v

ic
e

[D
e
v

ic
e

R
e
la

te
d

/P
ro

ce
d

u
re

R
e
la

te
d

/B
o

th
]

F
X

C
o

rA
L

**
*

O
th

e
r

D
ia

ly
z
e
rs

**
**

D
ev

ic
e

m
al

fu
nc

ti
on

(c
lo

tt
in

g,
th

ro
m

bo
si

s)

•
Th

ro
m

bo
si

s
in

de
vi

ce
•

D
ia

ly
si

s
re

la
te

d
co

m
pl

ic
at

io
n

5
[0

/2
/3

]
2.

0
[0

/0
.8

/1
.2

]
0.

1
[0

/<
0.

1/
0.

1]

3
[0

/2
/1

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

2%

2
[0

/0
/2

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

Pr
oc

ed
ur

al
co

m
pl

ic
at

io
n

(b
lo

od
-s

id
e)

•
H

em
od

ia
ly

si
s

co
m

pl
ic

at
io

n
•

Ve
ss

el
pu

nc
tu

re
si

te
he

m
at

om
a

4
[0

/4
/0

]
1.

6
[0

/1
.6

/0
]

0.
1

[0
/0

.1
/0

]

1
[0

/1
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

3
[0

/3
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

Pe
ri

ph
er

al
va

sc
ul

ar
di

so
rd

er

•
Fe

el
in

g
ho

t
3

[2
/0

/1
]

1.
2

[0
.8

/0
/0

.4
]

0.
1

[<
0.

1/
0/

<0
.1

]

1
[1

/0
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

2
[1

/0
/1

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

V
as

cu
la

r
hy

pe
rt

en
si

ve
di

so
rd

er

•
H

yp
er

te
ns

io
n

2
[0

/2
/0

]
0.

8
[0

/0
.8

/0
]

<0
.1

[0
/<

0.
1/

0]

2
[0

/2
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

0
[0

/0
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0%

D
ev

ic
e

m
ec

ha
ni

ca
l

fa
ilu

re

•
D

ev
ic

e
le

ak
ag

e
2

[1
/0

/1
]

0.
8

[0
.4

/0
/0

.4
]

<0
.1

[<
0.

1/
0/

<0
.1

]

0
[0

/0
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0%

2
[1

/0
/1

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
0.

1%

A
ne

m
ia

•
A

ne
m

ia
1

[0
/0

/1
]

0.
4

[0
/0

/0
.4

]
<0

.1
[0

/0
/<

0.
1]

0
[0

/0
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

t-
m

en
t:

0%

1
[0

/0
/1

]
Fr

eq
ue

nc
y

pe
r

tr
ea

tm
en

t:
<0

.1
%

V
as

oc
on

st
ri

ct
io

n,
va

sc
ul

ar
in

su
ffi

ci
en

cy

•
Fe

el
in

g
co

ld
2

[0
/2

/0
]

0.
8

[0
/0

.8
/0

]
<0

.1
[0

/<
0.

1/
0]

0
[0

/0
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

t-
m

en
t:

0%

2
[0

/2
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

t-
m

en
t:

0.
1%

93



Membranes 2025, 15, 132
T

a
b

le
6

.
C

on
t.

L
e
v

e
l

1
T

e
rm

A
d

v
e
rs

e
E

v
e
n

t
(M

e
d

D
R

A

P
T

)

T
o

ta
l

O
cc

u
rr

e
n

ce
s

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/B
o

th
]

F
re

q
u

e
n

cy
P

e
r

P
a
ti

e
n

t
[%

]
*

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/

B
o

th
]

F
re

q
u

e
n

cy
P

e
r

T
re

a
tm

e
n

t
[%

]
**

[D
e
v

ic
e

R
e
la

te
d

/

P
ro

ce
d

u
re

R
e
la

te
d

/

B
o

th
]

O
cc

u
rr

e
n

ce
s

P
e
r

D
e
v

ic
e

[D
e
v

ic
e

R
e
la

te
d

/P
ro

ce
d

u
re

R
e
la

te
d

/B
o

th
]

F
X

C
o

rA
L

**
*

O
th

e
r

D
ia

ly
z
e
rs

**
**

In
fe

ct
io

n
•

In
flu

en
za

lik
e

ill
ne

ss
1

[0
/0

/1
]

0.
4

[0
/0

/0
.4

]
<0

.1
[0

/0
/<

0.
1]

0
[0

/0
/0

]
Fr

eq
ue

nc
y

pe
r

tr
ea

t-
m

en
t:

0%

1
[0

/0
/1

]
Fr

eq
ue

nc
y

pe
r

tr
ea

t-
m

en
t:

<0
.1

%

To
ta

l
94

[1
4/

46
/3

4]
37

.8
[5

.6
/1

8.
5/

13
.7

]
2.

3
[0

.3
/1

.1
/0

.8
]

29
[8

/1
6/

5]
Fr

eq
ue

nc
y

pe
r

tr
ea

t-
m

en
t:

2.
1%

65
[6

/3
0/

29
]

Fr
eq

ue
nc

y
pe

r
tr

ea
t-

m
en

t:
2.

4%

*
Fr

eq
u

en
cy

p
er

p
at

ie
nt

ca
lc

u
la

ti
on

:
O

cc
u

rr
en

ce
s/

24
9

(t
ot

al
st

u
d

y
p

op
u

la
ti

on
)
×

10
0%

;*
*

Fr
eq

u
en

cy
p

er
tr

ea
tm

en
t

ca
lc

u
la

ti
on

:
O

cc
u

rr
en

ce
s/

41
49

(t
ot

al
st

u
d

y
tr

ea
tm

en
ts

)×
10

0%
;*

**
FX

C
or

A
L:

13
89

st
ud

y
tr

ea
tm

en
ts

;*
**

*
O

th
er

di
al

yz
er

s:
xe

vo
nt

a,
FX

C
or

D
ia

x,
SU

R
EF

LU
X

,P
ol

yfl
ux

,E
LI

SI
O

,F
X

cl
as

s
(2

76
0

st
ud

y
tr

ea
tm

en
ts

).

94



Membranes 2025, 15, 132

3. FX CorAL safety profile

When analyzing the safety profile specifically for the FX CorAL dialyzer among all
1389 treatments, eight ADEs were related to the dialyzer alone (0.6% of study treatments)
(Table 6). All these ADEs were attributed to two patients among the total analysis popula-
tion (n = 241). Five more ADEs were related to the dialyzer and medical procedure. The
majority of these ADEs were classified as fluid imbalance (n = 8), followed by electrolyte im-
balance (n = 2). No ADE was attributed to hemocompatibility-related complications, such
as chronic inflammation or immune responses. The severity of the ADEs was uniformly
mild to moderate. Importantly, there were no unexpected new risks or complications
associated with the use of the FX CorAL dialyzer. The measures to treat these related
AEs were well-established, and all patient outcomes were favorable, with ADEs resolving
completely. When compared to the grouped comparator dialyzers (xevonta, FX CorDiax,
SUREFLUX, Polyflux, ELISIO, FX class), the FX CorAL showed comparable safety outcomes
(frequency per treatment: FX CorAL 2.1%; other dialyzers: 2.4%), with consistently low
rates of device-related adverse events and no significant differences in electrolyte or fluid
imbalance occurrences. In line, the FX CorAL dialyzer did not differ in patient-reported
outcomes (PROs) such as sleep quality, fatigue, or pruritus, either positively or negatively,
when compared to the other dialyzers included in the eMPORA III study [42]. Altogether
the FX CorAL demonstrated a high level of safety and efficacy, the benefit/risk profile is
highly favorable.

4. Conclusions and Future Directions

In the present article, we summarized the path which is needed to develop of a new
dialyzer including in vitro and clinical evidence generation. Dialyzer innovation helps to
improve the life of patients with ESKD, as further development in dialyzer technology—
especially membrane technology—may lead to better removal of uremic toxins and to a
lower rate of complications and side effects.

We used the example of the new FX CorAL dialyzer with its new Helixone hydro
membrane, which features enhanced hydrophilicity of the blood-side surface, leading to
reduced protein adsorption and subsequently to sustained performance and improved
hemocompatibility profile as compared to commonly used dialyzers in clinical practice.
The dialyzer was tested in multiple in vitro studies and randomized controlled trials across
various patient populations, including those with diverse comorbid conditions such as
diabetes and hypertension, validating its suitability for routine treatment of ESKD.

Advances in dialyzer performance and hemocompatibility may contribute to better pa-
tient outcomes by potentially reducing the long-term risks associated with dialysis, such as
cardiovascular events. Comprehensive safety analyses of the four clinical studies underline
the FX CorAL’s robust safety profile, characterized by a low frequency of dialyzer-related
adverse events and an absence of unexpected and severe complications reported across
thousands of treatment sessions. As FX CorAL undergoes real-world post-market surveil-
lance, continued evaluation of its safety profile confirms its suitability for broader patient
groups from different geographical regions. These data will also help to evaluate whether
the FX CorAL may be an adequate alternative for patients suffering from hypersensitivity
reactions during treatments with synthetic dialyzers and which currently are switched to
cellulose-based or PMMA dialyzers. Looking further ahead, longitudinal clinical data will
be essential to investigate any long-term benefits in terms of patient survival and quality of
life, especially in the context of hemodiafiltration treatments [53,116,117]. Innovation in
dialysis care is essential to improve well-being of ESKD patients, bringing hope for more
effective, safer, and personalized treatment options worldwide.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/membranes15050132/s1, Table S1. Categorization of AEs and
overview of AE numbers in the four clinical studies with the FX CorAL dialyzer. AEs are summarized
across all studies and dialyzers; Table S2. Number of study patients and treatment sessions for safety
analysis stratified by study and dialyzer; Figure S1. Dialyzer and medical procedure related (serious)
adverse events ((S)ADEs) associated with dialysis treatments. All listed complications can be linked
either to the dialyzer or to the medical procedure or both.
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The following abbreviations are used in this manuscript:

ADE Adverse device effects
AE Adverse event
AFM Atomic force microscopy
AUC Area under the curve
BMI Body mass index
β2-m β2-microglobulin
β-TG β-Thromboglobulin
C3a Complement factor C3a
C5a Complement factor C5a
ESKD End-stage kidney disease
GSH-Px Glutathione peroxidase
HDF Hemodiafiltration
hsCRP High-sensitivity C-reactive protein
IL-6 Interleukin 6
IL-8 Interleukin 8
LTB4 Leukotriene B4
MDA Malondialdehyde
MWCO Molecular weight cut-off
MWRO Molecular weight retention onset
nsAE Non-serious adverse event
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PMMA Polymethylmethacrylate
PMN elastase Polymorphonuclear elastase
PRO Patient reported outcomes
PVP Polyvinylpyrrolidone
RR Removal rate
RRT Renal replacement therapy
SAE Serious adverse event
sC5b-9 Complement factor sC5b-9
sICAM-1 Soluble intercellular adhesion molecule 1
TAT Thrombin-antithrombin
TMP Transmembrane pressure
TxB2 Thromboxane B2
XPS X-ray photoelectron spectroscopy
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Abstract: Solid polymer electrolytes (SPEs) are gaining attention as viable alternatives
to traditional aqueous electrolytes in zinc–air batteries (ZABs), owing to their enhanced
performance and stability. In this study, anion-exchange solid polymer electrolytes (A-SPEs)
were synthesized via electrophilic aromatic substitution and substitution reactions. Thin
films were prepared using the solvent casting method and characterized using proton
nuclear magnetic resonance (1H-NMR), Fourier-transform infrared spectroscopy (FT-IR),
and thermogravimetric analysis (TGA). The ion-exchange capacity (IEC), KOH uptake,
ionic conductivity, and battery performance were also obtained by varying the degree
of functionalization of the A-SPEs (30 and 120%, denoted as PSf30/PSf120, respectively).
The IEC analysis revealed that PSf120 exhibited a higher quantity of functional groups,
enhancing its hydroxide conductivity, which reached a value of 22.19 mS cm−1. In addition,
PSf120 demonstrated a higher power density (70 vs. 50 mW cm−2) and rechargeability than
benchmarked Fumapem FAA-3-50 A-SPE. Postmortem analysis further confirmed the lower
formation of ZnO for PSf120, indicating the improved stability and reduced passivation
of the zinc electrode. Therefore, this type of A-SPE could improve the performance and
rechargeability of all-solid-state ZABs.

Keywords: Zn-air batteries; separator; solid polymer electrolyte; all-solid-state

1. Introduction

The need for renewable energy sources such as solar and wind energy is critical
because of the rapid development of the global economy [1,2]. Efficient utilization of
these clean energy sources has driven significant interest in various electrochemical energy
storage and conversion technologies designed to meet diverse energy needs [3]. Among
these technologies, zinc–air batteries (ZABs) have emerged as a particularly promising
option in the field of energy storage owing to their high theoretical energy density, low
cost, and inherent safety [4,5].

The electrolyte, which has traditionally been in liquid form (6 M KOH), is a critical com-
ponent for efficient and safe performance of Zn–air batteries. However, liquid electrolytes
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present significant challenges such as volatility, leakage, and limited long-term stability [6].
These issues compromise the safety and environmental sustainability of batteries and limit
their application in portable devices. To address these challenges, transition to solid-state
electrolytes has gained attention as a viable alternative [7]. Solid-state electrolytes not only
eliminate issues associated with liquid electrolyte leakage and evaporation but also enhance
the overall safety and environmental sustainability of batteries [8,9]. Moreover, solid-state
electrolytes can function as both ionic conductors and physical separators, preventing
internal short circuits and simplifying the design and fabrication of batteries [10].

Anion-exchange membranes (AEMs) have been extensively explored for diverse
electrochemical applications because of their versatility. For instance, AEMs based on
quaternary ammonium-functionalized polymers are pivotal in fuel cells because of their
hydroxide ion conductivity under alkaline conditions [11]. In electrodialysis desalination,
tailored AEMs enable efficient ion separation [12], whereas composite AEMs with en-
hanced mechanical strength are critical for water electrolyzers [13]. A recent study by Wang
et al. demonstrated nanostructured AEMs with hierarchical porosity for high-performance
energy devices, emphasizing the role of the membrane architecture in ion transport op-
timization [14]. Similarly, hybrid AEMs integrated with catalytic layers have improved
oxygen reduction kinetics in aluminum–air batteries [15], underscoring the importance
of material design across applications. Recent advances in anion-exchange membranes
(AEMs) have highlighted the effectiveness of cross-linking strategies in enhancing perfor-
mance. Wei et al. [16] reported a GA cross-linked AEM with a conductivity of 0.024 S cm−1

and low swelling, reinforcing the potential of chemical cross-linking to optimize both
the conductivity and mechanical integrity in solid electrolytes. These studies highlight
the critical role of tailored membrane designs in advancing high-performance AEMs for
electrochemical applications.

In this context, A-SPEs have emerged as a promising solution [17]. Among the various
available polymer materials, quaternized polysulfone (QPSf) is a particularly interesting
candidate for use in solid polymer electrolytes. Polysulfones (PSf) are known for their
excellent thermal and chemical stability, as well as their good mechanical properties [18].
The functionalization of PSf through quaternization introduces anionic groups that can
facilitate ion conduction, making it suitable for application in anion-exchange batteries.
Furthermore, these solid electrolytes can prevent the migration of zinc ions and formation
of carbonates during battery operation, thus improving battery durability. However, the
water-retaining properties of traditional membranes are relatively poor and directly limit
the discharge of flexible, rechargeable ZABs [19,20].

Despite these advantages, the use of QPSfs as solid polymer electrolytes in zinc–air
batteries has rarely been studied. Recent studies have predominantly focused on other
types of polymers and electrolyte systems, leaving a significant gap in the literature re-
garding the potential of QPSfs for this application. These types of polymers have been
used in other electrochemical technologies, such as fuel cells, electrodialysis desalination,
water electrolyzers, and aluminum–air batteries [21–25]. Regarding the few studies found
for ZABs, Zhang et al. reported the development of a solid-state polyelectrolyte for use
in flexible Zn–air batteries. The solid electrolyte was synthesized through chemical func-
tionalization of cellulose fibers and graphene oxide, followed by layer-by-layer filtration,
crosslinking, and ion exchange processes. This solid electrolyte was evaluated in a recharge-
able Zn–air battery and compared to the anion exchange membrane A201 from Tokuyama
Corporation [20]. The nanocomposite solid polyelectrolyte exhibited superior performance
in terms of the current density compared to the A201 membrane [26]. Similarly, Xu et al.
developed a system using cellulose nanofiber matrices confined with ionic liquids to create
flexible electrolytes with high ionic conductivity. This system achieved high hydroxide ion
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conductivity owing to the high hydrophilicity of the cellulose nanofibers and ionic liquids,
which provided a solid polyelectrolyte with numerous conductive channels [27]. Alkaline
membranes play a dual role as charge carriers and electrode separators in electrochemical
systems, critically influencing the performance and durability. Their importance has surged
in energy technologies, particularly in fuel cells, for which extensive research has been
conducted. However, their widespread adoption remains limited by two key challenges:
conductivity and stability. Strategies such as engineering microphase-separated structures
(to accelerate ion transport) and optimizing micropore networks (to reduce resistance) have
proven to be effective. These innovations have driven conductivity from <10 mS cm−1 to
>100 mS cm−1, marking transformative progress in the field [28].

The introduction of QPSFs into the design of solid polymer electrolytes could be
beneficial for zinc–air batteries by providing safer, more efficient, and more durable all-
solid-state ZABs. This study aims to explore the performance of QPSF-based solid polymer
electrolytes in all-solid-state ZABs. For this purpose, different degrees of functionaliza-
tion of the QPSFs were investigated to evaluate their impact on ionic conductivity and
electrochemical stability. The battery performance (power density and charge/discharge
behavior) of the resulting A-SPEs was compared with that of the benchmark Fumapem
FAA-3-50 alkaline membrane (FuelCellStore ®), selected because of its status as one of the
most extensively studied anion-exchange membranes for alkaline systems and its struc-
tural similarity to QPSF-based electrolytes (both utilize quaternary ammonium cations as
ion-conductive groups).

2. Materials and Methods

2.1. Reagents

Polysulfone (Mw = 35,000), chloroform (≥99.5%), triethylamine (≥99%), N-methyl-
2-pyrrrolidone (≥99%), paraformaldehyde (95.0%), chlorotrimethylsilane (≥98.0%), tin
chloride (98.0%), ethyl acetate (≥99.5%), diethylether (≥99.7), dimethylsofoxide-d6 (99.9%
D), chloroform-d1 (99.8% D) were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Potassium hydroxide (85.0%) was purchased from Merck (Darmstadt, Germany). Hy-
drochloric acid, ethanol (95.0%) was purchased from J.T. Baker (Mexico City, Mexico).
Bromothymol blue (95.0%) was purchased from Meyer (Mexico City, Mexico). All chemi-
cals were used without further purification.

2.2. Chloromethylation and Quaternization of Polysulfone

To obtain chloromethylated polysulfone (PSf−Cl), an electrophilic substance was used
following a previously reported methodology to avoid the use of chloromethyl methyl
ether, which is dangerous for human health [29]. In a round-bottom flask, PSf pellets (2 g)
were dissolved in chloroform under vigorous magnetic stirring. Following the addition
of 44.96 mmol of paraformaldehyde, 0.44 mmol of tin chloride (IV) was added to the
suspension dropwise. Finally, 44.96 mmol of chlorotrimethylsilane was added dropwise
using the procedure described by Avram et al. [30]. Different functionalization degrees were
achieved during the chloromethylation reaction by adjusting the reaction duration. After
the reaction was complete, the solution was stirred and precipitated using cold methanol.
After filtration and multiple methanol washes, the precipitated PSf functionalized with
CH2Cl groups (PSf−Cl) was dried in a vacuum oven at 50 ◦C. The quaternization reaction
involved using those precursors with different degrees of functionalization; 1.5 g of PSf−Cl
was dissolved into N-methyl-pyrrolidone (NMP) using magnetic stirring in a round-bottom
flask, followed by the addition of 1 mL of triethylamine (TEA), then the mixture was heated
up for 24 h at 80 ◦C to replace Cl with amine groups. The mixture was then precipitated with
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diethyl ether and washed with 99.5% ethyl acetate. Brown powder (QPSf) was obtained
and kept at 60 ◦C in a vacuum oven [31].

2.3. Preparation of Alkaline Solid Polymer Electrolyte

A-SPEs were prepared using the solvent casting method, as described below. A certain
amount of polymer powder was dissolved in NMP to obtain a polymer solution with a
concentration of 16 wt. %. The polymer solution was cast onto a glass petri dish. The
solvent was removed at 50 ◦C under ambient pressure for 48 h, and an A-SPE was formed,
which was subsequently peeled off from the petri dish via immersion in DI water. A-SPE
was washed with DI water several times to remove residual NMP. Subsequently, A-SPE in
Cl− form was obtained and stored in DI water before use. To obtain the OH− form, A-SPE
in the Cl− form was immersed in 1 M KOH at room temperature for 48 h.

2.4. Characterization
1H NMR spectra of the synthesized polymers were recorded at 400 MHz with a Bruker

Advance III HD spectrometer at 30 ◦C. Chemical shifts were referenced to the peak of
tetramethyl silane (TMS). The polymers were dissolved in chloroform-d for chloromethy-
lated polysulfone and DMSO-d6 for quaternized polysulfone. FT-IR spectra of the A-SPEs
were recorded using a Perkin Elmer Spectrum Gx with attenuated reflectance (ATR) in
a scanning range of 600–4000 cm−1, with a resolution of 2 cm−1 and 16 scans. Thermo-
gravimetric analysis (TGA) was performed under nitrogen atmosphere using a TQ500
instrument. Thermogravimetric curves were recorded in the temperature range of 30 ◦C
to 800 ◦C at a heating rate of 20 ◦C min−1. To study membrane morphology, SEM images
were acquired using a microscope (JEOL, model JSM-6610LV, Akishima, Japan) operated at
an accelerating voltage of 15 kV.

The KOH uptake for the A-SPEs in the OH− form was calculated based on the changes
in the mass of the swollen and dried states. Each A-SPE was kept in a 1 M KOH aqueous
solution for 24 h, excess of KOH solution was removed with tissue paper, and the weight
of the wet membrane was recorded. The A-SPEs were dried in an oven at 60 ◦C until a
constant weight was obtained. The KOU was calculated using Equation (1):

KOH uptake(%) =
mwet − mdry

mdry
∗ 100 (1)

where mwet and mdry are the weights of the swollen and dried membranes, respectively.
The ion exchange capacity (IEC) was measured using an acid–base titration method as

previously reported [32]. The A-SPEs were cut into pieces of 2 cm × 2 cm, then they were
immersed in 15 mL of 0.01 M HCl and kept for 24 h to ensure the consumption of OH−

with H+. Then, the remaining acidic solution was transferred to a flask and titrated with
0.01 M KOH using bromothymol blue (1%) as an indicator. The IEC was recorded in meq
of H+ g−1 and was determined based on the difference in the number of milliequivalents of
HCl solution before (meq of HCl)0 and after (meq of HCl)f the membrane being neutralized,
according to Equation (2):

IEC
(

mmol g−1
)
=

(Vb − Vs) ∗ CHCl ∗ 1000
mdry

(2)

where Vb and Vs are the consumed volumes (L) of the KOH solution for the blank sample
and A-SPE sample, respectively, CHCl is the concentration (mol L−1) of the HCl solution,
and mdry is the mass of the dry A-SPE.

The ionic conductivities (σ) of the A-SPEs were measured using a four-probe method
with a VSP-3 Potentiostat/Galvanostat over a frequency range of 0.1 to 500 kHz in a Teflon
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conductivity cell (BT-112, Scribner, Southern Pines, NC, USA). A-SPE samples in the OH−

form were cut into 1 × 2.5 cm rectangular strips. The SPE strip was placed between the
inner platinum wires to ensure contact with both the outer platinum wires and platinum
mesh. A clamp was then applied to secure the membrane surfaces and was tightened
using screws. The conductivity cell was then placed in a water bath at room temperature
(25 ◦C). The resistance of the A-SPE was determined using Nyquist plots. The hydroxide
conductivity was calculated using Equation (3):

σ
(

mS cm−1
)
=

L
RWT

(3)

where σ represents the hydroxide conductivity of the SPE, L is the distance between the
inner platinum wires (5.5 cm), R is the resistance of the SPE (obtained from the high-
frequency intercept on the real impedance axis), and W and T are the width and thickness
of the SPE in its wet form, respectively [33,34].

2.5. Zn–Air Battery Test

For the battery tests, a design consisting of two acrylic slotted plates that were mechan-
ically sealed with screws was used. This design allowed tests to be conducted using small
amounts of material, and the contact area between the cathode and anode was 0.06 cm2.
A Sigracet 33 B (FuelCellStore ®) cathode was used as the current collector and coated
with Pt-IrO2/C. The metallic charge used in the air electrode was 1 mg cm−2, and a piece
of polished metallic zinc (99.9% purity) was used as the zinc electrode. In all cases, the
membranes were activated in 1 M KOH for 24 h and then immersed in 6 M KOH before
the cell assembly. Electrochemical Impedance Spectroscopy from 100 KHz to 100 Hz was
used to evaluate the correct assembly of the ZAB. Linear voltammetry was used to evaluate
the battery performance of different A-SPE materials. Charge and discharge cycles were
evaluated at −0.5 mA cm−2 at discharge and 0.5 mA cm−2 at charge. Scheme 1 illustrates
the battery assembly process.

Scheme 1. Scheme of the all-solid-state Zn–air battery operated with an alkaline solid polymer
electrolyte.
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3. Results and Discussion

Figure 1 shows the 1H NMR spectra of PSf (a) and PSf−Cl (b). The PSf spectrum
showed peaks corresponding to isopropyl groups of the main chain and phenyl groups
at 1.69 ppm and 7–8 ppm, respectively, where hydrogens close to the sulfone group
appeared at 7.9 ppm. The 1H NMR spectrum of PSf−Cl shows a new peak at 4.56 ppm
(Hf), corresponding to hydrogens arising from the incorporation of the chloromethyl group,
which add a new chemical environment to the aromatic hydrogen in the ortho position
of the isopropyl group. The amount of CH2Cl incorporated into the backbone of PSf was
calculated from the 1H NMR spectra of PSf−Cl according to Pérez-Prior [35] (Equation (4)):

DC =

∫ Hf
2∫ He
6

∗ 100 (4)

where
∫

Hf and
∫

He are the integral area of the signal at 4.56 ppm and 1.69 ppm, respec-
tively. The DC value indicates the degree of chloromethylation.

 

Figure 1. 1H-NMR spectra of (a) PSf, (b) PSf−Cl, and (c) quaternized polysulfone polymers.

Figure 1c shows the 1H NMR spectrum of quaternized PSf, where the signal cor-
responding to the methylene of the chloromethyl group shifts to lower ppm values. It
was also observed that the signal split into two peaks because the reaction did not occur
completely, indicating the presence of residual chloromethyl groups in the quaternized
polymer. Two quaternized polymers were prepared: PSf30, obtained from PSf−Cl with
a degree of functionalization (DC) of 30, and PSf120, obtained from PSf−Cl with a DC of
120%. It is important to point out that at 3.2 ppm, a new signal appeared that corresponds to
methylene in triethylamine, which was linked due to the substitution reaction. In addition,
the signal of the methyl groups of the amino compound appeared at a chemical shift of
1 ppm, and the spectrum of the quaternized polymer was obtained in DMSO-d6. This
explains the peak at 3.4 ppm, attributed to the solvent and the peak at 2.54 ppm, related to
the residual DMSO [36,37].

Figure 2 shows the FT-IR spectra of PSf and PSf−Cl, where the peak at 2968 cm−1

corresponds to the aliphatic stretching of C–H from the isopropyl groups of the backbone of
PSf, and the peak at 1150 cm−1 corresponds to the symmetric stretching of the sulfone group.
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Asymmetric stretching of the sulfone group was observed at 1320 cm−1 and 1296 cm−1 [38].
Finally, other signals were observed at 1238 and 1012 cm−1, which were attributed to the
asymmetric stretching of the ether species (C–O–C) [39,40]. The change in the shape of the
band located at 660 cm−1 for the PSf−Cl spectra compared to PSf was attributed to C–Cl,
as reported by Yang et al [41]. This is consistent with the 1H NMR results, indicating that
PSf was modified.

 
Figure 2. FT-IR spectra for PSf, PSf−Cl, and quaternized polymers.

For PSf120 and PSf30, the presence of ammonium quaternary cations was confirmed
using FT-IR based on the appearance of three bands: the first two bands, one at 3390 cm−1,
attributed to the absorption of water from the atmosphere, corresponding to the hydrophilic-
ity of the polymer; one at 1690 cm−1 for the moiety of the ammonium cations; and a third
at 1010 cm−1 due to C–N [42].

TGA was performed to study the thermal stability and confirm the modification of
pristine PSf (Figure 3). The figure shows that PSf shows only one stage of decomposition
at 550 ◦C, which is due to the decomposition of the skeleton chain of the polymer. On the
other hand, PSf−Cl shows two stages of decomposition: (i) at 350 ◦C, due to the loss of
mass of the pedant groups of CH2Cl for the chloromethylation reaction, and (ii) at 505 ◦C,
due to decomposition of the main skeleton of PSf. This value shifted to lower temperatures
as the pristine polymer became thermally unstable. For the ammonium-functionalized PSf,
the first stage of decomposition occurred at 198 ◦C for PSf120 and 208 ◦C for PSf30. This
behavior is usually observed for ammonium cations because the temperature of decompo-
sition is reported to be between 180 and 220 ◦C [35,43]. Both polymers became unstable
compared to pristine PSf. Furthermore, the degree of functionalization corresponds to the
first stage of decomposition of ammonium-functionalized A-SPEs because PSf120 exhibits
a higher mass loss than PSf30.
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Figure 3. TG analysis of PSf, PSf−Cl, and quaternized polymers under a nitrogen atmosphere
at 20 ◦C min−1.

Table 1 lists the values obtained for IEC and KOH uptake, where the degree of
functionalization plays an important role. On one hand, the IEC should be higher when
the degree of functionalization increases; that is, when the availability of ammonium
cations is higher. This agrees with the IR results, where it can be observed that the band at
1690 cm−1 is higher for PSf120. However, the KOH uptake value was higher for PSf120,
which was also expected because its OH absorption band was higher. Under similar IEC
experimental conditions, A-SPE PSf120 exhibited values similar to those of commercial
materials. For hydroxide conductivity values, A-SPE PSf30 showed similar performance to
that of Fumapem, indicating that both A-SPEs show a similar mechanism for hydroxide
ion mobility in solid polyelectrolytes.

Table 1. Results of IEC, KOH uptake, and hydroxide conductivity for the A-SPEs.

A-SPE
Functionalization Degree

in Cl form (%)
IEC (mmol/g)

KOH Uptake (%)
Including Water Uptake

σ (mS cm−1)

PSf120 122 1.7124 56.05 22.19
PSf30 30 1.3393 6.17 8.82

Fumapem NA 2.0200 37.56 8.71

Although commercial A-SPE exhibits a higher IEC value in terms of ionic conductivity,
A-SPE PSf30 shows better performance than commercial A-SPE, which can be attributed
to the better dispersion of ammonium moieties on the surface. Moreover, A-SPE PSf120
was the separator with the highest σ value, which may be due to the large quantity of
ammonium cation groups compared to PSf30. On the other hand, comparing PSf12 and
commercial A-SPE, PSf120 showed a greater capability to attach KOH molecules than
commercial A-SPE, indicating that A-SPE is more hydrophilic. These results reveal that this
type of polysulfone A-SPE is a promising candidate for use as a membrane and separator
in Zn–air batteries.

Optical microscopy images were obtained to analyze the structure of the A-SPEs after
activation in 6M KOH (Figure 4). The results showed that both Fumapem and PSF120
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exhibited microporous structural characteristics of the AEMs. However, PSF130 displayed
a significant reduction in porosity, and its surface primarily featured morphological defects.

 
Figure 4. Optical micrographs of the A-SPEs after activation in KOH: (a) Fumapem, (b) PSf120, and
(c) PSf30.

Nyquist plots (Figure 5a) revealed an increase in internal resistance in the ZABs
when using the developed A-SPEs, primarily attributed to challenges in ion transverse
transport across the membrane. Despite minor shifts toward higher resistances for the
A-SPEs developed in this study, the measured battery resistance values indicated favorable
interfacial interactions between the electrolyte and electrodes, which is a critical factor for
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functional device performance. Furthermore, the stable resistance values suggest successful
cell assembly, achieved without precision tools, such as a torque wrench, highlighting the
practicality of the proposed fabrication method. Notably, PSf120, with its high degree of
functionalization, demonstrated a resistance value comparable to that of commercial A-SPE,
underscoring its potential for scalable applications. This was further confirmed through
cathodic linear polarization tests (Figure 5b), which showed poor performance for PSf30
and issues related to mixed control zones (between the activation and ohmic regions) for
PSf120. Due to the higher ionic conductivity and KOH uptake values of PSf120, a current
density of 74.58 mA cm−2 was achieved, representing a 42.43% increase compared to the
commercial A-SPE.

Figure 5. ZAB tests. (a) Nyquist plots for A-SPE, (b) curves of power density, (c) lineal polarizations,
and (d) cycles in charge/discharge at 0.5 mA cm−2.

Anodic linear polarization tests (Figure 5c) demonstrated the strong performance of
PSF120, achieving a current density of 10 mA cm−2 at an overpotential of 205.5 mV and
248.5 mV for PSF120 and FUMAPEM, respectively, highlighting its excellent capability
for zinc nucleation and redeposition processes at lower overpotentials. Charge/discharge
cycles (Figure 5d) showed initial round-trip energy efficiencies of 95.24% and 91.39%
for PSf120 and the commercial A-SPE, respectively. By the end of the test, both A-SPEs
showed a decrease in round-trip efficiency, reaching 87.38% for PSf120 and 85.72% for the
commercial A-SPE. This, combined with a 14% increase in cyclability, demonstrates that
PSf120 exhibits greater stability and superior performance compared to the commercial
Fumapem A-SPE.

The postmortem analysis of the air electrodes (Figure 6) revealed that both commercial
A-SPE (Figure 6a) and PSf120 (Figure 6b) exhibit the formation of micrometric deposits.
Through EDS analysis and elemental mapping of the commercial A-SPE (Figure 6c), it was
confirmed that the composition of these deposits was associated with carbonate formation
(due to the interaction of CO2 with adsorbed KOH) and zinc migration [44]. Although
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similar effects were observed for PSf120, the migration of zinc was less pronounced, likely
due to the smaller pore size of this A-SPE. Additionally, a greater formation of carbonates
was identified, which was attributed to higher electrolyte absorption [45].

 

Figure 6. Postmortem analysis of cathodes. SEM micrographs of ZABs employed: (a) Fumapem
and (b) PSF120. EDS and mapping analysis for ZAB with (c) Fumapem and (d) PSF120, each color
represents a different element: C (green), Zn (yellow), K (pink), Ir (cyan), Pt (blue) and Cl (red).

As a result of using porous separators, dendritic growth was observed on the zinc
electrodes in both commercial A-SPE (Figure 7a) and PSf120 (Figure 7b) [46]. Owing to the
higher cyclability of PSF120, it exhibited larger dendrites, which did not pose a significant
risk of sudden battery failure. Elemental analysis of the commercial A-SPE (Figure 7c)
revealed the formation of carbonates and ZnO, with zinc electrode passivation identified as
the primary cause of the system failure. In contrast, the use of PSf120 (Figure 7d) resulted in
a higher presence of metallic zinc on the electrode surface and the formation of carbonates.
This suggests that PSf120 enhances the electrochemical reversibility of zinc compared to
commercial A-SPE, likely due to a higher distribution of atomic oxygen, indicating that
this oxygen is associated with ZnO [47].
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Figure 7. Postmortem analysis of Zinc electrodes. SEM micrographs of ZABs employed: (a) Fumapem
and (b) PSF120. EDS and mapping analysis for ZAB with (c) Fumapem and (d) PSF120, each color
represents a different element: O (red), C (green), K (pink) and Zn (yellow).

4. Conclusions

Anion-exchange solid polymer electrolytes were obtained by modifying polysulfone
with ammonium cations, using triethylamine as a quaternizing agent. This was achieved
using chloromethylation to avoid hazardous conditions. 1H-NMR confirmed the presence
of an ammonium moiety in the main polysulfone skeleton. Two A-SPEs with different num-
bers of cations were obtained, as confirmed by the IEC values, which were similar to those
of a commercial anion exchange membrane. In contrast, the KOU value for PSf120 was
higher than that of PSf30 and the commercial membrane, indicating that PSf120 exhibits
better KOH retention. The developed PSF120 A-SPE demonstrated superior performance
and stability compared to commercial A-SPEs in zinc–air batteries (ZABs). Despite the
increased internal resistance challenges due to ion transverse transport, the high function-
alization of PSF120 enables impedance values comparable to those of commercial A-SPEs.
Linear polarization tests demonstrated that PSF120 A-SPE reach higher values of current
density (74.22 mA cm−2); this was due to PSF120 exhibiting better hydroxide conductivity
compared to the A-SPE commercial, demonstrating that hydroxide conductivity could
be a limitation for the ZAB operation. In summary, postmortem analysis confirmed the
presence of dendritic structures on the zinc electrode; nonetheless, PSf120 A-SPE exhib-
ited an improvement in the reversibility of zinc owing to the higher presence of metallic
zinc on the electrode surface. This may be due to the smooth surface of A-SPE PSf120,
which does not allow Zn2+ to attach to the surface of A-SPE. This is in agreement with
the EDS analysis of the air electrode, suggesting that the commercial A-SPE permeates
a higher quantity of Zn ions through the separator. Although the formation of carbon-
ates remains a shared challenge, PSF120’s higher electrolyte absorption contributes to its
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enhanced overall performance. These findings establish PSF120 as a promising material
for advancing ZAB technology, offering better efficiency, stability, and reversibility than
commercial alternatives.
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The following abbreviations are used in this manuscript:

A-SPE Anion Exchange Solid Polymer Electrolyte
PSf Polysulfone
QPSf Quaternized Polysulfone
PSf−Cl Chlorometylated Polysulfone
NMP N-methyl-pyrrolidone
TEA Triethylamine
DI Deionized Water
1H NMR Proton Nuclear Magnetic Resonance Spectroscopy
TMS Tetramethylsilane
FT-IR Fourier Transform–Infrared Spectroscopy
ATR Attenuated Reflectance
TGA Thermogravimetric Analysis
SEM Scanning Electronic Microscope
KOU Potassium Hydroxide Uptake
IEC Ion Exchange Capacity
DC Degree of Chloromethylation
DMSO Dimethylsulfoxide
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Abstract: The intense consumption of polymeric materials combined with poor waste
management results in the dissemination of their fragments in the environment as micro-
and nanoplastics. They are easily dispersed in stormwater, wastewater, and landfill leachate
and carried towards rivers, lakes, and oceans, causing their contamination. In aqueous
matrices, the use of membrane separation processes has stood out for the efficiency of
removing these particulate contaminants, achieving removals of up to 100%. For this review
article, we researched the removal of microplastics and nanoplastics by membrane processes
whose driving force is the pressure gradient. The analysis focuses on the challenges found in
the operation of microfiltration, ultrafiltration, nanofiltration, and reverse-osmosis systems,
as well as on the innovations applied to the membranes, with comparisons of treatment
systems and the peculiarities of each system and each aqueous matrix. We also point out
weaknesses and opportunities for future studies so that these techniques, known to be
capable of removing many other contaminants of emerging concern, can subsequently be
widely applied in the removal of micro- and nanoplastics.

Keywords: microfiltration; microplastics; nanofiltration; nanoplastics; reverse osmosis;
ultrafiltration

1. Introduction

Produced mainly from the refining of oil and natural gas, polymers, popularly known
as plastics, are present in in a large variety of items surrounding the human population.
Their production process and properties justify their constant presence in the daily human
routine. They are light, have electrical and thermal insulating characteristics, can be flexible,
and have good optical properties [1]. Due to their widespread consumption, in 2019 annual
global production reached 460 million tons, representing an increase of almost 230 times
since the 1950s, when the rapid growth in plastic production began [2]. Furthermore,
according to Ritchie et al. [3], approximately 0.5% of the global plastic waste generated is
transported to the oceans, totaling somewhere between 1 and 2 million tons, representing
alarming data regarding water pollution. Water is one of the most important routes by
which microplastics are transferred from one place to another [4], which makes the presence
of micro- and nanoparticles of plastics an emerging concern.

According to the vast majority of scientists in the field, microplastics (MPs) are defined
as any polymeric particle smaller than 5 mm. Their origin may stem from the degradation
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of larger materials disposed of improperly, fragmenting in the oceans, or from weathering,
as well as from fibers released during the washing of clothes and the production of synthetic
fabrics. In all these cases, the particles are termed secondary MPs. In addition, a recent
study [5] indicated that particles emitted by tire tread wear and asphalt pavement fragmen-
tation residues represent a significant portion of secondary MPs in urban stormwater. On
the other hand, MPs can be particles intentionally produced in this format, classified as
primary MPs, which are present in personal care products such as toothpaste, soaps, and
exfoliating creams [6].

In fact, the classification of MPs by size is already established, covering polymeric
particles ranging from 1 μm to 5 mm [7–9]. However, particles smaller than 1 μm have
also been detected and classified as nanoplastics (NPs) [10]. Since studies on NPs are
incipient, their classification is still under development. Thus, the scientific literature
typically classifies polymeric particles smaller than 1000 nm as NPs [9–11]; however, some
studies consider only those smaller than 100 nm as NPs [12,13] while others consider
particles between 1 and 1000 nm to be NPs [7,14]. These definitions can influence and shape
directions in the elaboration of laws and standards, but in fact, regarding the environment,
it is known that both particle sizes have harmful effects on the ecosystem. Furthermore,
studies indicate that microplastics can act as bioaccumulators and adsorb heavy metals or
other contaminants of emerging concern [15–17] increasing their toxicological potential.
They can cause serious problems for aquatic fauna, as the ingestion of MPs can lead
to gastrointestinal blockages and a feeling of satiety in animals without providing the
necessary nutrients [17].

Similarly, there is already evidence of MPs in human organs, tissues, and fluids,
including the lungs, brain, and placenta, and even in breast milk [18]. Although the effects
of MPs in humans are still being studied, their ingestion or inhalation has already been
associated with adverse effects in several organs. It is known that the presence of MPs
measuring 44 to 60 μm in the intestine can alter the microbiota, causing dysfunction of the
intestinal barrier, inflammation, and even cell death [19]. In organs such as the lungs, liver,
and heart, in addition to the risks of inflammation and cell death, there are also potentially
more severe effects. In the heart, MPs can impair the development of heart valves and
form blood clots, resulting in cardiovascular problems [19]. Another recent highlight
is the discovery of NPs and MPs in deep layers of the human brain: this condition is
capable of causing an imbalance in energy production, reduced cell viability, and impaired
development of brain organoids [20].

The problem related to the occurrence of MPs in humans is so great that the ingestion
of MPs—which can be found in milk, honey, beer, and other edibles and potables—is
equivalent to weekly values of 0.1 to 5 g, something that could be represented as the
consumption of approximately one “credit card” per week [21]. This further highlights the
need to include MP/NP removal methods in water and wastewater treatment systems [18,
21,22]. Due to the prospects of increasing MPs in the ocean and the limited knowledge
about the adverse effects they can cause on the environment [23], MPs can be considered
contaminants of emerging concern [24]. Therefore, it is necessary to investigate and
implement technologies capable of efficiently removing them.

There are several studies proposing a variety of technologies for removing these con-
taminants from aqueous matrices. The most popular alternatives are physical treatment
methods, such as adsorption, gravitational separation, conventional filtration, and mem-
brane processes, as seen in Figure 1. Chemical (oxidation and coagulation, for example) and
biological (activated sludge processes and anaerobic digestion) processes are also utilized,
which can be combined in one or more treatment stages, such as primary, secondary, and
tertiary [25,26]. Additionally, techniques such as dissolved air flotation [27] UV radiation,
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ozone [28] electrokinetic-assisted filtration [11] and even electrocoagulation, are being em-
ployed. Many of these methods, from the simplest to the most advanced, have the potential
to remove MPs, but like membrane processes, they also present some drawbacks [28,29].

Figure 1. Stages and main processes used in wastewater treatment. Adapted from [25,30].

With this in mind, this review analyzes studies carried out on the removal of MPs
using pressure-driven membrane processes, namely microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO). Several factors influence MP removal
efficiency by membrane processes, such as pore size, membrane charge, dipole moment,
and hydrophilicity [9]. Through the studies already published on the subject, these mem-
brane processes will be assessed based on aspects such as difficulties, advantages, and
opportunities, as well as suggestions for future work. Despite the distinction in the lit-
erature between MPs and NPs, throughout this paper we will use the generic term MPs,
which encompasses plastic particles smaller than 5 mm. We will return to the term NPs
only in specific cases where it is necessary to differentiate them from MPs.

2. Methodology

The data for this review were extracted from the Scopus database through searches
performed on 23 December 2024 and 22 February 2025 using the following keywords:
“microplastic” AND “removal” OR “catch” OR “rejection” OR “retention” AND “micro-
filtration” OR “ultrafiltration” OR “nanofiltration” OR “reverse osmosis”. The search
was limited to research articles published from 2017 to 31 December 2024. Among the
107 articles found, those whose applied methodologies included the four pressure-driven
membrane processes (PDMPs) for removing MPs were selected for data processing. For
this reason, 44 articles were removed, since some did not encompass both subjects, MPs
and PDMPs, used another type of membrane separation process, or were focused on MP
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quantification studies and did not add important information to the present study. Another
31 references were added due to a screening in the references of the selected articles or
included to ground some information, totaling 94 references in this review. It is worth
mentioning that MPs are a current topic, which justifies the absence of articles before 2017
in the search with the keywords we used. The term microplastic itself was incorporated
into the scientific literature only in 2004 by Thompson et al. [31] and since then, countless
studies have been developed in several areas of knowledge.

3. Removal of MPs from Aqueous Matrices by Pressure-Driven
Membrane Processes

Pressure-driven membrane processes (PDMPs) can segregate solid particles such as
microplastics and nanoplastics from fluids depending on their size. Separation methods in
which exclusion occurs by size, as represented in Figure 2, seem to be a good strategy, since
the interactions of plastic particles with their surroundings encompass several phenom-
ena, such as van der Waals forces, electrostatic repulsion, adsorption, steric interactions,
hydrophobic interactions, size exclusion, and hydration forces [32,33]. For this reason, for
adequate retention of MPs, it is necessary to pay attention to the properties of the solution,
the hydrodynamic conditions, and other parameters that can influence the separation.

Figure 2. Pressure-driven membrane processes, range of membrane pore diameters, and some
examples of contaminants capable of being removed.

In PDMPs, the membrane acts as a selective barrier, allowing certain substances,
such as molecules, ions, or small particles, to permeate, while blocking others. PDMPs
are categorized based on membrane pore size for the purposes of microfiltration, ultrafil-
tration, nanofiltration, and reverse osmosis [34] Membranes are typically produced with
organic such polymers as polytetrafluoroethylene (PTFE), polyethylene terephthalate (PET),
polyvinylidene fluoride (PVDF), polypropylene (PP), polyethylene (PE), polyamide (PA),
polysulfone (PSU), and polyethersulfone (PES) [35] as well as with biodegradable materials
such as polylactic acid [36]. The use of polymeric membranes in separation processes is
considered advantageous due to their characteristics, such as low energy consumption, ab-
sence or minimization of chemicals, ease in scaling up, and high efficiency even under mild
operating conditions [37,38]. These characteristics benefit applications in drinking water
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treatment systems, wastewater, or other purposes, such as in the separation stage in pro-
ducing agroindustrial products or other products for human consumption [39]. Research
relating to the usage of PDMPs for MP removal is very diverse, with the vast majority of
PDMPs showing excellent removal performance, whether using commercial membranes,
modified membranes, or membranes produced in research laboratories [40–42].

3.1. Microfiltration

MF uses membranes with pore sizes ranging from 0.1 to 10 μm and operating pressures
from 0.01 to 2 bar. It is usually applied to remove bacteria and suspended solids and to treat
water and wastewater [43]. MF is sometimes employed as a pretreatment for operations
with tighter membranes such as NF or RO, contributing to the reduction in fouling in the
membranes of downstream processes in water treatment plants (WTPs) or wastewater
treatment plants (WWTPs), as reported by Barbier et al. [8], whose research evaluated
a WTP in Paris that had MF as a pretreatment for nanofiltration [8,44]. Because it uses
larger pores and lower working pressure, which reduce its operating costs compared to
other PDMPs, MF can be used in supplementary drinking water filtration devices for
end consumers.

In a study conducted by Cherian et al. [23], MP removal capacity was assessed by
comparing three different types of domestic filters combining MF, activated carbon, and
ion exchange, one without a membrane, one using microfiltration, and the other with a
geotextile membrane. The best performance was achieved using the device equipped with
MF (pore opening ≥ 0.2 μm), capable of retaining 93.6% ± 2.2% of the polyvinyl chloride
(PVC), polyethylene terephthalate (PET), and nylon microfiber particles. It should be noted
that due to the impossibility of performing a backwash, the consumer must change the
filters according to the manufacturer’s instructions in order to maintain their efficiency in
removing microplastics and other contaminants [23].

In a study by Pizzichetti et al. [45], microfiltration membranes were used for polishing
treated water. In the three membranes tested, polycarbonate (PC), cellulose acetate (CA),
and polytetrafluoroethylene (PTFE), whose pore size was 5 μm, the microparticles of PA
and polystyrene (PS) were efficiently removed. Table 1 shows the average particle sizes,
as well as details on the operation of the membrane systems. Although all membranes
removed >94% of MPs, reaching very close to 100% in PA removal, the study highlights
some factors that may influence the permeation of microplastics through the membranes,
such as low mechanical resistance of some membranes, irregular shape of some MPs, and
MP fracture when subjected to the filtration stage. Other important factors are the abrasion
of MPs on the membrane and hydrophobicity characteristics. The authors concluded that
the most recommended membrane among those tested was the CA membrane, due to its
performance in terms of MP removal, operating pressure, and flow pattern [45].

Hyeon et al. [46] tested two ceramic MF membranes, one made of alumina and
the other of silicon carbide, to remove MPs from laundry wastewater. Both membranes
demonstrated good performance in removing MPs, particularly the alumina membrane,
which was attributed to its narrower pore size distribution. However, the silicon carbide
membrane exhibited better performance in terms of permeate flux, with a smaller decline
throughout the tests.

Kook et al. [47] evaluated the behavior of alumina ceramic membranes in removing
PE microplastics in the presence of hydrophobic compounds used as organic UV filters,
contaminants of emerging concern commonly found in personal care products designed
to protect the skin against UV radiation. They observed the adsorption of the organic UV
filters onto the PE microplastics through hydrophobic interactions, which increased the
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removal efficiency of the organic UV filters from 34.2–37.8% (without MPs) to 82.2–97.9%
(with MPs), as the MPs were nearly completely removed.

In another study, Kook et al. [48] compared three MF membranes with a nominal
pore size of 0.1 μm, two of which were polymeric (PVDF) and one ceramic (alumina), in
removing PE and PS microplastics with sizes of 0.1 and 1 μm. The authors observed a sharp
decline in flux during the first 15–20 minutes of experiments with 0.1 μm PS microplas-
tics for all three membranes. Thereafter, it remained relatively constant at values below
10% of the initial flux. This significant loss of productivity was attributed to fouling in all
three membranes caused by standard or complete pore blocking, since these MPs were
0.1 μm in size, equal to the average pore size of the membranes. Particles with sizes very
close to the pore size can penetrate and attach to the inner walls of the membrane pores,
leading to severe membrane fouling. The authors also emphasize that both polymeric
and ceramic membranes can remove a significant fraction of MPs from WWTP, noting
that the ceramic membrane was particularly effective at removing PE microplastics but
less effective in rejecting PS microplastics and was less susceptible to productivity loss in
filtering PE microplastics compared to polymeric membranes.

Sriani et al. [49] investigated the production of membranes from waste-expanded
polystyrene (WEPS) containing up to 8% polyimide (PI). The membranes were tested
for removal of MPs and bovine serum albumin. All membranes showed hydrophilic
characteristics, good antifouling properties, and MP rejections above 80%. However, the
one with 8% polyimide showed the lowest porosity and pore size values, while improving
the antifouling property by 67% compared to the pristine membrane prepared solely
with WEPS. The research spotlight was the investigation of waste with great potential for
generating secondary MPs as raw material for producing membranes that could serve as a
solution for removing MPs from aqueous matrices.

In fact, MF is the most studied PDMP for the removal of MPs, with Table 1 showing
the conditions under which the MF studies evaluated in this work were conducted.
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3.2. Ultrafiltration

UF membranes have pores ranging from 1 to 100 nm and generally operate under
pressures from 0.5 bar to a maximum of 10 bar. They have the capacity to remove suspended
solids, colloids, and bacteria like microfiltration membranes, and can also be used to remove
viruses and high-molecular-weight organic compounds from water and wastewater [43].
In addition of being a great alternative in the treatment of drinking water by removing
algae, cyanobacteria, and other organic substances [62], UF can be used as pretreatment
for reverse osmosis [63]. There are a variety of studies using UF, either individually or
combining one or more processes, such as biological processes, activated carbon adsorption,
electrocoagulation, and RO, among others, obtaining excellent results [64,65].

Ma et al. [16] conducted studies using coagulation and UF to remove MPs from
water. Among their conclusions, they realized that coagulation alone was not sufficient to
remove MPs from polymers such as PE, especially because its density is very similar to
that of water. The removal efficiency was below 15%, showing some improvement with
higher concentrations of Fe-based coagulant accompanied by an anionic polyacrylamide
flocculant. The combination of coagulation with UF was also evaluated. Good performance
was observed, especially in aspects related to fouling. When the flocs were smaller, a more
compact cake on the membrane was formed, resulting in a greater drop in ultrafiltration flux.
When larger MPs were present, larger flocs were formed and the cake became less compact,
which resulted in higher permeate fluxes [16]. Pretreatment with Al-based coagulants
exerts a better performance than those based on Fe [16,66]. In the presence of humic
acid, the cake becomes thicker and even less compact due to the larger flocs, improving
UF performance [16,66].

Furthermore, regarding the assessment of fouling on an UF membrane, during
the processing of aqueous matrices intentionally contaminated with PET microfibers,
Hachemi et al. [10] observed that the microfibers, in addition to only marginally influ-
encing permeability, did not interact with the other components of the wastewater. The
cake formed on the PVDF membrane showed similar compaction regardless of the pres-
ence or absence of PET microfibers. In other words, the presence of MPs did not sig-
nificantly influence the system’s operation or its performance [10]. On the other hand,
Ghasemi et al. [67] observed that the presence of MPs during the use of UF with hollow
fiber membranes facilitated the removal of fouling caused by alginate. The membranes
subjected to samples containing only alginate required a more thorough cleaning (hy-
draulic and chemical), whilst those subjected to samples containing alginate and MPs had
less pore obstruction and the incrustation was released from the membrane with only
hydraulic cleaning.

Yuan et al. [68] evaluated the performance of UF in two water treatment plants in
Canada. The authors reported MP removals above 90%. Comparing different forms of
filtration with various aqueous matrices, such as urban wastewater and wastewater, from a
plastic recycling industry, González-Camejo et al. [69] highlighted the better performance
of UF compared to gravitational filtration. However, differences were observed between
the two operating modes regarding energy consumption, which in turn varied depending
on the type of wastewater being treated [69]. This indicates the need to conduct pilot
plant tests specifically for each type of aqueous matrix and desired objective. In addition,
using pretreatments to reduce the MP load influent on the UF provides better membrane
performance, mitigating the incidence of fouling. According to Xiong et al. [70], the
presence of MPs favors the multiplication of bacteria inside the membrane; that is, they act
as facilitators of biofouling.

In a study conducted in Thailand, UF achieved 96.97% efficiency in MP removal in a
sewage treatment pilot plant [71]. Studies also underline the importance of MP removal
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methods that do not generate sludge, as the use of sludge from WWTPs or WTPs as a soil
conditioner can be a major source of soil contamination due to the transfer of MPs from the
liquid matrix (water or wastewater) to the solid matrix (sludge) [72].

Mitigating fouling is a crucial factor for the effective performance of membrane pro-
cesses, which is why it has been the focus of many studies. In this regard, Enfrin et al. [12]
performed UF tests with a commercial PSU membrane, observing significant fouling forma-
tion after 4 hours of ultrafiltration of samples containing micro- and nanoparticles. After
48 hours, the drop in flux throughout the tests became even more evident, along with the
observation of an increasingly lower concentration of MPs in the retentate stream, confirm-
ing the suspicion that the MPs were adsorbed onto the membranes. Observations were
also made using scanning electron microscopy (SEM) of the membrane before and after the
tests, corroborating the findings regarding fouling. Focused on minimizing fouling issues,
Enfrin et al. [73] conducted another study testing the intermittent injection of nitrogen
gas into the feed stream during the UF of samples containing MPs and NPs to perform
mechanical cleaning throughout the tests. Pristine PSU membranes and some modified
with low-pressure plasma were tested. In all membranes, the gas injection together with the
feed stream was able to reduce the adhesion of MPs on the membranes, resulting in better
fluxes. Luogo et al. [74], aiming to remove micro- and nanoplastics from synthetic fabrics,
tested two ceramic membranes: a silicon carbide (SiC) MF membrane and a zirconium
oxide (ZrO2) UF membrane. The tests were conducted initially with synthetic wastewater
containing nylon fibers and later with real wastewater from washing PVC tarpaulins. It
was observed that the MF membrane displayed a drop in flux during the test with synthetic
wastewater containing MPs, while the UF membrane remained constant. Both membranes
showed complete rejection of MPs in both tests. However, in the test with real wastewater,
the UF membrane showed a slight drop in flux throughout the experiment, but remained
lower than the drop reached with the MF. In tests of 4 days of continuous operation, the MF
membrane had a 95% decrease in permeate flux, while the UF exhibited only a 37% drop.

While some studies evaluated the modification of MF membranes for the removal
of MPs, others focused on the modification of UF membranes, which demonstrated good
anti-fouling performance, facilitating the cleaning and reuse of the membranes. This
was observed by Fryczkowska and Przywara [75], who evaluated polyacrylonitrile (PAN)
membranes with the addition of reduced graphene oxide. Mohana et al. [9] in turn prepared
nanocomposite membranes based on a double-charged MOF (metal–organic framework),
and the hydraulic permeability was superior to that of pristine membranes. In summary,
UF has also been extensively studied for MP removal, as illustrated in Table 2, which
outlines the main conditions under which the assessed studies were performed.
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3.3. Nanofiltration

NF is characterized by the usage of membranes with pores of 1 to 10 nm and operating
conditions at pressures generally between 5 and 15 bar. In addition, it is capable of removing
multivalent salts and organic molecules with molecular weights greater than 200 Da [43]. In
many cases, NF is implemented as a polishing step after other treatments, usually aiming
at water reuse.

In a study aimed at producing reused water from secondary effluent contaminated
with microplastics, Lin et al. [80] assessed the influence of electrocoagulation as a pretreat-
ment for nanofiltration. The combination of the two technologies improved the removal
of MPs and reduced membrane fouling. However, the authors emphasized that attention
must be paid to the applied electric current for electrocoagulation to be effective, ultimately
contributing to better performance of the NF positioned downstream.

Akarsu et al. [77] also evaluated electrocoagulation followed by PDMPs for water reuse
purposes, but for treating wastewater from personal care products containing microplastics.
In electrocoagulation, various electrode materials, including iron, aluminum, stainless
steel (SS), titanium, and graphite, were tested under different operating conditions. The
effluent was subsequently treated with UF (UP150), NF (NF90 or NF270), or RO (BW30 or
SW30) to produce reusable water. The SS electrode demonstrated the best performance in
electrocoagulation. Under optimal conditions, it reduced the concentration of microplastics
from 1030 particles/L to 80 particles/L and lowered chemical oxygen demand (COD)
from 15,930 mg/L to 3200 mg/L (~80% removal). Although all PDMPs achieved complete
removal of microplastics (see Table 3), only the SW30 RO membrane produced a permeate
with a COD low enough for water reuse purposes.

When comparing the behavior of a polyamide NF membrane over 50 days of operation
in treating two types of synthetic wastewater, Lin et al. [81] observed the influence of MPs
on the incidence of fouling. The presence of MPs contributed to the formation of bacte-
rial colonies and the accumulation of polysaccharides, proteins, and humic compounds
in the NF membrane. It was also found that the wastewater containing MPs resulted
in a significantly greater drop in permeate flux than that reached with the wastewater
without MPs. However, the tested membrane performed well in rejecting MPs, achieving
removal close to 100%. Furthermore, regarding the larger contaminants in the wastewater,
such as polysaccharides, their rejection was not impaired, although there was greater
fouling formation [81].

It is well known that landfills are also major sources of MP discharge and trans-
port MPs and other contaminants through their leachate to watercourses [82]. When
comparing the leachate treatment systems of two landfills in Istanbul, Kara, Sari Erkan
and Onkal Engin [83] classified the MPs they found by size, color, and shape. Although
the vast majority of MPs were fibrous in shape, which is already known from previous
studies to hinder membrane performance, the UF and NF systems assessed achieved
96–99% MP removals, i.e., values much higher than those observed with conventional
aerobic and anaerobic systems. In general, since most MPs were large, ranging in size from
0.5 to 2 mm, high removals were expected with the PDMPs assessed. Zhang et al. [34]
investigated the distribution and removal characteristics of MPs in different stages of the
leachate treatment plant of the Shanghai Laogang landfill (Shanghai, China), the largest
in Asia. The leachate treatment plant uses pretreatment (homogenization), a biological
system consisting of a membrane bioreactor (MBR) and a two-stage anoxic/oxic system,
and advanced treatment (UF, NF, and RO). While the effluent from the plant (RO permeate)
is discharged into the environment, the concentrates from the PDMPs and MBR are sent
to the sludge treatment system and then disposed of in the landfill itself. According to
the study, PE was the predominant type of MP found in the leachate, which correlated
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with the higher generation of waste from this material. Additionally, fibers represented
the most abundant form, comprising 42.2% of the MPs. In terms of size, the largest parti-
cles were most common—58.3% measured between 0.5 and 5 mm—while the remaining
41.7% were smaller than 0.5 mm. Even though the leachate treatment plant removed a large
portion, significant amounts of MPs were found in the NF and RO permeates. According
to the authors, what may justify this finding is the possibility that the membrane itself
releases MPs, since fractions of cellulose nitrate (CN) were found. Moreover, it is also
possible that fibrous materials passed through the pores of the membranes due to their
shape. Another important point mentioned by the authors is that the sludge formed during
leachate treatment, as well as the concentrate from membrane processes, carried a high
load of microplastics, which were returned to the landfill. Despite this practice being
technically and environmentally appropriate, it does not definitively eliminate MPs, which
remain in a cycle, being transferred from the solid phase (sludge or landfill soil) to the
liquid phase (leachate), and are subject to migration into the environment through wind or
leachate leaks.

Fortin et al. [84] focused their studies on evaluating MPs smaller than 20 μm and within
the detection limit of Raman spectroscopy. Secondary post-treatment domestic sewage
seeded with MPs was used as the aqueous matrix, which was then subjected to advanced
treatments based on activated carbon and NF/RO followed by disinfection. The authors
reported how difficult it was to work with MPs of those dimensions since contamination
care needed to be redoubled throughout the process and Raman spectroscopy did not
accurately detect particles smaller than 1 μm. Nevertheless, the treatments with NF and RO
eliminated 100% of the MPs detectable by the analytical methodology. The main conditions
under which the studies we found regarding the use of NF and RO for removing MPs are
presented in Table 3.
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3.4. Reverse Osmosis

Reverse-osmosis membranes differ from other membranes due to their operating
driving force. In addition to operating under high pressures (>20 bar), this means that
transport through the membranes is based on the solution-diffusion mechanism. Their
pores are smaller than 1 nm, and their applications range from obtaining high-purity water
to the desalination of seawater, including for drinking water. Indeed, RO is one of the
most important technologies for purifying water and wastewater [32,88]. Since it operates
under higher-pressure conditions compared to other PDMPs, it incurs higher operating
costs associated with its greater energy consumption [43]. Greater care must be taken when
using RO to remove MPs, as the high pressure applied can fragment the MPs, reducing
their size and generating nanoplastics [9]. This may be more relevant for plastics that have
undergone weathering, which makes them more fragile and brittle.

Considering that many studies with PDMPs operating under milder pressures, such
as MF, UF, and NF, have demonstrated success in removing MPs, few studies exist with
RO for this purpose (see Table 3). Furthermore, thanks to RO mainly being used as a
polishing step for other PDMPs, few studies have truly evaluated the influence of MPs on
fouling formation in RO membranes, since MPs are generally removed in previous steps.
Ziajahromi et al. [89] focused on developing sampling and quantification methods for MPs
in wastewater and found MPs in different treatment stages of the evaluated WWTPs. In a
complete WWTP, with primary, secondary, and tertiary treatment—including screening
(3 mm mesh), sedimentation, biological treatment, flocculation, disinfection/dechlorination
processes, UF, RO, and decarbonation—the authors found approximately 0.21 MPs per
liter in the RO permeate. Considering the flow rate of the studied WWTP, this represents
a discharge of 10 million MPs per day into the environment. The authors suggested
the possibility of membrane imperfections, as well as internal sealing problems in the
membrane modules or pipes [89]. Although a small fraction of MPs escaped from RO, it is
worth noting that it is much more effective than conventional systems commonly used in
WWTPs, making WWTPs sources of MPs released into water bodies [90]. The same can be
said regarding the WTP tested by Dalmau-Soler et al. [85], in which advanced treatment
methods, such as UF and RO, performed better for MP removal than conventional ones
or those followed by ozonation and activated carbon. The authors emphasized that the
complete treatment, including the stages of membrane processes, achieved a removal
efficiency of 93% ± 5% of MPs, and evaluating the performance of RO alone, it managed
to eliminate 54% ± 27% of the particles that remained from the other stages. Although
microplastics cannot be completely eliminated, it is important to highlight the ability of
RO to remove viruses, bacteria, and virtually all organic and inorganic contaminants,
providing greater safety for the treatment of drinking water [85,91]. Another interesting
contribution of Dalmau-Soler et al. [85] is that they investigated the migration of MPs from
the hydraulic components of the WTP. They concluded that even with a low input, it was
possible to find PVC fractions, for example, coming from the WTP’s own pipes. Therefore,
the contamination of MPs in the system should be considered non-negligible.

RO membranes have also been modified and evaluated for MP removal. Farahbakhsh
et al. [92] developed modified high-performance thin-film composite reverse-osmosis mem-
branes, evaluating their hydraulic permeability, salt rejection, wettability, and fouling
resistance, among other characteristics. The membrane that performed best in nanoplastic
removal was the double-modified one, classified as TFC-RO-DM-2. This membrane was
prepared using a PSU membrane as a base that underwent the incorporation of titanium-
based metallic organic structures and multiwalled carbon nanotubes in the support layers
and the selective layer, respectively. This modified bilayer membrane was able to remove
NPs, achieving high permeate fluxes and good fouling resistance, attributed to its hy-
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drophilic character and negative charge. The authors reported that it was possible to clean
it with simple hydraulic washing.

As can be seen in Table 3, studies on NF and RO have predominantly focused on eval-
uating MPs in the micrometer and millimeter size ranges involving experiments performed
on a laboratory scale or monitoring large-scale treatment plants. In the latter case, informa-
tion regarding the membranes and operational conditions of the membrane processes or
the treatment plants themselves is in fact scarce. It may seem counterintuitive to investigate
NF and RO membranes, which have pore sizes below 10 nm, to remove particles as large
as micrometer-scale. However, it is important to note that this may be related to the simple
fact that larger particles are more easily detected and quantified than smaller ones, such
as nanoplastics. Nonetheless, studies assessing large-scale treatment plants indicated the
passage of MPs/NPs through both NF and RO membranes. While this may seem illogical,
it could be attributed to a wider membrane pore-size distribution, imperfections in the
membranes or modules, or even membrane aging. In addition, these studies did not report
how long the membranes had been in operation, which is a critical factor, especially in the
context of membrane application in leachate treatment, as was the case in the study by
Zhang et al. [34]. In short, these are some hypotheses that may explain why NF and RO are
being assessed to remove micrometric and even millimetric particles and also shed some
light on the strange detection of MPs in NF and RO permeates.

4. Conclusions and Future Perspectives

This review presents a compilation of studies focused on PDMPs, unlike others
that compared other strategies for removing MPs, allowing a comparison among the
four types of PDMP. It was observed that most studies were carried out with MF or UF.
This is associated with the fact that these PDMPs use membranes with smaller pores than
the vast majority of MPs studied, which provides high removal rates. MF and UF operate
at lower pressures than NF and RO and therefore have lower energy consumption, which
is a crucial factor to consider in full-scale plants.

Among the studies analyzed, most were conducted on a laboratory scale using syn-
thetic suspensions of microplastics in deionized or Milli-Q water or seeding them in some
real (waste)water. In turn, some studies assessed industrial or domestic wastewater, landfill
leachate, surface water, or water from different treatment stages in WTP or WWTP. Fur-
thermore, studies performed with aqueous matrices consisting of synthetic wastewater or
suspensions prepared with deionized or Milli-Q water were prepared with virgin polymer
microplastics. Considering that the literature states that weathered MPs may present dif-
ferent behavior than virgin MPs, further studies evaluating PDMPs and other treatment
systems in removing weathered MPs are necessary.

There was a predominance of studies whose concern in the preparation or function-
alization of membranes or optimization of operational conditions focused on mitigating
fouling and maintaining a stable permeate flux throughout the working regime. Indeed,
new materials for manufacturing or modifying/functionalizing membranes to improve
performance are a hot topic. Improvements in materials, preparation of 2D membranes,
membranes based on graphene oxide, reduced graphene oxide, or MOFs, or membranes
prepared with biodegradable materials can be applied in removing MPs, opening up a wide
range of space for innovation in the field of material selection for membrane preparation.

Fouling is in fact the main drawback of membrane processes, which generally results
in performance loss and increased operating costs. Although there are several studies
on the role of MPs in membrane fouling, the information is still controversial, sometimes
indicating that the presence of MPs in an aqueous matrix improves PDMP productivity or
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reporting the opposite; therefore, further studies are needed to consolidate the kinetics and
mechanisms of fouling occurrence in different PDMPs.

Another important issue that requires in-depth investigation is defining the role of
MPs in the clogging of feed channels in spiral-wound modules, particularly those of
NF and RO, where spacer thickness typically ranges from 0.66 mm (26 mil) to 0.86 mm
(34 mil) [93,94]. As shown in Tables 1–3, several studies have assessed the usage of PDMPs
to remove MPs as large as 5 mm, demonstrating the potential for MPs to clog feed channels
in spiral-wound modules containing NF or RO membranes. Similarly, despite having
spiral-wound MF and UF modules featuring spacers thicker than 2 mm [78], their feed
channels are also prone to clogging by MPs, especially by the larger ones, MP clusters, or
MP agglomerates with colloidal substances.

Although some studies on rubber MPs exist, they evaluated treatment methods other
than PDMPs. While microplastics are a recent subject of study and there are adversities
related to the quantification and detection analyses of rubber microparticles, it would be
interesting to evaluate the performance of PDMPs in their removal. This fact becomes even
more important as the high deformation rates of rubbers, even under low shear stresses,
can allow rubber MPs to undergo large deformations due to the operating conditions used
in PDMPs, mainly due to the effect of pressure, and to pass through the membrane.

Considering the literature data we assessed, only one study cited a concern regarding
the sludge generated from the PDMP concentrates and the pollutants adsorbed on the
membranes. It is known that sludge treatments can fragment MPs during sludge drying
by thermal processes or by lime stabilization. In addition, the sludge has more significant
concentrations of MPs, often being disposed of in the soil, contaminating it to the point that
it is possible to detect MPs in the soil even many years after sludge disposal. Therefore,
studies based on the disposal of sludge and of PDMP concentrates rich in microplastics
in the soil are necessary, aiming to investigate the interaction of these contaminants with
different plant crops and soil microbiota. Physicochemical processes such as coagulation–
flocculation–sedimentation (or flotation) could be an alternative for removing MPs from
PDMP concentrates. In fact, the ideal would be to degrade or eliminate MPs from the
environment, which in turn can be achieved by the action of microorganisms or worms,
or even to evaluate the possibilities of recycling MPs or membranes, which would require
an assessment of financial feasibility. Although chemical or mechanical recycling method-
ologies may not be feasible, avoiding the reintroduction of MPs into the environment
is imperative.

Linking academic studies to the UN Sustainable Development Goals (SDGs) is an
interesting way to demonstrate that the research is aligned with global goals and that the
knowledge generated is relevant and has social and environmental impacts. In addition,
associating a study with the SDGs can spark the interest of funding agencies, government
agencies, or non-governmental organizations in making its implementation viable, which
can drive public policies, economic transitions, and the provision of technologies to address
crises such as climate change, for example. None of the studies evaluated in this review
associated the removal of MPs with the SDGs, though some studies involving the removal
of contaminants of emerging concern using membranes already made this connection. Goal
6—clean water and sanitation, in its subitems 6.3 and 6.a, and goal 14—life below water, in
its subitems 14.1, 14.2, and 14.c are just two examples of SDGs with which a connection
can be established with the removal of MPs by PDMPs. Considering the issues related to
the management of PDMP concentrates and sludge formed in other treatment systems,
there is also a relationship with SDGs 12—responsible consumption and production and
15—life on land, since PDMP concentrates and sludge generated in leachate treatment
contain a high load of MPs, classifying them as causes of soil contamination. Both SDGs
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have targets that aim to reverse soil degradation and adopt sustainable waste management
strategies to minimize negative impacts on human health and the environment. Consider-
ing that some areas of study related to water and wastewater treatment already use this
association successfully, future work associating MP removal with SDGs tends to achieve
promising results.

Indeed, MPs are emerging as a major concern, particularly for human health, but NPs
may pose an even greater problem, since they can be as small as a few nanometers. This
size allows for easier absorption into the human body, leading to deeper penetration into
organs and tissues than MPs. Furthermore, MF and UF, the most commonly used PDMPs
for MP removal, may be ineffective in removing small NPs. Additionally, some of the
smallest NP particles could pass through NF membranes and also RO membranes. This is
because the membranes have a pore size distribution, which means that they may have a
fraction of pores larger and another of pores smaller than the nominal size, as well as some
imperfections. On the other hand, despite concerns about micro- and nanoplastic pollution
being a recent issue, several studies have shown that PDMPs are effective in removing these
contaminants from aqueous systems. In most cases, rejections of almost 100% of particles
were achieved, providing greater safety to the treatment system concerning the removal of
these contaminants. Considering this and also the fact that PDMPs are capable of retaining
contaminants of emerging concern whose removal in conventional treatment systems is
ineffective, an expansion of the usage of membrane technologies in WTPs and WWTPs is
expected in the near future, making it crucial to expand knowledge about the phenomena
involved in the removal of MPs and NPs from water and wastewater by PDMPs.
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Abstract: This study investigates the incorporation of melanin extracted from pecan nut-
shell residues into a polyacrylonitrile (PAN) matrix during the electrospinning of microfiber
membranes. Melanin concentrations of 0.5, 2.0, and 5.0% w/w were incorporated to en-
hance the physicochemical and biological properties of the fibers. The melanin-loaded
PAN fibers exhibited significant antioxidant activity against DPPH and ABTS radicals, with
scavenging rates ranging from 46.58% to 62.77% and 41.02% to 82.36%, respectively, while
unmodified PAN fibers showed no activity. Furthermore, the melanin-loaded membranes
demonstrated antimicrobial effects. The membranes also exhibited an important enzyme
inhibition activity against collagenase (37%), hyaluronidase (22%), tyrosinase (36%), and
elastase (33%). Molecular docking studies reveal different potential amino acids of the
active sites of aging enzymes that interact strongly with melanin pigment, particularly
collagenase, followed by hyaluronidase, tyrosinase, and elastase. These results suggest that
the novel melanin-loaded PAN membranes possess promising bioactive properties with
potential applications in different skin-care applications.

Keywords: spinning fibers; molecular docking; bioactive compound; antioxidant activity;
antimicrobial activity; antiaging effect

1. Introduction

The skin is one of the human body’s largest and most versatile organs. In that regard,
the skin is exposed continuously to different environmental factors (temperature variations,
tobacco smoke, chemical pollutants, and radiation UV), and also, this organ has the ability
to reduce negative environmental effects, decreasing mechanical damage, regulating critical
physiological and biochemical processes, is sensitive to stimuli, regulates vitamin synthesis,
promotes immune activity, and is sensitive to humidity [1,2]. Many of these stressful events
trigger degenerative processes such as skin cancer, cellular aging, spots, and burns, as
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well as microbial infections [3]. Faced with these stressful events on the skin, people have
sought solutions in cosmetic products made with ingredients of natural origin to feel better
and to prevent damage, as well as aging, skin infections, and other aspects that can harm
the skin. In that regard, in recent years, cosmetic industries, particularly in skin care, have
been looking for new products with natural ingredients that help people who seek to have
young and healthy skin to feel well.

The skin-care industry has shifted towards sustainability and the more efficient use
of natural resources [4]. In this context, bioactive compounds obtained from agricultural
biomasses have emerged as an innovative and environmentally friendly alternative for the
formulation of cosmetic products. These compounds, derived from fruit and vegetable
peels, herbs, coffee grounds, leaves, prunes, shells, and flower petals, benefit the skin and
the environment [4–6]. Using natural compounds not only helps reduce the environmen-
tal impact by giving a second life to waste but also incorporates antioxidant, antiaging,
antimicrobial, moisturizing, and regenerative properties that benefit skin health [6]. In ad-
dition, this practice supports the circular economy, aligning with the growing demands of
conscious consumers looking for responsible and practical solutions in their personal care
routines. Natural plant molecules remain particularly interesting for new development
research to produce skin-care products with fewer side effects and rich sources of beneficial
compounds for the skin.

Plant bioactive compounds can be used in new technologies that combine polymers
and molecule bioactivities. One of these technologies is electrospinning, which can be
used versatilely due to the use of biodegradable polymeric materials and uses electricity to
produce functional biomaterials that can fuse bioactive molecules into their membranes
with different target uses [7]. For example, in recent years, electrospinning technology
has emerged as a promising avenue to overcome the limitations inherent in conventional
skin-care approaches. The electrospinning technique has garnered significant attention
due to its ability to fabricate nanofibrous or microfibrous membranes with exceptional
properties, including high porosity, controlled drug release capabilities, and enhanced
biocompatibility [8]. By combining the versatility of electrospinning with the potential of
active compounds, researchers aim to develop materials that not only provide a physical
barrier but also deliver active agents to the application site [9]. Active compounds such
as antimicrobial and antioxidant agents, growth factors, antiaging compounds, and anti-
inflammatory drugs can be incorporated into the electrospun fibers [10,11]. Several reviews
have highlighted the potential advantages of electrospinning in skin-care applications.
These reviews mainly summarize aspects of fiber technologies, including the synthesis
methodologies [12–15], dressing composition [16,17], and nature of the materials employed,
encompassing synthetic and natural polymers as well as self-responsive matter [18–22].
Furthermore, these reviews delved into the morphology, structure, and surface function-
alization of the fibers [23,24], the bioactive constituents [25–28], the healing process of
wounds and the therapeutic approach to reduce healing time, and antiaging effects [29,30].

Nowadays, the integration of active compounds derived from plant extracts [31,32],
fruit peels [33,34], or agricultural by-product [35–37] with fibers has garnered significant
attention in the field of skin-care applications. These approaches address environmental
concerns associated with agricultural waste and the need for advanced materials with
antimicrobial, antioxidant, and antiaging bioactivities. In this scenario, certain processing
industries generate a significant amount of shell waste annually, most of which is disposed,
leading to considerable environmental challenges [38,39]. In that sense, there is a compre-
hensive overview of various alternatives that have been investigated using electrospinning
techniques, with the aim of imparting added value to shell wastes. These efforts represent
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a promising avenue for transforming environmental liabilities into valuable resources for
skin-care applications.

The incorporation of pecan nuts (Carya illinoinensis) into the bakery and snack industry
poses significant waste management challenges. This is primarily due to the substantial
proportion of the original nut that is discarded during processing, which amounts to
approximately 40 to 50% of its total mass. Most of this waste consists of the outer protective
layer, or shell, that encases the edible kernel [40]. Pecan shells are also known for containing
phenolic compounds (ranging from 32 to 117 mg GAE g−1), condensed tannins (with values
between 130 and 357 mg CE g−1), and total anthocyanins (measuring 1 to 3 mg 3-glucoside
cyanidin g−1) [41]. In addition to the previously listed compounds, melanin was recovered
from the pecan shell with antioxidant and antifungal capacities [42], enhancing the value
of an otherwise underutilized resource. Extracted melanin exhibits robust free-radical-
scavenging properties, effectively neutralizing reactive oxygen species (ROS) and protecting
cells from oxidative damage. This antioxidant activity plays a crucial role in mitigating
the harmful effects of oxidative stress, which has been associated with various diseases
and aging processes [43,44]. Ultraviolet (UV) radiation is a primary contributor to skin
aging. Prolonged exposure to high levels of UV radiation induces the generation of ROS,
leading to oxidative stress. This oxidative stress subsequently damages collagen and
elastin fibers in the extracellular matrix (ECM), contributing significantly to the visible
signs of skin aging. For example, the hyaluronidase enzyme regulates the hyaluronic acid
degradation essential in skin hydration, while the tyrosinase enzyme is crucial for skin
pigmentation; however, under oxidative stress, increased tyrosinase activity can produce
skin hyperpigmentation [45]. Additionally, the ROS can increase the activity of the different
aging enzymes, such as elastase, hyaluronidase, collagenase, and tyrosinase enzymes, that
promote ECM degradation and the formation of photoaging signs. Therefore, bioactive
compounds loaded into fibers could protect the skin from environmental pollutants to
combat oxidative stress. Particularly, melanin extracts have demonstrated the ability to
increase antioxidant enzyme activities, decrease lipid peroxidation, and potentially inhibit
enzymes involved in cellular aging processes in a mice model [46].

In view of the bioactive properties of melanin outlined earlier, this new study aims to
investigate the potential melanin-incorporated polyacrylonitrile (PAN) fibers as a novel
skin-care material. Melanin extracted from Pecan nut (C. illinoinensis) shells was integrated
into PAN fibers at varying concentrations (0.5%, 2.0%, and 5.0% w/w). This research
encompasses a comprehensive evaluation of electrospinning parameters and extensive
physico-chemical characterization of the resulting membranes. Furthermore, this study
examines the degradation kinetics of the membranes and the release profile of melanin. This
investigation extends to assessing the antioxidant properties of the fibers, their bacterial
inhibition against Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa strains,
and the capacity of melanin to inhibit aging-related enzymes including elastase, collagenase,
tyrosinase, and hyaluronidase. Additionally, a molecular docking study was performed
to determine the binding interactions between catalytic center amino acids and melanin
pigment. This multifaceted approach aims to elucidate the potential applications of melanin-
infused PAN membranes in advanced skin-care formulations.

2. Materials and Methods

2.1. Reagents

Polyacrylonitrile (PAN) (Mw 150,000), DPPH (1,1-diphenyl-2-picrylhydrazyl), ABTS
(2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), tyrosinase enzyme (from mush-
room, 1.14.18.1), 3,4-dihydroxy-L-phenylalanine (≥98%, CAS 59-92-7), collagenase enzyme
(from Clostridium histolyticum, 3.4.24.3), Z-Gly-Pro-Gly-Gly-Pro-Ala-OH (collagenase sub-

144



Membranes 2025, 15, 44

strate, CAS 13075-38-2), hyaluronidase enzyme (from Bovine testes, Type I-S, 3.2.1.35),
Poly(β-glucuronic acid-[1→3]-β-N-acetylglucosamine-[1→4]) (alternating hyaluronic acid
sodium salt from rooster comb, CAS 9067-32-7), elastase enzyme (from porcine pancreas,
type IV, 3.4.21.36), and N-succinyl-L-alanyl-L-alanyl-L-alanine 4-nitroanilide (CAS 52299-14-6)
were purchased from Sigma-Aldrich Chemical Reagent Co., Ltd. (Saint Louis, MO, USA).
N,N-dimethylformamide (N,N-DMF, 99.8%), chloroform (CHCl3, >99.5%), ammonium
hydroxide (NH4OH, 28.0–30.0%), and hydrochloric acid (HCl, 36.5–38.0%) were purchased
from KaralTM (Guanajuato, Mexico). Escherichia coli, Staphylococcus aureus, and Pseudomonas
aeruginosa were obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA).

2.2. Melanin Extraction

The method for obtaining melanin from the pecan shell was performed following the
method described by García et al. [42]. Briefly, the shells were washed with running water
by immersing them in water at 25 ◦C (1:10) and adding NH3•H2O to adjust the pH to
10.5 (10 g/100 g) to a final concentration of 2 g/100 g. They were then incubated at room
temperature (24 h). Following incubation, the mixture was filtered, and the filtrate was
adjusted to a pH of 2.5 with 2 mol L−1 HCl. The acidified solution was then filtered again
to obtain raw melanin.

2.3. Melanin Purification

The raw melanin was hydrolyzed with 7 mol L−1 HCl for 6 h at 100 ◦C; the residues
that were not hydrolyzed were centrifuged at 10,000 rpm for 10 min and resuspended at
10% NH3•H2O. Sequentially, three washes were made with chloroform and ethyl acetate.
The aqueous phase was acidified with 1 mol L−1 HCl, and the filtered residue was washed
with water. The residue (solid matter) was again dissolved in 1 mol L−1 NH3•H2O and
filtered. The supernatant was acidified with 1 mol L−1 HCl, and the filtered residue was
washed with H2O to obtain the purified melanin.

2.4. Fiber Preparation

Solutions for electrospinning were prepared by solubilizing polyacrylonitrile (PAN)
in N,N-dimethylformamide (N,N-DMF) in a ratio of 12:88% (w/w) [47]. The mixtures
were agitated for 24 h. The solutions were prepared by adding the powdered and sieved
melanin powder (SIEVE TEST No. 230; 63 μm), in concentrations of 0.5% (PM0.5), 2.0%
(PM2.0), and 5.0% (PM5.0) (w/w). Membranes were fabricated using the NE100 Single
Nozzle Electrospinning/Spraying Machine (INOVENSO Ltd., Istanbul, Turkey). A total of
6 mL of each polymeric solution was injected at a flow rate of 0.1 mL h−1. The solution
was then projected onto a rotating drum covered with an aluminum film, spinning at
300 rpm. The distance between the nozzle and the collector was 17 cm, and a voltage of
15 kV was applied.

2.5. Fiber Characterization
2.5.1. Morphology Analysis

Fiber morphologies were analyzed by a field-emitting scanning electron microscope
(FESEM) (Hitachi S-4800, Tokyo, Japan) at an acceleration voltage of 2 kV and a current
flow of 10 μA. For characterization, a small part of each sample was coated with 9 nm
gold/palladium to reduce the loading effect before imaging (Polaron equipment, SEM
E5100 coating unit, Kontron AG, Switzerland). The software ImageJ 1.54 (National Institutes
of Health, Bethesda, MD, USA) was used to measure the diameter of the fiber.
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2.5.2. Chemical Composition Analysis

To identify the functional groups and chemical bonds present in PAN–melanin fibers,
Fourier transform infrared spectroscopy (FTIR) analysis was conducted using a Nicolet
iS10 instrument from Thermo Scientific (Waltham, MA, USA) equipped with an attenuated
total reflectance (ATR) diamond accessory. The analysis followed the guidelines outlined
in ASTM E573-01(2013) [48] and covered a range of 4000 cm−1 to 400 cm−1.

2.5.3. Wettability Analysis

To evaluate the water absorption capability of each sample, the 1 cm2 membranes
were immersed in phosphate buffer (PBS) (37 ◦C) or water (room temperature) for 24 h,
and both the dry (Wd) and wet (Ws) weight of the membranes were recorded.

Subsequently, the water uptake was determined using Equation (1) [49]:

Water uptake =
Ws − Wd

Wd
× 100 (1)

The contact angle was determined following the methodology proposed by Ruiz-
Rocha et al. [50], using the OCA 15EC equipment (Dataphysic, Filderstadt, Germany). Ten
reference points were selected to examine the interaction between water and both ground
melanin and electrospun fibers.

2.5.4. Mechanical Characterization

In compliance with the ASTM-882 standard governing thin plastic films, the Young’s
modulus, tensile strength, and elongation percentage of the membranes will be assessed
using 100 mm × 10 mm specimens [51], at a rate of 10 mm min−1, as determined by
Equation (2) and executed using the INSTRON 5565 (Canton, MA, USA). Polyacrylonitrile
(PAN) is a highly versatile polymer due to its high carbon content. PAN exists in semi-
crystalline and amorphous polymer forms and has a degree of crystallinity of 35.05%.
The physical, chemical, electrical, mechanical, and thermal properties strongly depend on
the polymer’s crystalline structures [52,53]. Crystalline solids are inherently anisotropic,
whereas amorphous solids are isotropic. Therefore, being an anisotropic material [54], ten
specimens, five normal and five parallel with the principal axis of anisotropy, were tested
from each sample. The rate of grip separation will be determined for the purpose of these
test methods based on the initial strain rate as follows:

A = B × C (2)

where A denotes the separation speed in mm min−1, B represents the initial distance
between the jaws in mm, and C signifies the initial deformation rate obtained from the
standard and is utilized as specified by the standard for speed calculation.

2.5.5. Liberation of Melanin

The methodology of Kalantary et al. [55] was used, with some modifications. A total
of 1 mg of the membrane was weighed, subsequently immersed in 3 mL of PBS pH 7.4, and
finally incubated with shaking at 180 rpm and 37 ◦C. Samples of 1 mL were taken every 2 h,
for a total period of 10 h, and the same volume of solution was applied to the incubation
solution. The samples were read on the Evolution 300 from Thermo Scientific (Madison,
WI, USA) equipment at 220 nm, determining the concentration using a previously created
calibration curve.
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2.6. Fiber Bioactivities
2.6.1. Antioxidant Activity Against DPPH

The DPPH radical scavenging assay was conducted following a modified version of
the methodologies described by Orona-Tamayo et al. [56] and Kalantary et al. [55]. A DPPH
radical solution of 0.000180 mol L−1 was prepared in 80/100 mL of methanol. For sample
preparation, 1 mg of each fiber was dissolved in 1 mL of N,N-DMF solution, maintaining a
1:1 ratio of the sample to the antioxidant in a 96-well plate. The plate was then placed in
darkness and incubated at 37 ◦C for 30 min. After incubation, the absorbance was measured
at 517 nm using the Multiskan SkyHigh microplate spectrophotometer from Thermo Fisher
Scientific (Waltham, MA, USA). The results were computed using Equation (3).

RSA(%) =

(
1 − Ai − Aj

Ac

)
× 100 (3)

where Ac is the absorbance of the radical without the sample, Ai is the absorbance of the
tested sample, and Aj is the absorbance of the blank group (n = 3).

2.6.2. Antioxidant Activity Against ABTS

The experiment followed the methodology proposed by Orona-Tamayo et al. [56],
albeit with some modifications. Initially, an ABTS solution (0.007 mol L−1, 3 mL) and APS
(0.00245 mol L−1, 15 mL) were dissolved in distilled water and mixed in darkness at 25 ◦C
for 16 h. The resulting blue/green ABTS radical solution was then freshly prepared and
adjusted with 100% methanol to achieve an absorbance of 0.700 ± 0.02, measured at 734 nm.
Sample preparation involved dissolving 1 mg of each membrane in 1 mL of N,N-DMF
solution, maintaining a 1:1 ratio of sample to antioxidant. Subsequently, the plate was
incubated at room temperature for 6 min, followed by an absorbance measurement at
734 nm using the Multiskan SkyHigh microplate spectrophotometer from Thermo Fisher
Scientific (Waltham, MA, USA). A decrease in absorbance indicates higher antioxidant
activity. The results were calculated using Equation (3).

2.6.3. Antimicrobial Activity

The antimicrobial efficacy of the electrospun fibers was evaluated using the disk
diffusion method, performed in triplicate. Circular samples with a diameter of 5 mm
were prepared from each fiber. E. coli was used (gram-negative, enteropathogenic) along
with two opportunistic bacteria, S. aureus (gram-positive skin bacterium) and P. aeruginosa
(a gram-negative respiratory tract pathogen). The strains were activated by inoculation
on nutrient agar and then reseeded in nutrient broth. As a positive control, gentamicin
and ampicillin (0.1 mg mL−1) embedded in filter paper (diameter of 5.0 mm; thickness
of 1.0 mm) were used. Therefore, 100 μL of each strain was inoculated and measured at
600 nm (OD600); samples were read on the Evolution 300 from Thermo Scientific (Madison,
WI, USA) to estimate cell density or bacterial growth in liquid culture. The plates were
then incubated at 37 ◦C for 24 h. Antimicrobial capacity was reported by the inhibition
halo (mm) generated for each sample on the plates.

2.7. Antiaging Effect

The enzymatic activities were performed based on the methodology of Aguilar-Toalá
and Liceaga [57], with some modifications, using tyrosinase, collagenase, elastase, and
hyaluronidase enzymes. Samples consisted of melanin dissolved in saline phosphate buffer
(0.5 mM) at pH 7.2 in the different concentrations of solution (0.5%, 2.0%, and 5.0% w/w) in
which the membranes were made.
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2.7.1. Elastase Inhibition Assay

The assay was performed in a 96-well microplate format, and 5 μL of the melanin solu-
tion was combined with 5 μL of 10 mM substrate N-succinyl-Ala-Ala-Pro-Val-p-nitroanilide
(S4760, Sigma-Aldrich) dissolved in DMSO. This mixture was incubated for 15 min at 37 ◦C.
Afterward, 50 μL of type IV porcine pancreatic elastase (10 mU in 100 mM Tris-HCl buffer;
pH 8.0) was added and pre-incubated 5 min at 37 ◦C, after this time, 140 μL of 100 mM
Tris-HCl buffer (pH 8.0) was added, and the mixture was incubated at 37 ◦C. A change
in absorbance was recorded every 10 min for 60 min with measurements at 405 nm us-
ing a microplate spectrophotometer (Multiskan SkyHigh, Thermo Fisher Scientific). The
percentage of inhibition was calculated using Equation (4), where ODcontrol and ODsample

represent the optical density of the control and samples, respectively [57].

Enzymatic inhibition (%) =
ODcontrol − ODsample

ODcontrol
× 100 (4)

2.7.2. Tyrosinase Inhibition Assay

The tyrosinase inhibition assay was conducted in a 96-well microplate format. The pro-
cedure involved combining 5 μL of melanin samples with 5 μL of 10 mM 3,4-dihydroxy-L-
phenylalanine (L-DOPA; D9628, Sigma-Aldrich) substrate dissolved in 0.5 mM phosphate-
buffered saline (PBS; pH 7.2). This mixture was incubated for 15 min at 30 ◦C. Subsequently,
50 μL of pre-incubated mushroom tyrosinase (75 mU in 0.5 mM PBS; pH 7.2) was added
and incubated for an additional 5 min at 37 ◦C. Following this incubation, 140 μL of 0.5 mM
PBS (pH 7.2) was added to each well. Absorbance measurements were recorded at 405 nm
every 10 min for a total duration of 60 min using a Multiskan SkyHigh microplate spec-
trophotometer (Thermo Fisher Scientific). The percentage of tyrosinase inhibition was
calculated using Equation (4), as described in the literature [57].

2.7.3. Collagenase Inhibition Assay

The inhibition enzyme assay was performed in a 96-well microplate format, and 5 μL
of the melanin samples were combined with 5 μL of 1 mM substrate Z-Gly-Pro-Gly-Gly-Pro-
Ala-OH (27673, Sigma-Aldrich) dissolved in 50 mM Tris-HCl buffer; pH 7.5. This mixture
was incubated for 15 min at 30 ◦C. Afterward, 50 μL of pre-incubated collagenase from
Clostridium histolyticum (5 min, 30 ◦C, and 50 mU; 50 mM Tris-HCl buffer; pH 7.5) was added.
After this time, 140 μL of 50 mM Tris-HCl, pH 7.5, was added. A change in absorbance
was recorded every 10 min for 60 min with measurements at 340 nm using a microplate
spectrophotometer (Multiskan SkyHigh, Thermo Fisher Scientific). The percentage of
inhibition was calculated using Equation (4) [57].

2.7.4. Hyaluronidase Inhibition Assay

The assay was performed using a 96-well microplate format, for which 5 μL of the
melanin samples were combined with 5 μL of 1.4 mg mL−1 substrate hyaluronic acid
sodium salt (H5388, Sigma-Aldrich) dissolved in acetate buffer (50 mM; pH 4.5). This
mixture was incubated for 15 min at 37 ◦C. Afterward, 50 μL of pre-incubated hyaluronidase
(5 min; 37 ◦C) in acetate buffer (50 mM; pH 4.5) was added. After this time, 140 μL of
50 mM acetate buffer, pH 4.5, was added. A change in absorbance was recorded every
10 min for 60 min with measurements at 550 nm using a microplate spectrophotometer
(Multiskan SkyHigh, Thermo Fisher Scientific). The percentage of inhibition was calculated
using Equation (4) [57].
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2.8. Docking In Silico of Each Tested Enzymes with Melanin Results

For this analysis, the core structure of melanin was fetched from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/; accessed on 29 October 2024). The 3D crystal struc-
tures of the peptidase domain of collagenase G from Clostridium histolyticum (PDB ID
7Z5U) [58], human hyaluronidase 1 (PDB ID 2PE4) [59], human neutrophil elastase (PDB
ID 3Q77) [60], and tyrosinase from Bacillus megaterium (PDB ID 6EI4) [61] were downloaded
from the Protein Data Bank (PDB) at the Research Collaboratory for Structural Bioinformat-
ics (RCSB) (https://www.rcsb.org/; accessed on 29 October 2024) [62]. Molecular docking
simulations were conducted using the “Ligand Docker” module within the CHARMM-
GUI web interface (https://www.charmm-gui.org/; accessed on 29 October 2024) [63].
The AutoDock Vina algorithm, which employs the Lamarckian Genetic Algorithm and
Empirical Free Energy Scoring Function [64], was used for docking. Protein–ligand inter-
actions within a 4 Å radius were analyzed and visualized using the web-based tool PLIP
(Protein–Ligand Interaction Profiler) [65]. Images for the figures were generated using
the molecular visualization software PyMOL (Version PyMOL(TM) 2.5.8) [66]. Simultane-
ously, experimentally crystallized inhibitors were re-docked under identical conditions to
facilitate a comparative analysis of binding poses and energies.

2.9. Statistical Analysis

ANOVA (Analysis of Variance) was conducted following a multivariate test using
Tukey’s test for post hoc analysis. All graphs and analyses were performed using RStudio
2024.12.0+467 software for Windows.

3. Results and Discussions

3.1. Membrane Elaboration

Four distinct membranes were successfully fabricated using varying melanin con-
centrations to obtain the physical fibers (Figure 1). The electrospinning parameters were
maintained constant for each membrane, while non-controllable parameters, such as tem-
perature and humidity, were closely monitored. The resulting membranes exhibited a
visible color transition turning from white to brown, with the shade intensifying propor-
tionally to the concentration (Figure 1). This observation aligns with previous studies
on polycaprolactone (PCL) and polyurethane (PUR) fibers loaded with different melanin
concentrations, which similarly demonstrated an increase in color intensity as melanin
content increased, resulting in progressively darker fibers [67,68]. Our fabricated materials
displayed comparable color changes, indicating successful incorporation of melanin into
the fiber structure.

Figure 1. Cont.

149



Membranes 2025, 15, 44

Figure 1. Fibers composed of polyacrylonitrile (PAN) and melanin pigment. (A) Control (PAN),
(B) PAN + 0.5% of melanin (PM0.5), (C) PAN + 2.0% of melanin (PM2.0), and (D) PAN + 5.0% of
melanin (PM5.0).

3.2. Light and Scanning Electron Microscopy

The light microscopy analysis of fiber morphology revealed distinct characteristics
across different melanin concentrations (Figure 2A). Control PAN fibers without melanin
exhibited uniform and clean extension, free from dark particles or inclusions, indicating
a pure and homogeneous structure. PAN fibers with 0.5% melanin (PM0.5, Figure 2B)
appeared like the control, with a slight difference in density and distribution. These
fibers remained mostly clean with minimal dispersed particles, suggesting initial melanin
incorporation into the fiber matrix.

Figure 2. Light microscopy images of fiber membranes composed by PAN and melanin pigment.
(A) Control (PAN), (B) PAN + 0.5% of melanin (PM0.5), (C) PAN + 2.0% of melanin (PM2.0), and
(D) PAN + 5.0% of melanin (PM5.0).
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PAN fibers with 2% melanin concentration (PM2.0, Figure 2C) showed the emergence
of dark particles distributed along the fibrous structure. These inclusions indicated a higher
presence of melanin within the fibers, resulting in a more complex and heterogeneous
texture compared to lower concentrations. The highest melanin concentration of 5% (PM5.0,
Figure 2D) revealed a considerable number of dark particles and aggregates dispersed
among the fibers. This micrograph displayed a densely packed network of fibers with
visible melanin inclusions, potentially influencing the fibers’ mechanical and functional
properties. This progressive series of images clearly demonstrates how increasing melanin
concentrations alter the morphology and composition of polyacrylonitrile fibers, providing
valuable insights into the integration of bioactive compounds in fibrous materials.

The electrospun fibers in the fabricated membranes were characterized using scanning
electron microscopy (SEM) micrographs. The micrographs of the PAN (Figure 3) and
PAN–melanin membranes at different concentrations (Figure 3B–D) show the alignment of
fibers due to the equipment configuration and the type of collector used.

Figure 3. SEM micrographs of fiber composed by PAN and melanin pigment. (A) Control (PAN),
(B) PAN + 0.5% of melanin (PM0.5), (C) PAN + 2.0% of melanin (PM2.0), and (D) PAN + 5.0% of melanin
(PM5.0) and diameter size distribution histogram of samples labeled as (E–H), respectively, n = 100.
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The fibers exhibit surface roughness in their morphological structure. Additionally,
the presence of particles is notable in the membranes of the PAN + 0.5% melanin (PM0.5),
PAN + 2.0% melanin (PM2.0), and PAN + 5.0% melanin (PM5.0) treatments. The number
of particles increases as the melanin concentration rises, along with an increase in the fiber
diameter. The electrospun PAN fibers have a diameter around 1.35 μm ± 0.36 μm, while
fibers containing melanin range in diameter from 1.39 μm ± 0.34 μm to 2.98 μm ± 0.53 μm.
As the concentration of melanin increases in the PAN fibers, the diameter of the fibers
also increases.

This phenomenon can be attributed to several interconnected factors associated with
the electrospinning process and the intrinsic properties of the material. As the melanin
concentration increases, the viscosity of the polymer solution correspondingly rises. A more
viscous solution is less prone to stretching during the electrospinning process, leading to
the formation of thicker fibers [69,70]. Additionally, highly concentrated polymer solutions
experience accelerated solvent vaporization, which restricts polymer extension and accel-
erates compaction, resulting in the formation of thicker fibers [71]. Melanin can alter the
electrical conductivity of the solution. These changes in conductivity can affect the stability
of the electrospinning jet and the stretching forces applied to the fibers, often resulting in
thicker fibers. Therefore, a decrease in conductivity, likely caused by the melanin, results in
fibers with lower conductivity and greater thickness [69]. Finally, the mechanical properties
of the polymer solution, such as elasticity and plasticity, are affected by the concentration
of melanin. These changes impact how the solution behaves under the electric field during
electrospinning, leading to variations in fiber thickness.

3.3. Chemical Properties of Fibers

Figure 4 shows the infrared spectra (FTIR) of membranes obtained with the PAN
formulations PAN + 0.5% melanin (PM0.5), PAN + 2.0% melanin (PM2.0), and PAN + 5.0%
melanin (PM5.0). The FTIR spectra of the PAN fibers shows characteristic peaks at
2931 cm−1 (γ CH2), 2242 cm−1 (γ C≡N), and 1664 cm−1 (γ C=O) of the residual N,N-
DMF and 1453 cm−1 (δ CH2), where γ represents a stretching vibration and δ denotes a
bending vibration. Additionally, it is possible to observe the peak located at 1249 cm−1

related to the methine vibration, and the peak at 1071 cm−1 corresponds to the C-H inter-
action [72,73]. The absorption peaks of these characteristics are still present in the fibers
added with melanin, indicating that melanin does not destroy or weaken the original
molecular structure of PAN fibers and that some characteristics of the original PAN fibers
are preserved, highly comparable peaks to those obtained by Naragund and Panda [74]
and Yao et al. [75]. The wavenumber region between 1000 cm−1 and 500 cm−1 exhibits a
significant amount of noise, which prevents the identification of characteristic peaks in this
specific region.

Furthermore, Figure 4 shows the comparison of the infrared spectra obtained from
melanin derived from walnut shells [42] and electrospun PAN fibers, along with their
infusions at different melanin concentrations (PM2.0 and PM5.0). The melanin extracted
from pecan shells [42] is an allomelanin that exhibits characteristic peaks at 3352 cm−1

associated with the hydroxyl group and at 1106 cm−1 and 1056 cm−1 attributed to C-O
bonds, and in the spectral range between 700 cm−1 and 600 cm−1, C-S bonds are observed.
However, when melanin is infused into the polymeric fibers of polyacrylonitrile, these
characteristic peaks are not present. The absence of the characteristic melanin peaks when
infused into polyacrylonitrile polymer fibers can occur for several reasons: (i) through a
chemical interaction, melanin may chemically interact with PAN, which could alter the
structure of melanin or change its spectroscopic properties; (ii) in the matrix environment,
melanin could be dispersed differently or adopt a different structure when incorporated
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into the PAN matrix, which could affect the observation of its characteristic peaks; (iii) with
regard to the dispersion state, the way melanin is dispersed in PAN fibers can influence
the accessibility of functional groups to interact with infrared radiation; (iv) with regard
to structural modifications, during the infusion process into PAN fibers, melanin could
undergo structural or conformational changes that affect the position or intensity of its
spectral bands [76–78].

Figure 4. Infrared spectra (FTIR) within a wavenumber range of 4000 cm−1 to 500 cm−1 of melanin
from nutshell and membranes obtained with melanin pigment, PAN control, PAN + 0.5% of melanin
(PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0% of melanin (PM5.0) fibers.

3.4. Wettability Results

Figure 5 shows that the incorporation of melanin into the PAN membranes signif-
icantly reduces their water uptake capacity. The recorded absorption percentages were
23.25 ± 1.16% for control PAN fibers, 5.69 ± 0.57% for PM0.5 fibers, 1.58 ± 0.68% for PM2.0
fibers, and 1.63 ± 0.70% for PM5.0 fibers. PAN is inherently hydrophobic. However, the
lone-pair orbital located on nitrogen and oriented 180◦ relative to the C≡N bond is associ-
ated with hydrogen bonding that could interact with water [79]. The overall structure of
PAN and the arrangement of its molecules do not favor an affinity for water. This character-
istic makes it resistant to water absorption and other polar solvents. The higher the melanin
concentration, the lower the degree of swelling, with PM2.0 and PM5.0 fibers showing the
least water uptake. This suggests that melanin effectively reduces the hydrophilicity of the
PAN fibers, making them less prone to swelling in the presence of water.

The incorporation of melanin into PAN fibers reduces their hydrophilicity and swelling
in the presence of water due to the hydrophobic nature of melanin, the creation of a denser
and less porous fiber structure, increased cross-linking density, and the formation of a
hydrophobic phase that acts as a barrier to water absorption. Surfaces with a water contact
angle below 60◦ are considered hydrophilic, while those with contact angles above 90◦ are
considered hydrophobic. When the contact angle exceeds 120◦, the surface is classified as
super-hydrophobic [80].
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Figure 5. Degree of swelling of electrospun membranes composed of PAN and melanin pigment.
Control (PAN), PAN + 0.5% of melanin (PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0%
of melanin (PM5.0). Bars represent means ± SE (n = 3) of the water uptake in %. Different letters
indicate significant differences between all factor combinations (univariate ANOVA after post hoc
Tukey test, p < 0.05).

PAN fibers exhibit hydrophobic behavior, with a contact angle of 110.59◦ ± 1.95◦,
which constitute very similar results to those reported by Sanchaniya and Kanukuntla [80]
for a 12% (w/w) PAN concentration. It is possible to observe an increase in the hydropho-
bicity of the fibers as the concentration of melanin that is present increases. Melanin
is a hydrophobic compound (right contact angle 136.16◦ ± 0.77◦; left contact angle
136.00◦ ± 0.96◦) [42], which, when combined with PAN in high concentrations, considerably
increases its hydrophobicity (Figure 6).

Figure 6. Contact angle of electrospun membranes composed of PAN and melanin pigment. Control
(PAN), PAN + 0.5% of melanin (PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0% of melanin
(PM5.0). Bars represent means ± SE (n = 10) of the contact angle in degrees. Different letters indicate
significant differences between all factor combinations (univariate ANOVA after post hoc Tukey test,
p < 0.05).
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3.5. Fibers Degradation

The degradation rates of the control PAN and PAN membranes loaded with melanin
were monitored over 7 and 14 days (Figure 7). The data show distinct differences in degra-
dation percentages across various melanin concentrations and time periods. The control
PAN membranes exhibited a degradation percentage of 26.6 ± 6.6% after 7 days, increasing
to 32.02 ± 4.8% after 14 days. For the PAN + 0.5% melanin (PM0.5) membrane, the degrada-
tion percentage was notably lower at 7.7 ± 2.9% after 7 days and rising to 20.6 ± 2.2% after
14 days. The PAN + 2.0% melanin (PM2.0) membrane showed a degradation of 30.5 ± 4.8%
after 7 days and 24.0 ± 1.6% after 14 days. The PAN + 5.0% melanin (PM5.0) membrane
had the lowest degradation rates, around 9.4 ± 0.5% after 7 days and 19.3 ± 2.3% after
14 days. Melanin’s inherent stability and resistance to environmental degradation likely
contribute to the lower degradation rates observed in PAN–melanin membranes. As the
concentration of melanin increases, the protective effect becomes more pronounced, result-
ing in a lower degree of fiber degradation. Also, the incorporation of melanin can enhance
the structural stability of the membranes. By increasing cross-linking density and forming a
more robust polymer matrix, melanin reduces the susceptibility of the fibers to degradation
processes. Finally, melanin imparts hydrophobic properties to the PAN fibers, reducing
water absorption and thus limiting hydrolytic degradation. The dominant characteristic of
the PAN molecule is the presence of strong polar nitrile groups. The CN groups have a
wide range of possibilities for interacting with their surroundings. The high dipole moment
can cause strong attraction or repulsion (depending on orientation) of other molecules
or substituents in molecules that also have a high dipole moment [79]. PAN differs in
many ways from common commercial polymers. Its typical properties include hardness,
rigidity, and resistance to most solvents and chemicals. PAN only dissolves in (i) aprotic
polar organic solvents such as dimethylformamide, dimethylacetamide, dimethyl sulfoxide,
sulfolane, ethylene carbonate, and N-methylpyrrolidone; (ii) concentrated sulfuric acid
and nitric acid; and (iii) concentrated aqueous solutions of certain inorganic salts, such as
lithium bromide, sodium thiocyanate, and zinc chloride. Acrylonitrile copolymers are often
soluble in less polar organic solvents, such as dioxane, tetrahydrofuran, chlorobenzene,
cyclohexanone, and acetone [81], which makes them highly resistant. Then, less water
uptake means slower breakdown of the polymer chains, leading to lower degradation
rates.

Figure 8 shows the melanin release kinetics that were expressed as a percentage over
the time for control PAN and loaded fibers with different melanin concentrations. The
release of the melanin from the PAN fibers occurred gradually during the 10 h kinetics
assessment, with the PAN membrane with 5.0% of melanin (PM5.0) exhibiting a higher
percentage of release (66.26 ± 4.29%) compared to the control PAN membranes. However,
during the first two hours, the PAN–melanin membranes at 2.0 (PM2.0) and 5.0% (PM5.0)
have the highest melanin release (23.66 ± 5.04% and 24.42 ± 1.91%, respectively), while
the PAN–melanin membrane at 0.5% (PM0.5) had the maximum release from 2 to 4 h.
All PAN–melanin membranes showed a constant release of melanin from the point of
maximum release. Gradually, a more significant release is produced by PAN membranes
with higher melanin contents. This results from the increased presence of melanin within
the fiber matrix, which can disperse with greater ease. Higher melanin content may disrupt
the fiber matrix, facilitating easier diffusion of melanin particles.
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Figure 7. PAN and PAN–melanin fiber degradations for two weeks. Control (PAN), PAN + 0.5%
of melanin (PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0% of melanin (PM5.0). Bars
represent means ± SE (n = 3) of the fiber degradation in %. Different letters indicate significant
differences between all factor combinations (univariate ANOVA after post hoc Tukey test, p < 0.05).

Figure 8. The in vitro release profiles of melanin from different PAN and PAN–melanin fibers over time.
Control (PAN), PAN + 0.5% of melanin (PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0% of
melanin (PM5.0). Points represent means ± SE (n = 3) of the melanin liberation from fibers.

3.6. Mechanical Properties of the Membrane

The physical mechanical properties of PAN and PAN–melanin membranes (Figure 9)
are significantly influenced by the addition of melanin and the orientation of the fibers.
Melanin concentrations impact the differential tensile and rupture strengths and the Young’s
modulus differently. For example, the higher melanin concentrations (2.0% and 5.0%) added
to the fibers enhance the tensile strength in the horizontal orientation (Figure 9A). This im-
provement can be attributed to the reinforcing effect of melanin particles within the polymer
matrix. Melanin acts as a filler, providing additional support and resistance against tensile
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forces applied in the horizontal direction. However, the vertical orientation shows variable
effects because the alignment and distribution of fibers differ, and melanin may not provide
the same level of reinforcement due to differences in stress distribution. The addition of
melanin generally decreases the rupture strength (Figure 9B), with the most significant
reduction observed at the 0.5% and 5.0% melanin concentrations. This reduction can be
explained by the introduction of heterogeneities and potential stress concentrators within
the fiber matrix. Melanin particles can create points of weakness where cracks can initiate
and propagate with ease, leading to a lower rupture strength. At lower concentrations
(0.5%), the melanin may not be well-distributed, leading to uneven stress distribution. At
higher concentrations (5.0%), the excessive amount of melanin can disrupt the polymer net-
work, further compromising the material’s integrity. Higher melanin concentrations (2.0%)
significantly increase the stiffness of the fibers, as indicated by the increased Young’s modu-
lus (Figure 9C). This increase in stiffness can be attributed to the rigid nature of melanin
particles, which enhance the overall rigidity of the composite material. The melanin par-
ticles restrict the mobility of the polymer chains, making the material more resistant to
deformation under applied stress. However, at very high concentrations (5.0%), the stiffness
may not increase further or could even decrease slightly due to potential aggregation of
melanin particles, which might lead to an uneven distribution and potential flaws within
the matrix. The orientation of the fibers plays a crucial role in determining the mechanical
properties. In the horizontal orientation, the alignment of fibers may allow for better load
distribution and more effective reinforcement by melanin particles. In contrast, the vertical
orientation may not benefit as much from melanin addition due to differences in how the
fibers bear the applied loads and how the melanin is distributed throughout the matrix.

Figure 9. Analysis of mechanical properties of the different produced membranes, (A) tensile strength
(MPa), (B) rupture strength (%), and (C) Young’s modulus (MPa) in PAN electrospun membranes
in vertical and horizontal direction. Control (PAN), PAN + 0.5% of melanin (PM0.5), PAN + 2.0%
of melanin (PM2.0), and PAN + 5.0% of melanin (PM5.0). Bars represent means ± SE (n = 5) for all
physical properties. Different letters indicate significant differences between all factor combinations
(univariate ANOVA after post hoc Tukey test, p < 0.05).
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3.7. Antioxidant Activities

Melanins are efficient free radical scavengers and protect different organisms against
oxidative damage by neutralizing free radicals. The antioxidant capacity of fibers containing
varying concentrations of melanin was evaluated against two chemical oxidants such as
DPPH and ABTS Figure 10, Supplementary Figure S1).

Figure 10. Free radical scavenging activity of melanin membranes against DPPH and ABTS. Control
(PAN), PAN + 0.5% of melanin (PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0% of melanin
(PM5.0). Bars represent means ± SE (n = 3) for radical scavenging in %. Different letters indicate
significant differences between all factor combinations (univariate ANOVA after post hoc Tukey test,
p < 0.05).

It is possible to observe that control PAN fibers do not possess antiradical scavenging
activity against the DPPH and ABTS radicals. However, fibers loaded with melanin
PM0.5, PM2.0, and PM5.0 show activity with values of 56.2% ± 0.3%, 62.7% ± 1.2%,
and 82.3% ± 1.0% against ABTS, and 46.5% ± 0.5%, 48.4% ± 0.5%, and 41.0% ± 0.7%
against DPPH, respectively (Figure 10). Melanin’s capacity to effectively scavenge free
radicals is the mechanism behind its antioxidant activity. Free radicals are extremely
reactive chemicals that have the potential to destroy cells. Melanin can neutralize them.
Melanin reduces oxidative stress and protects cells and tissues by retaining free radicals.
Additionally, melanin can act as an extracellular redox buffer, helping to neutralize oxidants
generated by environmental stress. This antioxidant mechanism contributes to melanin’s
ability to protect against cellular damage and promote health in living organisms [82–85].
In that sense, the PAN with melanin demonstrated a considerable antioxidant capacity
against ABTS or DPPH assays. The antioxidant capacity of the fibers loaded with melanin
likely attributed to their molecular structure, in particular the different functional groups in
the heterocyclic rings, o-quinones, and other reducing groups with oxidative capacity such
as o-hydroquinones; therefore, melanin has a high potential to donate or capture electrons
from different electronegative elements such as hydroxyl radicals, superoxide anions,
singlet oxygen, or peroxyanions [86]. Melanins from different microorganisms contain a
high antiradical activity against different oxidants such as DPPH and ABTS [83,87,88].
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3.8. Antibacterial Activity

The control PAN fiber does not possess antimicrobial activity; however, the addition
of any melanin concentration to PAN fibers inhibits microbial growth comparably to
the positive controls such as the antibiotics gentamicin and ampicillin. Furthermore,
a higher amount of melanin incorporated into the fibers produces a greater inhibitory
effect [42]. Specifically, the inhibition halos against bacteria were proportional to the
melanin concentration; for example, when the nanomembrane was loaded with 5% of
melanin, we found halos of 7.68 mm against S. aureus, 7.61 mm for E. coli, and 8.0 mm for
P. aeruginosa (Table 1, Supplementary Figure S2).

Table 1. Antimicrobial capacity of PAN membranes with melanin pigment against bacterial strains.

Fiber

Antibacterial Activity

Mean Diameter of Inhibition Zone (mm)

E. coli P. aeruginosa S. aureus

PAN 0.0 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a

PM0.5 7.1 ± 0.4 b 7.3 ± 0.1.5 b 6.7 ± 0.5 b

PM2.0 7.4 ± 0.5 b 7.8 ± 0.7 bc 6.8 ± 0.5 b

PM5.0 7.6 ± 0.7 bc 8.0 ± 0.8 bcd 7.6 ± 0.3 bc

Gentamicine 10 mg 9.8 ± 0.6 de 9.3 ± 0.3 cde 9.9 ± 1.4 de

Ampicillin 100 mg 9.8 ± 0.1 de 11.3 ± 2.0 e 9.5 ± 1.8 cde

Values represent means ± SE (n = 3) for diameter of inhibition zone (mm). Control fiber (PAN), PAN + 0.5% of
melanin (PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0% of melanin (PM5.0). Different letters indicate
significant differences (univariate ANOVA after post hoc Tukey test, p < 0.05).

The inhibition results are aligned with previously reported findings, indicating that
melanin exhibits antimicrobial activity against gram-positive and gram-negative pathogens
such as Bacillus pumilus, Staphylococcus warneri, Pseudomonas aeruginosa, Bacillus altitu-
dinis, Brevibacterium casei, Micrococcus luteus, Bacillus sp., Geobacillus stearothermophilus
and Streptococcus mutans, Escherichia coli, Staphylococcus aureus, Bacillus megaterium, and
Salmonella [89,90]. The presence of the reactive oxygen species (ROS) in cells has garnered
interest due to their ability to decompose organic compounds and inhibit bacterial pro-
liferation. ROS includes oxygen free radicals and any other oxygen-containing molecule
in which the oxygen atom has greater reactivity than molecular oxygen (O2). The ele-
vated reactivity enables ROS to extract electrons from organic compounds, leading to the
degradation of these compounds into water and carbon dioxide. This similar reactivity
damages the cell membrane of bacteria, which results in their death. Allomelanin derived
from walnut shells contains catecholic compounds that, when oxidized, generate reactive
oxygen species. The oxidation of these catecholic compounds involves electron transfer
that converts O2 into superoxide (O2

−) and hydrogen peroxide (H2O2). The release of
H2O2 interacts with the cell membrane or cell wall of microorganisms, resulting in cellular
destruction [4,42,91]. Finally, compounds synthesized by plants as a defense mechanism
can act by interacting with the cell membrane or cell wall of microorganisms, causing
changes in membrane permeability, which results in cell destruction. They are also capable
of penetrating bacterial cells and promoting the coagulation of their contents [4].

3.9. Antiaging Activity

The evaluation of enzymatic inhibition against skin-related aging enzymes, including
tyrosinase, hyaluronidase, elastase, and collagenase, was conducted to assess the efficacy
of melanin-loaded nanomembranes (Table 2). This analysis was crucial in determining the
potential antiaging properties of the fabricated materials. Notably, polyacrylonitrile (PAN)
fibers without melanin incorporation demonstrated no significant enzymatic inhibition
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potential. However, the addition of melanin to the polymer mixture demonstrated effective
inhibition. Additionally, we observed that all concentrations of melanin have inhibitory
effects against the four enzymes (Table 2). Enzymatic inhibition is dependent on the con-
centration of melanin, and we observed that the membranes with 5.0% of melanin (PM5.0),
inhibited the activity of tyrosinase (36%), hyaluronidase (22%), collagenase (25%), and
elastase (28%). The fibers loaded with 2.0% (PM2.0) of melanin, dropped the enzymatic
activities in tyrosinase (35%), hyaluronidase (15%), collagenase (25%), and elastase (28%),
respectively, and the fiber with the lowest melanin concentration (PM0.5) lightly dimin-
ished the enzymatic activity for tyrosinase (0.8%), hyaluronidase (9.8%), and collagenase
(10.8%) but not for elastase (27%) (Table 2). There are no reports on inhibiting antiaging
enzymes using melanin-loaded fibers or the pigment alone. However, several studies have
used polyphenols and peptides with high inhibition of enzymatic activities for tyrosinase,
hyaluronidase, collagenase, and elastase [92–96]. For example, peptides derived from
chia seed hydrolysates showed 38% enzymatic inhibition against collagenase, similar to
our results, as well as enzymatic inhibition for elastase (43%) and tyrosinase (61%) [57].
Similarly, polyphenolic extracts from grape pomace revealed enzymatic inactivation for
elastase (17–47% inhibition) and collagenase (24–43%) [45]. Our results, in conjunction with
these findings, suggest promising potential for the development of cosmetic formulations.
Specifically, these bioactive compound-loaded nanomembranes could serve as a foundation
for innovative facial masks with enhanced antiaging properties.

Table 2. Enzymatic inhibition of PAN fibers loaded with melanin against aging enzymes.

Enzyme Inhibition (%)

Fiber Tyrosinase Hyaluronidase Collagenase Elastase

PAN 0.0 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a

PM0.5 0.8 ± 13.3 b 9.8 ± 0.7 b 10.9 ± 3.8 b 27.3 ± 9.5 b

PM2.0 35.2 ± 8.7 c 15.3 ± 3.4 c 25.3 ± 4.3 c 28.2 ± 7.4 b

PM5.0 36.0 ± 5.9 c 21.9 ± 1.4 d 37.2 ± 3.0 d 33.0 ± 9.6 b

Values represent means ± SE (n = 3) of enzymatic inhibition in %. Control fiber (PAN), PAN + 0.5% of melanin
(PM0.5), PAN + 2.0% of melanin (PM2.0), and PAN + 5.0% of melanin (PM5.0). Different letters indicate significant
differences (univariate ANOVA after post hoc Tukey test, p < 0.05).

3.10. Docking In Silico of Each Tested Enzyme with Melanin

Molecular docking results indicate that melanin exhibits a stronger binding affinity
for collagenase compared to the re-docked inhibitor, as evidenced by the lower binding
energy of −10.4 kcal mol−1 for melanin versus −9.3 kcal mol−1 for the inhibitor (Table 3).
This suggests that melanin could potentially be a more competitive inhibitor of collagenase.
Further, results show that melanin exhibits similar binding affinities for elastase and
tyrosinase compared to the re-docked inhibitors. The binding energies of melanin and
the re-docked inhibitors for elastase are −7.1 and −7.6 kcal mol−1, respectively, and for
tyrosinase, they are −6.3 kcal mol−1 for both. These comparable binding energies suggest
that melanin might have a similar inhibitory potential for these enzymes as the reference
inhibitors. Distinct collagenase inhibitors, often featuring a zinc-binding group (ZBG), have
been identified. These inhibitors target the catalytic zinc ion, rendering the enzyme inactive.
However, their lack of selectivity over human metalloproteinases (MMPs) hinders their
clinical development [58].
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Table 3. Chemical structures and binding energies of docked melanin and re-docked experimental
inhibitors against their respective target proteins, as determined by molecular docking simulations.

Ligand PubChem CID
Binding Energy

(Kcal/mol)
Target Protein Ligand Chemical Structure

2HY 11539563 −7.6 Elastase

B5N 17249811 −6.3 Tyrosinase

IFW 165416375 −9.3 Collagenase

Melanin -

−10.4 Collagenase

−8.6 Hyaluronidase
−7.1 Elastase
6.3 Tyrosinase

The experimental crystal structure of collagenase reveals that the ortho-acetamide
group of the inhibitor IFW forms hydrogen bonds with Glu498 and engages in π-π stacking
interactions with Trp539. The triazole ring interacts with Glu555 and Tyr599, while the
hydroxamate group coordinates with the zinc ion. Our molecular docking results suggest
that melanin interacts with key residues within the active site of the target protein, similarly
to the known inhibitor IFW (Figure 11). Specifically, melanin appears to form hydropho-
bic interactions with Glu498 and Trp539 and hydrogen bonds with Tyr599. The crystal
structure of hyaluronidase (2PE4) reveals a molecule composed of two distinct domains: a
catalytic domain and a novel EGF-like domain, which is often involved in protein–protein
interactions and regulatory processes [59].

Figure 11. Cont.
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Figure 11. Tridimensional structure of the molecular docking between melanin pigment and the
catalytic sites of various aging-related enzymes. Surface (A–D) and cartoon (E–H) representations
of the predicted models illustrate interactions between melanin and the enzymes: collagenase
(A,E), hyaluronidase (B,F), elastase (C,G), and tyrosinase (D,H). The surface models depict the most
accurate predictions, while the cartoon representations highlight the amino acids (pink) involved in
the protein–ligand interactions within the enzyme binding pocket and melanin (green). In (E), green
and gray dots represent calcium (Ca) and zinc (Zn) atoms, respectively. Brown dots in (H) depict
copper (Cu) atoms.

While no experimentally determined crystal structures of hyaluronidase–inhibitor
complexes are currently available, our computational results suggest that melanin can
form a stable complex within the enzyme’s active site, with a predicted binding energy
of −8.6 kcal mol−1. This interaction is stabilized by a combination of hydrophobic inter-
actions, hydrogen bonds, π-π stacking, and π-cation interactions. Previous studies have
demonstrated that garcinol binds to human hyaluronidase (2PE4) with a binding affinity of
−4.41 kcal mol−1, forming interactions with key residues Leu381, Asn383, Leu379, Lys377,
and His305, as well as two hydrogen bonds with Asp408 [97]. Our results indicate that
melanin interacts within a binding pocket, forming specific bonds with Phe204, Pro249, and
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Tyr210. Additionally, conventional hydrogen bonds are observed with Gly203, Arg134, and
Lys144. Computational modeling indicates that melanin can form a stable complex within
the reported enzyme’s active site, stabilized by various interactions. Our inhibitory assay,
along with the stronger interaction results compared to garcinol, supports melanin’s in-
hibitory effect. The human neutrophil elastase (HNE) used in this analysis was crystallized
with a non-covalently bounded dihydropyrimidone inhibitor (DHPI) [60]. Previous studies
have reported that the primary binding interactions between DHPI and elastase involve
van der Waals forces with hydrophobic residues Val190, Ala213, and Val216. Additionally,
π-π stacking occurs between the phenyl ring of Phe192 and the trifluoromethylphenyl
group of DHPI, while Asp226 participates in hydrogen bonding networks, and Val216
appears to be a key residue for binding peptidic inhibitors [60,98]. Our results show that the
molecular docking of melanin with HNE shares similar binding energies of 7.6 kcal mol−1

for melanin and 7.1 kcal mol−1 for DHPI. Furthermore, the predicted binding pose suggests
interactions with key residues, like those described above, such as Phe192, Ser195, and
Val216 (Table 4).

Table 4. Residue numbers and interaction types for the best binding pose of melanin with its
respective target protein, as determined by molecular docking simulations.

Interaction
Type

Enzyme Inhibition (%)

Collagenase Hyaluronidase Elastase Tyrosinase

Hydrophobic

Leu495 Phe204 Phe192 Lys47
Tyr496 Pro249 Val218
Glu498 Pro219
Ala531

Trp539

Hydrogen Bonds Glu498 Arg134 Ser195 Gly46

Trp539 Lys144 Val216 Lys47
Tyr599 Gly203 Gln142

π-π stacking
π-cation Trp539 Tyr210 Trp539

The experimental data on the binding pose of B5N in the tyrosinase active site show
that the 4-fluorobenzyl moiety is oriented towards CuA and stabilized by stacking interac-
tions with His208. Additionally, a polar interaction with Arg209 is observed; however, the
flexibility of Arg209 appears to contribute to accommodating different ligands [61]. Inter-
estingly, our results show that melanin binds to a different cavity in the protein’s binding
site compared to B5N; however, the predicted binding energy is similar, at −6.3 kcal mol−1

for both ligands. Our melanin–tyrosinase docking analysis revealed two key interaction
types: hydrophobic interactions involving Lys47, Val218, and Pro219 and hydrogen bonds
formed with Gly46, Lys47, and Gln142. Overall, the computational analysis revealed
similar binding modes and affinities between melanin and known inhibitors for each target
protein, corroborating the experimental observations that melanin-loaded PAN nanofibers
possess significant bioactive potential.

4. Conclusions

This study demonstrates that PAN fibers infused with melanin exhibit a dense and
homogeneous structure, with the fiber diameter increasing proportionally to the melanin
concentration. Based on the above results, membranes’ characteristics have a direct re-
lationship with a higher concentration of melanin (5.0%) since membranes with a high
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concentration have excellent antioxidant and antimicrobial activity and a strong inhibitory
activity against aging-related enzymes. The incorporation of melanin preserves the orig-
inal molecular structure of the PAN fibers while enhancing their mechanical properties,
particularly the tensile strength at higher melanin concentrations. Release kinetics reveal
that higher melanin concentrations in PAN membranes result in a more substantial and
sustained release over time, attributed to the greater availability of melanin within the
fibrous matrix. The PAN–melanin fibers display significant antioxidant activity, with radi-
cal scavenging capacity increasing in proportion to melanin concentration. Furthermore,
these fibers exhibit antimicrobial properties. Notably, higher melanin concentrations corre-
late with stronger inhibitory effects against aging-related enzymes, including tyrosinase,
hyaluronidase, collagenase, and elastase. The molecular docking of proteins with the
melanin ligand presented good binding energies with all aging-related enzymes. These
findings highlight the potential of melanin-infused PAN fibers for applications requiring
enhanced mechanical properties, controlled release, antioxidant activity, antimicrobial
effects, and the inhibition of aging-related enzymatic processes.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/membranes15020044/s1: Figure S1: Free radical scav-
enging activity of melanin membranes against DPPH and ABTS experiments; Figure S2: Antibacterial
activity of membranes loaded with melanin pigment.
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Abstract: The recovery and reuse of high-impact polystyrene (HIPS) into high-value products is
crucial for reducing environmental thermoplastics waste and promoting sustainable materials for
various applications. In this study, asymmetric membranes obtained from sulfonated HIPS waste
were used for salt and dye removals. The incorporation of sulfonic acid (-SO3H) groups into HIPS
waste by direct chemical sulfonation with chlorosulfonic acid (CSA), at two different concentrations,
was investigated to impart antifouling properties in membranes for water treatment. Asymmetric
membranes from recycled HIPS, R-HIPS, R-HIPS-3, and R-HIPS-5 with 3 and 5% sulfonation degrees,
respectively. Sulfonated HIPS shows a decrease in water contact angle (WCA) from 83.8◦ for recycled
R-HIPS to 66.1◦ for R-HIPS-5, respectively. A WCA decrease leads to an increase in antifouling
properties for R-HIPS-5, compared to non-sulfonated R-HIPS, which leads to a higher flux recovery
ratio (FRR) and enhanced separation properties for sulfonated membranes. The HIPS-5 membrane
exhibited the highest rejection rates for Reactive Black 5 dye (94%) and divalent salts (72% for
MgSO4 and 67% for Na2SO4). The performance of the recycled HIPS asymmetric membranes is well
correlated with porosity, water uptake, and the higher negative charge from the sulfonic acid groups
present, which enhance the electrostatic repulsions of salts and dyes.

Keywords: asymmetric membranes; high-impact polystyrene waste; dye removal; water treatment;
sulfonated high-impact polystyrene

1. Introduction

In recent years, there has been a substantial rise in global plastic waste, leading to
serious environmental and public health challenges [1]. In 2018, annual plastic production
reached 359 million tons, and it is expected to double by 2050. In Mexico, the per capita
plastic waste generation is 59 kg annually, with less than 10% being recycled [2]. In 2023,
the Mexican Secretariat of Environment and Natural Resources (SEMARNAT) identified
polypropylene (PP), low-density polyethylene (LDPE), and polystyrene (PS) as the primary
polymers contributing to environmental pollution, with PS having the lowest recycling
potential based on a cost–benefit ratio [2]. In response, the Mexican government, following
international initiatives, proposed a policy for sustainable development and a circular
economy to enhance waste management practices. A key initiative within this framework
is the redesign and reuse of plastic products. Specifically, recycling and transforming
polystyrene—available in several forms, such as expanded polystyrene (EPS), general-
purpose polystyrene (GPPS), and high-impact polystyrene (HIPS)—is crucial for reducing
PS waste in the environment and promoting sustainable materials for various applications.
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Recently, single-use polystyrene (PS) waste has been identified as a valuable mate-
rial for the circular economy [3–5]. For example, nanofiber membranes from expanded
polystyrene (EPS) waste with different poly(vinylpyrrolidone) (PVP) concentrations were
elaborated by electrospinning for their use in water filtration [6]. PVP introduction re-
duced EPS’s high hydrophobicity on the membrane surface, changing their water contact
angle from 140.46◦ to 84.70◦ and increasing pure water flux from 526.86 L m−2h−1 to
1901.35 L m−2h−1. The introduction of carbon nanotubes is also a strategy to obtain a
more hydrophilic membrane surface with lower fouling properties [7]. Aquino Lima et al.
developed an ultra-fast method to produce recycled EPS membranes using DL-limonene
as a natural solvent, with adequate characteristics for its applications in air filtration [8].
Moreover, the production of ion exchange resins from polystyrene waste, sulfonated with
sulfuric acid, has been reported for heavy metals (Cu2+, Zn2+, and Cd2+) removal in wastew-
ater [9–11], as well as for the adsorption of fluoroquinolone, a second-generation synthetic
antibiotic [12]. Membranes from sulfonated PSE blended with 1% of polybutylene succinate
(PBS) exhibited a higher methylene blue uptake and good regeneration efficiency, compared
with membranes containing a higher PBS amount, following a pseudo-second order kinetic
model in the adsorption process [13].

The utilization of HIPS waste has been less extensively studied, despite its notable
advantages over brittle and rigid EPS and GPPS [14,15]. HIPS offers superior impact
resistance, flexibility, and stability, making it a promising candidate for various applications.
Sharma et al. investigated the potential use of recycled HIPS as a partial replacement for
fine aggregates in lightweight concrete and evaluated the impact on key properties, such as
compressive strength, flexural strength, and bond strength. The authors concluded that
recycled HIPS at 10% concentration is an optimal level for achieving lightweight concrete
with desirable mechanical properties, offering a sustainable solution for recycling plastic
waste in construction materials [16]. Moreover, cation exchange resins for the removal of
heavy metal ions (Zn2+, Pb2+) were prepared from sulfonated polystyrene waste (WPS)
containing HIPS and EPS. These cation exchange resins were capable of reducing Zn2+

metal concentration from 80 mg/L to 38.3 mg/L and Pb2+ from 100 mg/L to 33 mg/L
by an absorption process [17]. Air filter membranes were also fabricated from a HIPS
waste solution in a D-limonene:DMF mixture using needleless electrospinning. A fine fiber
morphology was achieved by increasing DMF concentration in the solvent mixture. The
HIPS membrane demonstrated excellent performance as an air filtration medium, with
a filtration efficiency up to 98.5%, as shown in filtration tests with PM2.5 particles [18].
Khaled et al. elaborated micro-porous membranes from recycled HIPS, which presented
contact angle values between 81◦ and 91◦, with surface pore sizes ranging from 150 nm
to 550 nm and with macrovoids in their cross-sections [19]. These membranes presented
Rhodamine B (RhB) rejection values between 95 and 97% and from 85 to 87% for humic acid
(HA) [20]. They exhibited a slight increase in tensile strength values as HIPS concentration
increased from 20 to 35% [15]. Waste HIPS’s feasibility as membranes for gas separation
was also investigated [21]. The authors reported that HIPS membranes exhibited better
gas transport properties than EPS and GPPS, due to their butadiene rubber content in the
matrix, with a gas separation factor that was well correlated with the difference in the
gas penetrant kinetic diameter. Recently, a method for the total revalorization of HIPS
was investigated by Giakoumakis et al. These authors employed HIPS waste as potential
feedstock for styrene monomer recovery using a green fractionation process using ethyl
acetate (EtOAc). This strategy consists of EtOAc addition as a pre-fractionation solvent
to isolate the free PS matrix from the rubber phase, followed by thermal degradation of
the isolated free PS matrix, which leads to an enhanced styrene yield, compared to the
non-fractionated HIPS sample, and finally, an ethylene metathesis for the valorization of
the rubber phase [22].

Here, we present the development of asymmetric sulfonated HIPS membranes from
recycled HIPS (R-HIPS) for water treatment. The incorporation of sulfonic pendant groups
in R-HIPS by a simple and efficient electrophilic substitution reaction was directed to
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enhance the hydrophilicity, morphology, permeability, and antifouling properties of HIPS
membranes [23,24]. R-HIPS sulfonated asymmetric membranes’ general properties and
performance in removing salts and dyes under low-pressure conditions and the effect of
R-HIPS sulfonation degree on membrane fouling are discussed. Overall, this study has the
potential to make a significant impact on both reducing plastic pollution and improving
wastewater treatment systems through the use of recycled HIPS. With further research
focused on the scalability as spiral-wound filtration modules and addressing potential
challenges, sulfonated high-impact polystyrene membranes could emerge as a cost-effective
and sustainable alternative for polystyrene recycling and wastewater treatment.

2. Materials and Methods

2.1. Chemicals

Recycled high-impact polystyrene (R-HIPS) was obtained from a Cole-Parmer tray.
Ethyl acetate (99.5%, M TEDIA, Fairfield, CA, USA), chlorosulfonic acid (CSA, 99.0%), 1-2-
dichloroethane (DCE, 99.8%), bovine serum albumin (BSA, 67 kDa), potassium phosphate
di-basic (K2HPO4, 98%), magnesium sulfate (MgSO4, ≥97%), sodium sulfate (Na2SO4,
≥99%), Reactive Black 5, 1methyl-2-pyrrolidinone anhydrous (NMP, 99.5%), toluene (HPLC,
99.9%), methanol (MeOH, 99.8%), and phenolphthalein (ACS reagent) were all supplied by
Sigma Aldrich S.A. de C.V. (Toluca, México) and used as received. Potassium phosphate
monobasic (KH2PO4, 99.5%, Fluka chemical, GmbH, Buchs, Switzerland), 2-propanol
(99.8%, J.T. Baker, Edo. de México, México), acetic acid 5% solution in water (commercial
vinegar, @La Costeña, Yucatán, México), ethanol (EtOH, 96%, CTR Scientific, Nuevo León,
México), sodium bicarbonate (NaHCO3, Arm & Harmmer, Church & Dwight, Ewing, NJ,
USA), and sodium hydroxide (NaOH, J.T. Baker, 99.5%, Edo. de México, México) were also
used as received.

2.2. R-HIPS Sulfonation

R-HIPS sulfonation was carried out by direct sulfonation in solution with chlorosul-
fonic acid (CSA) at two different concentrations (3 and 5%). In a typical sulfonation reaction,
in a 500 mL three-neck flask with a mechanical stirrer, 10 g of R-HIPS was dissolved in
100 mL of DCE. Then, the homogeneous solution was cooled in an ice bath, and the required
amount of chlorosulfonic acid was added dropwise, using an addition funnel to achieve
the desired sulfonation degree (see Table 1). After this point, the sulfonation reaction was
stirred at room temperature for 20 h. The resulting product was then gradually poured into
ethanol while being stirred vigorously. The sulfonated R-HIPS was filtered, washed with
EtOH, and dried in a vacuum oven at 60 ◦C for 24 h [25].

Table 1. Amounts of each reactant used based on 10 g of sulfonated R-HIPS.

Membranes Theoretical SD (%) 1,2, Dichloroethne (mL) Chlorosulfonic Acid (mL) Experimental SD (%)

R-HIPS-3 3 100 0.19 2.7
R-HIPS-5 5 100 0.33 5.9

Sulfonation degree (SD) was determined by a titration method as follows: 100 mg of
R-HIPS (in triplicate) was solubilized in 10 mL of a toluene/methanol mixture (90/10 v/v)
and subsequently titrated with a 0.01 M NaOH/methanol solution, using phenolphthalein
as an indicator. The SD value (%) was calculated by Equation (1) [26]:

SD =
104 × NNaOH×VNaOH

(w × 1000)− (81 × NNaOH × VNaOH)
(1)

where NNaOH and VNaOH are the concentration (mol/L) and volume of methanolic NaOH
solution (mL), and W is the R-HIPS weight (g). The numbers 104 and 81 are the molar mass
of the styrene unit and sulfonic, –SO3H, groups, respectively.
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2.3. Preparation of Asymmetric Membranes

The membranes were prepared by the phase inversion method using a 20% (w/v)
doping solution in NMP. The polymer solution was cast on a glass support using a knife
blade previously graduated at 33 μm, and it was immersed in the coagulation bath, which
consisted of a mixture of commercial vinegar (acetic acid 5% solution in water)/isopropanol
(15/85% v/v) with 0.12% NaHCO3 at room temperature, at 50% relative humidity. Finally,
the membranes were stored in distilled water for further characterization. Based on the
sulfonation degree (SD), the membranes were identified as R-HIPS (non-sulfonated), R-
HIPS-3 (3% SD), and R-HIPS-5 (5% SD).

2.4. Characterization

A scanning electron microscope (SEM) (JEOL JSM-6360LV SEM, Tokyo, Japan) was
used to obtain cross-sectional and surface micrographs of membrane samples previously
coated with gold in a DENTON VACUUM DESK II equipment (Philadelphia, NJ, USA).

FTIR-ATR spectra of R-HIPS and sulfonated R-HIPS were recorded on a Nicolet 8700
FTIR (Waltham, MA, USA) in the 4000–650 cm−1 range. Contact angle measurements on
R-HIPS membrane surface were determined on a Ramé-Hart 590 goniometer equipped
(Succasunna, NJ, USA) with a high-resolution drop image software.

Water uptake was measured by immersing dry samples (1.5 cm × 1.5 cm) in water for
7 days at room temperature. The dry weight was determined after drying the samples at
60 ◦C for 24 h. The percentage of water content (WC %) was calculated with the following
Equation (2).

WC(%) =
W0 − W1

W0
× 100 (2)

where W0 = is the membrane wet weight, and W1 = is the membrane dry weight.

2.5. Membrane Performance Assessment

Membrane porosity (ε) was calculated from the difference between the bulk mem-
brane volume (Vm) and the polymer volume (Vp). The porosity was calculated using
Equation (3) [27].

ε(%) =
Vm − Vp

Vm
× 100 (3)

where Vm is the bulk membrane volume, and Vp represents the polymer volume. Vm was ob-
tained by multiplying the membrane area by its thickness. The polymer volume Vp was ob-
tained by the ratio Wm

ρp
, where Wm is the membrane weight, and ρp is the polymer’s density.

The mean pore radius was calculated using the Guerout–Elfort–Ferry equation
(Equation (4)).

rm =

√
(2.9 − 1.75ε)8ηδ0Q

εA 
 P
(4)

where η is the pure water viscosity (8.9 × 10−4 Pa s), Q is the pure water volume permeated
per unit of time (mm3s−1), A is the effective area of the membrane (mm2), δ0 is the thickness
of the membrane (mm), and ΔP is the transmembrane pressure (Pa).

2.6. Membrane Filtration Experiments

Membrane filtration experiments were conducted using a dead-end filtration module
(Sterlitech HP4750 Stirred Cell) with magnetic stirring at 500 rpm, using an effective
membrane area of 14.6 cm2. Initially, the membrane was compacted at 30 psi for 1 h;
after this time, 100 mL of deionized pure water was permeated through the membrane to
determine an initial flux Jw1, followed by three 100 mL filtration cycles of a 1.0 mg/mL
BSA solution to obtain JBSA. Finally, the membrane was cleaned with distilled water for
30 min, and the first permeate after cleaning was taken as water flux Jw2. This procedure
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allowed for the assessment of the flux recuperation ratio (FRR) and BSA flux recovery ratio
(Rr), which were calculated using Equations (5) and (6) [27].

FRR(%) =
Jw2
Jw1

× 100 (5)

Rr(%) =

(
Jw2 − JBSA

Jw1

)
× 100 (6)

Moreover, total flux loss caused by the total fouling (Rt) and percentage of irreversible flux
loss caused by irreversible fouling (Rir) were calculated using Equations (7) and (8), respectively.

Rt(%) =

(
1 − JBSA

Jw1

)
× 100 (7)

Rir(%) =

(
Jw1 − Jw2

Jw1

)
× 100 (8)

2.7. Salt and Dye Rejection Experiments

The salt and dye rejection methodologies were conducted in a similar way to the
one described for the BSA filtration experiment in the Sterlitech HP4750 Stirred Cell
(Auburn, WA, USA). For salt rejection, 100 mL of 0.5 mg/mL MgSO4 solution or Na2SO4
solution (500 ppm) was permeated through R-HIPS membranes at 30 psi, whereas for
dye rejection, a 100 mL solution containing 0.05 mg/mL of Reactive Black 5 (50 ppm)
was used. The permeation and retention fluxes of salt solution were calculated using
Equations (9) and (10):

J =
V

A · t
(9)

R(%) =

(
1 − Cp

Cf

)
× 100 (10)

where Cp is the concentration of salt or dye in the permeate, and Cf is the salt or dye
concentration in the feed. Salt rejection was measured using a conductometer. In the dye
rejection experiments, concentrations were determined using a UV-Vis spectrometer at
595 nm.

3. Results and Discussion

The introduction of sulfonic groups (-SO3H) into the polymer chain can significantly
enhance important properties, such as hydrophilicity, permeability, morphology, and an-
tifouling capacity [28,29]. In this study, the primary goal in modifying R-HIPS membranes
was to make them less susceptible to fouling by changing them from a hydrophobic to
hydrophilic nature through varying concentrations of -SO3H. The experimental sulfonation
degrees (SDs) of R-HIPS membranes ranged from 0% to 5.9%, closely aligning with the
theoretical SD, as can be seen in Table 1. Initial experimental tests for membrane fabrication
were conducted using a higher SD (10, 15, and 20%) of recycled HIPS. However, at these
sulfonation levels, HIPS becomes partially soluble in water and alcohols, which complicates
both the membrane formation process and their application in water treatment.

The reaction mechanism for HIPS sulfonation with chlorosulfonic acid is a typical
electrophilic aromatic substitution, which introduces a sulfonic acid group on the benzene
rings of the polystyrene fragment, as depicted in Scheme 1 [25].

FTIR spectroscopy was employed to verify the chemical structures of R-HIPS and
sulfonated R-HIPS-3 and R-HIPS-5. Figure 1 shows that the aromatic C-H stretching
vibrations appeared at 3082, 3058, and 3024 cm−1. Additionally, the peaks centered at
2921 cm−1 and 2850 cm−1 corresponded to the symmetric and asymmetric stretching of
C-H bonds of vinyl groups, respectively [14]. The spectra also displayed vibrations at 1601
cm−1 and 1492 cm−1, which were attributed to aromatic C=C stretching. Furthermore, all
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spectra exhibited characteristic polybutadiene signals between 994 and 720 cm−1, attributed
to the deformation bands of vinyl-1,2, trans-1,4, and cis-1,4 configurations [30]. The peaks
around 1184 and 1042 cm−1, assigned to the antisymmetric and symmetric vibrations
of the SO3

− group [31], may overlap with absorption peaks from additives in R-HIPS,
complicating the identification of those signals. Moreover, a broad peak between 3100
and 3650 cm−1 was observed, corresponding to O–H stretching vibrations from hydrogen
bonds. This peak was intensified with an increasing sulfonation degree, indicating that
higher sulfonation enhances polymer hydrophilicity.

 

Scheme 1. Proposed reaction mechanism for HIPS sulfonation with CSA.
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Figure 1. ATR-FTIR spectra of R-HIPS and sulfonated R-HIPS.

Changes in the hydrophobic character of R-HIPS due to sulfonation could modify the ther-
modynamic equilibrium for the R-HIPS solution behavior between the polymer/solvent/non-
solvent system during the membrane formation process [25]. As reported in the literature,
R-HIPS membranes with macrovoids in their structure and larger cavities in the sublayer
are obtained using deionized water as non-solvent in asymmetric membrane preparation,
due to an instantaneous demixing [14,15,19,20]. As a result, the formation of macrovoids
and larger cavities can indeed compromise the mechanical stability of R-HIPS membranes.
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Thus, it is important to consider alternative non-solvents or look into adjusting the casting
conditions to obtain delayed demixing processes to avoid the formation of macrovoids and
large cavities. In this case, after several tests, commercial vinegar/isopropanol (15/85%
v/v) containing 0.12% NaHCO3 was selected as the coagulation bath to reduce macropore
formation in the membrane’s cross-section and promote the formation of the asymmetric
membrane with a sponge-like porous structure. This formulation closely follows those
reported by Yam-Cervantes et al. for asymmetric membranes preparation from sulfonated
polymers [24]. Additionally, this coagulation bath was chosen because it was not favorable
to use water as a non-solvent for sulfonated membranes formation.

3.1. Membrane Morphology

Figure 2 displays the SEM images of R-HIPS, R-HIPS-3, and R-HIPS-5. The sublayer
surfaces of R-HIPS (Figure 2a) exhibited micro-sized pores, while the sulfonated membranes
R-HIPS-3 (Figure 2c) and R-HIPS-5 (Figure 2e) revealed completely dense surfaces. The
cross-section morphologies of R-HIPS and sulfonated R-HIPS-3 and R-HIPS-5 revealed a
sponge-like matrix with rounded and elongated macropores (Figure 2b,d,f), with this trend
becoming more pronounced as the sulfonation degree increased. This phenomenon can
be attributed to a delayed demixing process in the coagulation bath. This effect is due to
hydrogen bonding interactions between sulfonic acid groups and water molecules present
in the vinegar. According to Feng et al. [32], the presence of hydrogen bonding increases
dope viscosity, which slows down the convection and diffusion processes between the
solvent and nonsolvent during membrane formation. The increased viscosity can lead
to a reduced droplet growth rate, resulting in a smaller pore size distribution within the
membrane [33]. The morphology of sulfonated R-HIPS allows for better stability in the
as-prepared membranes.

 
Figure 2. SEM images of surface and cross section at 2000× and 300× of (a,b) R-HIPS, (c,d) R-HIPS-3,
and (e,f) R-HIPS-5, respectively.

Table 2 presents the % porosity (ε) and pore radius (rm) values for R-HIPS and sul-
fonated R-HIPS membranes prepared in this work and their comparison with some recycled
HIPS membranes reported in literature [15,21]. This study confirmed that the pore radius
decreased slightly from 4.0 nm to 3.3 nm with an increasing sulfonation degree (Table 2),
which also led to a reduction in membrane porosity (ε). However, no significant decrease
in the finger-like structures within the cross-section of R-HIPS sulfonated membranes was
observed, which may be attributed to NaHCO3 addition that weakened the hydrogen
bonding interactions between -SO3H groups and water molecules [34]. The membrane
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porosity (ε), calculated using the dry–wet weight method, decreased from 75 for R-HIPS to
63.9% in R-HIPS-3. Increasing sulfonation for R-HIPS-5 showed a slight porosity increase
(67.0%) in comparison with R-HIPS-3, which was attributed to the presence of elongated
macropores. As shown in Table 2, for membranes from recycled HIPS reported in literature,
termed HIPS-R [15], 30% and 35% [21] exhibited higher pore radii that led to membranes
for ultrafiltration and microfiltration, resulting in increased flux and lower solutes retention.
Thus, this larger pore size compromised the membrane selectivity and overall performance.
The increase in pore size is attributed to the instantaneous demixing formation that occurs
during the fabrication process when water is used as a non-solvent.

Table 2. Water contact angle, water uptake, weight loss, % porosity, radius pore size, and flux of
R-HIPS membranes.

Membrane Contac Angle (o)
Water Uptake

(%)
Weight Loss (%)

Porosity (ε)
(%)

rm

(nm)
Flux (L/m2h)

R-HIPS 83.8 ± 1.034 2.2 ± 0.5 1.2± 0.33 75.0 4.0 ± 0.32 6.0 ± 0.84
R-HIPS-3 74.8 ± 0.26 3.6 ± 2.9 3.2 ± 0.61 63.9 3.8 ± 0.08 4.3 ± 0.13
R-HIPS-5 66.1 ± 0.87 10.6 ± 0.4 6.0 ± 0.95 67.0 3.3 ± 0.67 3.1 ± 1.02
HIPS-R [15] 81.7 ± 3.42 51.7 ± 5.5 - 52.3 32.4 ± 1.12 180.6 ± 0.71
30 wt% [21] 83.0 - - 62.5 50–500 8.5
35 wt% [21] 91.0 - - 61.6 50–250 8.3

3.2. Hydrophilicity

Water contact angle (WCA) was determined to verify changes in hydrophilicity for
R-HIPS membrane surfaces (Figure 3). The contact angles decreased from 83.8◦ to 66.2◦
with an increasing sulfonation degree from 0 to 5%. This reduction was due to the presence
of strongly hydrophilic -SO3H groups, which enhanced membrane surface interaction with
water, facilitating the filling of air voids and enhancing overall wetting [35]. In general,
porosity, pore size, and hydrophilicity are key factors that determine water permeability
and solute rejection properties of membranes [36]. Higher pore size generally allows for
increased flux, but it may compromise the membrane ability to reject solutes. On the other
hand, a significant challenge in filtration processes is membrane fouling, which occurs
when unwanted materials accumulate on the membrane surface or within its pores, due
to, among other factors, membrane hydrophobicity. Fouling not only reduces filtering
efficiency but also decreases the average membrane life and increases operating costs [37].
Thus, these properties (porosity and hydrophilicity) are crucial for optimizing membrane
performance in applications such as water treatment for dye and salt elimination and
separation processes, where organic suspended matter is present.

Figure 3. Water contact angles of R-HIPS, R-HIPS-3, and R-HIPS-5 membranes.
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Furthermore, HIPS, R-HIPS-3, and R-HIPS-5 membrane swelling tests support the
results found by contact angle measurements. HIPS, R-HIPS-3, and R-HIPS-5 showed a
higher water uptake as SD increased (see Table 2). After immersion for 7 days in water,
R-HIPS and R-HIPS-3 showed water uptake values of 2.2% and 3.6%, respectively, while
R-HIPS-5 exhibited a significantly higher uptake of 10.6%, following a similar trend to the
contact angle measurements. Moreover, weight losses after immersion were 1.2, 3.2, and
6.0% for R-HIPS, R-HIPS-3, and R-HIPS-5 membranes, respectively (Table 2).

3.3. Membrane Antifouling Properties and Water Permeability

The antifouling performances of R-HIPS, R-HIPS-3, and R-HIPS-5 membranes were
evaluated by dynamic permeation experiments using a 1000 ppm BSA solution. The flux
recovery ratio (FRR %), irreversible fouling (Rir), recovery capacity (Rr), and the total
fouling (Rt) are presented in Figure 4. The flux recovery ratios (FRR) of sulfonated R-HIPS-
5 and R-HIPS-3 membranes were greater than that of R-HIPS, indicating that increased
hydrophilicity enhanced the antifouling properties of the membranes. The reversible
fouling ratios (Rr), which refers to the temporary adsorption of molecules or particles onto
a membrane surface, were 8.2%, 9.6%, and 15.6% for R-HIPS, R-HIPS-3, and R-HIPS-5,
respectively. In contrast, the irreversible fouling ratio (Rir), which occurs when foulants
such as proteins, oils, or particulates become permanently fixed onto the pore surfaces
of a membrane [38], was lower in R-HIPS-5 membrane, following the same tendency
(R-HIPS > R-HIPS-3 > R-HIPS-5) as the total fouling (Rt), which indicates that increasing
sulfonation reduces the fouling in R-HIPS membranes. The notably lower Rr values
compared to Rir suggest that particles tend to adhere more readily to the pore surfaces in
the non-sulfonated R-HIPS membrane, compared to R-HIPS.

Figure 4. Antifouling performances observed with BSA solutions of R-HIPS, R-HIPS-3, and
R-HIPS-5 membranes.

Also, in the dynamic permeation experiments, the R-HIPS membrane exhibited a
6.0 L/m2h water flux, while the sulfonated membranes, R-HIPS-3 and R-HIPS-5, showed
reduced fluxes at 4.3 L/m2h and 3.1 L/m2h, respectively. This reduction in water flux is
consistent with the membrane porosity results, since a larger degree of sulfonation showed
a reduced porosity.
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3.4. Separation Performance

To evaluate the efficiency of the recycled HIPS membranes in inorganic and organic
separation process, three different solutes were used: magnesium sulphate (MgSO4, a uni-
valent salt), sodium sulphate (Na2SO4, a divalent salt), and Reactive Black 5 dye. Figure 5
summarizes the separation performances of R-HIPS and sulfonated R-HIPS membranes,
highlighting their effectiveness in filtering these selected solutes. The dye rejection in
R-HIPS membranes correlated with a morphology of decreasing pore size, increasing
hydrophilicity, and an enhanced negative charge in sulfonated membranes (see Figure 5).
R-HIPS membrane exhibited the lowest rejection of Black 5 dye at 5.5%, which can be
attributed to the micro-sized pores present on its surface. In contrast, R-HIPS-3 (57% dye
rejection) and R-HIPS-5 membranes, which had the smallest pore size (3.3 nm), almost
completely blocked the dye, achieving a 94% dye rejection. Due to the fact that R-HIPS sul-
fonated membranes and the dye have similar charges, the electrostatic repulsion between
them can prevent the dye from permeating through the membrane [39]. Additionally, this
repulsion helps to minimize the dye adsorption onto the membrane surface, which can
contribute to reducing membrane fouling.

Figure 5. Salts and dye rejection performances of R-HIPS, R-HIPS-3, R-HIPS-5 membranes.

Regarding salts rejection, the R-HIPS membranes showed a tendency where R-HIPS-5
exhibited the highest rejection, followed by R-HIPS-3 and R-HIPS. This order can be
attributed to pore size and surface properties. The smaller pore size of the R-HIPS-5
membrane contributed to its enhanced ability to reject divalent and monovalent salts, as
smaller pores can physically block larger ions from passing through them. Additionally,
the higher negative charge from the sulfonic acid groups enhanced electrostatic repulsion,
particularly against positively charged ions, improving rejection efficiency [35].

Moreover, more hydrophilic membranes tend to have better antifouling properties,
and they can interact more effectively with water, facilitating selective ion transport while
reducing the passage of salts. Thus, the combination of smaller pore size and increased
negative charge is crucial for the superior performance of R-HIPS-5 in rejecting salts.

4. Conclusions

It was found that chlorosulfonation in solution is an efficient method to prepare R-
HIPS sulfonated material for membrane preparation. Sulfonated recycled HIPS asymmetric
membranes were prepared using a phase inversion method, with a coagulation bath of
commercial vinegar/isopropanol (15/85% v/v) and 0.12% NaHCO3. This process resulted
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in the formation of asymmetric membranes, with pore sizes ranging from 4.0 to 3.3 nm and
porosities between 75.0% and 63.9%, attributed to a delayed demixing process, particularly
for R-HIPS sulfonated membranes. The degree of sulfonation significantly impacted the
membrane’s morphology, hydrophilicity, antifouling properties, and particle rejection
capabilities for substances such as MgSO4, Na2SO4, and Black 5 dye. As the sulfonation
degree increased, R-HIPS, R-HIPS-3, and R-HIPS-5 membranes exhibited a decrease in
pore size and porosity, with a slight reduction in water permeation flux, dropping from
6.0 L/m2h in the R-HIPS membrane to 3.1 L/m2h in the R-HIPS-5. Notably, higher
sulfonation levels enhanced hydrophilicity, leading to improved antifouling properties
and separation performance. In particular, R-HIPS-5 membrane demonstrated promising
results, achieving a separation efficiency of 94% for Black 5, 72% for MgSO4, and 67% for
Na2SO4, with a high flux recovery ratio of 58%. These results are attributed to a smaller
pore size and increased sulfonic acid group concentration in R-HIPS-3 and particularly
R-HIPS-5 membranes, which enhanced their rejection efficiency.

Given the feasibility of producing flat membranes and their separation properties,
these membranes could be useful for the production of spiral-wound modules. Scaling up
could enhance their separation efficiency in large-scale wastewater treatment processes for
the removal of dyes from water industrial stream and for industrial product purification
applications. Recycling materials such as HIPS waste offers an alternative way to reduce
plastic waste and reintroduce it into the circular economy using membranes for water
purification, increasing its value.
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