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Abstract

This doctoral research, conducted within an industrial PhD framework, aimed to develop functionalized
polysulfone (PSU) and polyethersulfone (PES) hollow fiber membranes for advanced water treatment
technologies. The core objective was to move beyond the chemical inertness of the base polymers by
exploiting the intrinsic reactivity of integrated graphene oxide (GO) as a tunable platform for post-
synthetic functionalization. This approach establishes GO not merely as a passive filler but as an active,
chemically addressable component. The investigation first established the chemical foundation using
GO nanosheets in dispersion, focusing on covalent modification through selective epoxide ring opening
by amino acids (e.g., Lysine, Methionine, Arginine) under mild aqueous conditions. These derivatives
showed markedly enhanced adsorption affinity toward emerging contaminants (ECs) like
carbamazepine (CBZ) and bisphenol A (BPA). This methodology was successfully translated to
polymer-integrated systems in two complementary routes: PSU-GO composite granules, obtained by
upcycling manufacturing scraps, were chemically modified in situ with Lysine (Lys). This
functionalization resulted in an estimated Lys loading of about 6% and yielded a four-fold increase in
CBZ adsorption capacity (up to ~260 ug g') compared to unmodified PSU-GO, transforming
manufacturing residues into high-value sorbent materials consistent with circular-economy principles.
PES hollow fiber membranes coated with GO films were also functionalized with Lysine for enhanced
CBZ affinity or chemically reduced with L-ascorbic acid to form PES-rGO membranes. The PES-rGO
membranes displayed significantly reduced resistivity and were successfully investigated as
electroactive cathodes in electro-Fenton processes. This configuration promoted the oxidation and
enhanced microbial biodegradation of polyethylene waste, extending the role of GO-modified
membranes to reactive interfaces. Overall, this research establishes that graphene oxide, embedded or
coated within commercial PSU and PES membranes, remains chemically addressable post-fabrication.
These findings bridge fundamental GO chemistry with large-scale membrane manufacturing, enabling
the development of adaptive, multifunctional membranes tailored for targeted adsorption or catalytic

properties and supporting sustainable resource management.



Premise

Membrane separation processes have emerged as a central focus of research and industrial innovation
worldwide, owing to their significant impact on human health, environmental protection, and sustainable
resource management.! Their ability to provide high selectivity, operational efficiency, and reduced
energy consumption compared to conventional separation methods has made them indispensable in
applications ranging from water purification and wastewater treatment to biomedical filtration and gas
separation.

Within the broad spectrum of membrane technologies, hollow fiber membranes fabricated from
polysulfone hold a distinctive position due to their mechanical robustness, chemical stability, and
versatility in addressing diverse application requirements. These properties have enabled their use in
both biomedical devices, such as hemodialyzers and plasma filters, as well as in industrial processes
requiring advanced separation capabilities.

Medica S.p.A. (Medolla, MO, Italy) is a leading manufacturer of hollow fiber membranes for biomedical
applications and has, over the past decade, engaged in a productive collaboration with the Institute for
Organic Synthesis and Photoreactivity of the National Research Council of Italy (CNR-ISOF). This
thesis, conceived within the framework of this long-standing partnership and further supported by the
expertise of the University of Modena and Reggio Emilia (UniMoRe), focuses on the engineering of
polysulfone-based hollow fiber membranes and their granular derivatives, with the aim of enabling

selective recognition and advanced filtration processes.

1 Introduction

1.1 Polysulfone hollow fiber membranes

Hollow fiber (HF) membranes represent one of the most widely adopted configurations in membrane
technology, particularly in processes such as water and wastewater treatment, biomedical applications
(e.g., hemodialysis), and gas separation.>* They offer significant advantages over traditional flat-sheet
or tubular membranes, especially in processes requiring high throughput and compact filtration units.*
7 Polymeric materials are the predominant choice for HF membrane fabrication due to their tunable
processability, mechanical robustness, and cost-effectiveness.®!° Polymeric HF membranes consist of
thin, capillary-like fibers with an internal lumen, arranged in bundles within a module. Each fiber is an
asymmetric membrane, with a dense polymer layer supported by a porous structure. Their small
diameter (typically 200-800 pm) allows the assembly of thousands of fibers into compact modules,
yielding a very high surface area-to-volume ratio. This high packing density, combined with the ability
to operate in both inside-out and outside-in flow configurations, makes HF membranes ideal for

applications requiring high throughput in a minimal footprint.!! The separation principle of HF



membranes is based on physical sieving, where a high density of small pores on the inner and/or outer

surface retains particles, colloids, and macromolecules larger than the pores diameter, while smaller

species permeate under the influence of a transmembrane pressure gradient.'> 13

The average pore size and molecular weight cut-off determines the size-exclusion selectivity of the

membrane, classifying their performance into micro- and ultra-filtration (Fig. 1.1).

e Microfiltration (MF): characterized by pore sizes ranging from 0.1-1 um, is designed to retain larger
particles such as suspended solids, bacteria, and other colloidal particles. It is commonly applied in
drinking water and sewage treatment, food and beverage filtration.'

e Ultrafiltration (UF): characterized by pore sizes typically between 1-100 nm, is designed to retain
macromolecules such as proteins, viruses, and high-molecular-weight organic compounds. It is
commonly used for biomedical separations, pharmaceutical processing, and advanced water

treatment.'> 1
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Figure 1.1 Size-exclusion effect in micro- and ultra-filtration hollow fiber membranes based on pores dimension.

The pore size and distribution of HF membranes depend on several interrelated factors, including
fabrication method, processing conditions, and the intrinsic chemistry of the base polymer.'”! A variety
of polymers are employed for HFs, including polyvinylidene fluoride (PVDF), polytetrafluoroethylene
(PTFE), polyamide (PA), polysulfone (PSU) and polyethersulfone (PES), each offering distinct balances
of thermal stability, chemical resistance, and mechanical strength.?> Among these, PSU and PES have

become leading materials due to their outstanding robustness and versatility.



Both PSU and PES are thermoplastic polymers belonging to the family of aromatic sulfone-based
materials. Their chemical structures, characterized by rigid aromatic rings and sulfone (-SO--) linkages
(Fig. 1.2), impart outstanding thermal stability, mechanical robustness, and resistance to chemical
degradation, making them ideal candidates for advanced membrane fabrication. These materials exhibit
high glass transition temperatures (around 190°C for PSU and 230°C for PES), excellent dimensional
stability due to the aromatic backbone, and good solubility in polar aprotic solvents such as N-methyl-

2-pyrrolidone (NMP) and dimethylformamide (DMF), facilitating membrane fabrication via phase

inversion techniques.?*-%
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Figure 1.2 Chemical structures of Polysulfone and Polyetheresulfone polymers.

1.1.1 Industrial context: Medica S.p.A.

Medica S.p.A. (Medolla, MO, Italy) is an Italian industrial leader in the development and
commercialization of polysulfone- and polyethersulfone- based hollow fiber membrane technologies,
with a long-standing focus on both biomedical and environmental applications. The company’s expertise
covers the entire membrane manufacturing chain, from polymer selection and formulation to large-scale
fiber spinning, bundle assembly, and device integration, ensuring tight control over quality and
performance. Its product portfolio includes a range of membrane modules, each engineered with distinct
pore size cut-off, internal morphologies, and mechanical properties to meet the demands of their
respective sectors.”’” MediSulfone® membranes are manufactured from PSU and are designed for
ultrafiltration applications. These membranes are applied in critical biomedical devices such as
hemofilters and dialyzers, as well as in environmental water disinfection systems, where their robustness
ensures long operational lifetimes and resistance to harsh cleaning protocols. Their structure offers
precise removal of bacteria, viruses, and endotoxins, while maintaining high permeability for efficient
processing. Versatile-PES® membranes (Fig. 1.3) are fabricated from PES and are optimized for
microfiltration and plasma separation applications. In biomedical contexts, they are widely used in
applications such as plasma exchange and therapeutic apheresis, as well as in industrial processes where
high flux and precise particle retention are needed.

Today, Medica’s membranes are deployed worldwide in high-performance filtration devices for renal
replacement therapies, apheresis procedures, plasma fractionation, and blood purification, as well as
point-of-use and point-of-entry systems for drinking water treatment. In these latter applications, the

high packing density of hollow fibers allows the design of compact cartridges that can be directly



integrated into domestic and industrial purification units, ensuring continuous access to
microbiologically safe water. Their broad adoption across biomedical and environmental fields
underscores the versatility of PSU and PES hollow fibers and motivates ongoing efforts to expand their

selectivity and applicability by integrating additional functionalities.

Figure 1.3 a) Versatile PES® (Medica S.p.A.) hollow fiber filtration cartridge and single fiber, b) fibers, c) cross-
section and d) detail of the outer wall pores. (Reprinted from Kovtun A. et al.,?® with permission).

1.1.2 Advanced polysulfone-based hollow fiber membranes

Over the past two decades, increasing analytical techniques have revealed the widespread presence of
emerging contaminants (ECs) in natural waters, wastewater effluents, and even treated drinking water.?"
3! Pharmaceuticals, plastic additives, and personal care ingredients, including widely studied compounds
such as and benzophenone derivatives (e.g., BP3, BP4), carbamazepine, bisphenol A, endocrine
disruptors, heavy metals, and per- and polyfluoroalkyl substances (PFAS), are among the most

32,33

frequently detected substances. These compounds are often found at trace concentrations and their

chemical stability and resistance to biodegradation further limit removal by standard treatment
processes, making the development of advanced purification technologies particularly relevant.3+3
Their continuous input into aquatic systems and resistance to conventional treatment processes have
raised concerns about long-term ecological and human health impacts.’’*° From a separation science
perspective, their critical feature is molecular size: most ECs are well below the nominal cut-off of
ultrafiltration membranes, and thus readily permeate through pores designed to retain only
macromolecular species.*! Against this backdrop, PSU- and PES-based hollow fiber membranes, while

highly reliable for removing particulates, bacteria, viruses, and macromolecules, remain intrinsically

constrained by their passive sieving mechanism.
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Pore dimensions define the molecular weight cut-off, but offer no control over smaller dissolved species,
which permeate unaffected. This is compounded by the chemical inertness of PSU and PES surfaces:
the aromatic sulfone-based backbones that confer their outstanding chemical and thermal stability, also
results in negligible affinity for dissolved solutes, preventing adsorption or selective recognition at the
membrane surface. As a result, these polymers do not readily engage in adsorption or specific
interactions; such capabilities can instead be introduced by integrating additional functionalities that
extend membrane performance beyond size exclusion.

These considerations have driven a paradigm shift toward adsorptive membranes, which combine
filtration with the additional capacity to interact with dissolved species.*>* Such systems transform the
membrane from a passive barrier into a multifunctional platform, capable of capturing contaminants that
would otherwise permeate. Adsorption is widely recognized as one of the most effective and
operationally simple approaches for removing micropollutants from water, offering high removal
efficiencies and the possibility of regenerating the sorbent material.** Granular activated carbon (GAC)
represents the industrial benchmark for adsorption-based water treatment, but requires frequent

45,46 and often must be combined with other advanced oxidation or membrane filtration for

regeneration,
complete contaminant removal.*” ¥ By contrast, integrating adsorption directly into hollow fiber
membranes offers the possibility of combining high throughput, compact design, and selective
contaminant removal within a single device.* 4!

Together, these factors define a central challenge: conventional polysulfone-based hollow fibers are
robust filters, but cannot actively capture, adsorb, or transform dissolved contaminants. Meeting this
challenge requires new approaches that go pore governed separation, introducing functionalities such as
adsorption capacity, catalytic activity, or selective recognition. In this context, the incorporation of
nanostructured additives into polymeric membranes has proven particularly effective in expanding their
physicochemical functionality, enabling synergistic combinations of structural robustness and surface
reactivity.> > It is within this framework that Medica S.p.A., in collaboration with the Institute for

Organic Synthesis and Photoreactivity of the CNR (CNR-ISOF), initiated research on the integration of

graphene oxide into polysulfone-based membranes.

1.2 Graphene oxide-modified hollow fiber membranes

Graphene oxide (GO) is a two-dimensional nanomaterial derived from the chemical oxidation of
graphite. Its structure consists of single, or few-layer sheets of carbon atoms arranged in a hexagonal
lattice, decorated with a heterogeneous distribution of oxygen-containing functional groups, including
hydroxyl, epoxide, and carboxyl moieties (Fig. 1.4). This heterogeneous surface chemistry imparts GO
with a dual character: hydrophilic domains, associated with oxidized regions, allow stable dispersion in
water, while residual sp*-hybridized carbon regions maintain n- conjugation. Together, these features

allow GO to participate in a broad spectrum of non-covalent interactions with molecular species.
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Figure 1.4 Representation of the GO structure with highlighted interactions enabled by its surface chemistry.

The coexistence of oxidized domains with residual graphitic domains gives GO an amphiphilic character
and a distinctive combination of chemical and physical properties.’**° The oxygenated groups impart a
strong hydrophilicity, allowing GO to form stable dispersions in water without the need for surfactants.’’
Electrostatic repulsion between negatively charged sheets, combined with hydrogen bonding
interactions with water molecules, keeps the layers well-separated in dispersion. At the same time, the
conjugated carbon regions enable n—m interactions with aromatic molecules, providing an additional
non-covalent binding mode.*® These properties translate into a high affinity toward various classes of
contaminants, from metal ions to pharmaceuticals, dyes, and other emerging pollutants through a
combination of polar interactions and aromatic surface affinity, rather than a single dominant
mechanism.>-%! The negative charge associated with carboxyl and hydroxide groups further promotes
binding of cationic species.52-%

GO is commercially available at relatively low cost, owing to the abundance of graphite and the
simplicity of the oxidation process, making it suitable for large-scale applications.®> Even at low
loadings, its ultrathin lamellar architecture and stiffness can significantly improve the tensile strength
and modulus of polymer composites. Its layered structure also acts as a physical barrier to gas or liquid
permeation, with interlayer spacing tunable through chemical modification or environmental conditions.
The theoretical surface area of a monolayer GO sheet can reach 2630 m? g, providing a high density
of potential adsorption sites.®® ¢ While GO is electrically insulating due to disruption of the n-
conjugated network, partial reduction to reduced graphene oxide (rGO) restores a degree of conductivity
while retaining residual oxygenated functionalities, enabling applications where electroactivity is

required.®®

1.2.1 Composite membrane

The characteristics described above motivated Medica S.p.A. to explore the integration of GO into
hollow fiber membranes, leveraging the expertise of CNR-ISOF. Throughout a ten-year collaboration,
Medica expanded its research and development efforts with CNR-ISOF within the framework of the
Graphil project,” 7° combining fundamental nanomaterial research with industrial membrane

production to develop scalable graphene-based filtration systems for drinking water purification.
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Two complementary strategies were pursued: (i) the coating of already commercially available Versatile-
PES® membranes?® and (ii) the development of a PSU-GO composite hollow fiber membrane, resulting
in the product now marketed as Graphisulfone®.* 7! 72 Graphisulfone membranes are produced by
embedding GO directly within the polysulfone polymeric matrix, through the phase inversion extrusion
method. The process was designed for scalability and facilitated by an ad hoc developed industrial pilot
line, capable of producing ~20 km of fibers per kg of material, with a production capacity of 200,000
km/year, in compliance with ISO 14644 cleanroom standards and EN ISO 10993 biocompatibility
requirements.’! The manufacturing process involved dissolving PSU in a suspension of GO in NMP to
create a dope solution, which is then extruded to form the hollow fiber structure. The resulting
membranes (PSU-GO) can be prepared with different GO loadings relative to PSU (Fig. 1.5) and their
morphology resemble pristine PSU HF, exhibiting an average wall thickness of ~45 um and an inner
diameter of 220 pum. Raman mapping confirmed a homogeneous GO distribution throughout the fiber
cross-section, with nanosheets exposed at the outer surface of the pores. This is due to the hydrophilic
nature of GO, which tends to position itself at the interface between the solidifying polymer and the
surrounding water during phase inversion. The resulting Graphisulfone membranes retain the
ultrafiltration capabilities of pristine PSU, while acquiring the adsorptive capacity typical of GO.
Adsorption capacity increased proportionally to GO content, with superior removal efficacy toward
several classes of water contaminants, including antibiotics (e.g. ciprofloxacin), heavy metals (Pb, Cu,
Cr), and PFAS, compared to pristine PSU and GAC which is the industrial standard for adsorption.
Adsorption mechanisms involve a combination of electrostatic forces, hydrophobic interactions, and n-

7 stacking between GO and the contaminants.

PSU PSU-GO PSU-GO PSU-GO PSU-GO PSU-GO
1% 25% 3% 3.5% 5%

GOwt%

r—

Figure 1.5 a) Spinning plant pilot for hollow fiber fabrication. b) Collection wheel with hollow fibers bundle. c)
PSU hollow fibers with increasing quantities of GO (wt%) (Adapted from ref. 43 with permission). d) Commercial
filter of Graphil line made by Graphisulfone hollow fibers (Medica S.p.A.).
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Safety tests confirmed no GO release from the membranes during filtration (detection limit of 0.1 pg L~
1, underscoring their suitability for drinking water treatment. These membranes are particularly suitable
for removing emerging contaminants as revised in the EU Drinking Water Directive (EU 2020/2184),
making them ideal for point-of-use and portable water purification systems. More detailed information
regarding the development and testing of PSU-GO HF membranes and the industrial journey that led
Graphil filters can be found in the full articles (Zambianchi et al., Melucci et al.).*> 7

1.2.2 Composite granules
Building on the success of Graphisulfone®, Medica and CNR extended their collaboration under the

t,”3 aimed at upcycling membrane production waste into valuable

European Life Remembrance projec
materials. The manufacturing of HF membranes, including Graphisulfone®, involves a hot-wire cutting
process to shape the fiber bundles into the required cartridge sizes (Fig. 1.6). This process generates
membrane scraps, which results in about 10% of the total mass produced, and are usually disposed of
through incineration. Medica and CNR-ISOF had previously explored the conversion of membrane
scraps from the production of blood filters into sorbents for water purification, by coating them with
graphene oxide or polydopamine nanoparticles.”*’® The case of Graphisulfone® scraps is particularly
noteworthy, as they contain embedded active GO, which already imparts significant adsorptive
properties, thus providing substantial high value to the material for recycling. The upcycling strategy
consisted in the manual and mechanical grinding of membranes’ cut-offs, converting them into PSU-
GO composite granules, preserving both the polymer matrix structure and the active GO domains. These
granules exhibit high removal efficiencies for lead (Pb), diclofenac (DCF), and perfluorooctanoic acid
(PFOA), with ~98% regeneration efficiency after two adsorption-desorption cycles.”” The scaling up of
the grinding process enabled the production of larger amounts of material for testing in standard
commercial cartridges. Pilot-scale tests demonstrated that PSU-GO granules outperformed GAC under
realistic flow conditions in removing Pb and PFOA, confirming their potential as practical adsorbents

for drinking water purification.

Figure 1.6 a) Industrial hot-wire cutting of hollow fiber bundles, generating membrane scraps, b) PSU-GO hollow
fiber scraps. From Medica S.p.A. production plant (SarMed Srl., IT). (Adapted from ref. 77 with permission).
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The recovery and reuse of Graphisulfone production waste thus reduces plastic disposal while enhancing
water purification capacity. This approach aligns with Medica’s and CNR commitment to sustainability
and circular economy and is now undergoing real-world validation at the HERA potabilization plant
(Ferrara, Italy).

Together, the PSU-GO composite hollow fibers and their upcycled granular derivatives represent
scalable industrial solutions where GO plays an active role. Yet, their performance ultimately highlights
a broader challenge. Because conventional HF membranes filtration rely solely on physical sieving,
achieving true selectivity requires deliberate strategies to control morphology, surface chemistry, or

integration of functional nanomaterials. These concepts are discussed in the following section.

1.3 Modification strategies for functionality tuning

Following these industrial advances, membrane science has increasingly focused on a wide range of
modification strategies, designed to improve membrane’s performance and functionality. Such
approaches target enhanced resistance to fouling (i.e. the undesired accumulation of organic, inorganic,
or biological matter on the membrane surface that compromises permeability),” 7 as well as improved

selectivity toward dissolved molecules,**

antimicrobial or catalytic activity, and adsorption
capabilities for specific contaminants. These strategies include: (i) morphological control during
fabrication, where processing conditions and additives are tuned to alter pore size, porosity, and internal
architecture;*-% (ii) post-synthetic surface modifications, which introduce new chemical functionalities
to tailor specific recognition or interaction behavior at the membrane surface;*”° (iii) incorporation of
functional nanomaterials, where inorganic or carbon-based fillers impart properties such as adsorption,
catalytic activity, or antimicrobial effects.”!%*

Each of these approaches offers distinct opportunities but also presents limitations in terms of scalability,
stability, and industrial applicability. As already illustrated with the development of Graphisulfone
membranes and their granular derivatives, the incorporation of nanomaterials, particularly graphene
oxide, offers a versatile pathway to extend the role of hollow fibers beyond passive sieving. GO’s tunable
chemistry, large surface area, and compatibility with polymer matrices make it an exemplary case of
how advanced additives can be exploited to impart adsorption or catalytic functionalities to polymeric
membranes. Its broader role as a platform for chemical tuning will be examined in section 1.3.3, after

introducing the fundamental approaches for membrane’s morphology control and surface modification.

1.3.1 Structural and morphological control during fabrication

The final morphology and performance of polymeric HF is primarily determined during fabrication.
Small variations in parameters such as polymer concentration, solvent and non-solvent choice,
temperature, or extrusion conditions can result in substantial differences in pore size distribution,

porosity and internal architecture. HF production typically consists in spinning techniques involving

15



extrusion and phase inversion.» 2 In the case of thermoplastic polymers like PSU and PES, melt-
spinning and phase inversion are predominantly employed.?® During this process, a dope solution is
prepared by dissolving the polymer in a solvent like NMP or DMF. The concentration of the polymer in
the solution is critical in determining the final membrane’s permeability, porosity, and mechanical
properties. Once the dope solution is prepared, it is extruded through a spinneret, a device with a tube-
in-orifice design, along with a bore fluid (often water), to form the hollow fiber structure. The subsequent
phase inversion process occurs when the extruded polymer is immersed in a coagulation bath, typically
water, causing a solvent-non solvent exchange that solidifies the polymer, forming a porous membrane
structure. Several processing parameters, such as the rate of solvent-nonsolvent exchange, the
temperature of the coagulation bath, and the air gap between the extruder and bath, are essential in
controlling the morphology of the membrane.’*®” By fine-tuning these parameters, it is possible to tailor
characteristics such as pore size distribution, skin layer thickness, and porosity, for specific applications,
including high selectivity for certain contaminants or enhanced fouling resistance.”® * The choice of
polymer or polymer blend is equally influential. Hybrid designs such as co-polymers and mixed matrix
membranes are increasingly used to incorporate inorganic fillers (e.g. silica, metal oxides, or carbon
nanomaterials) into the polymer matrix, combining the benefits of organic flexibility and inorganic
functionality.® 1919 Additionally, post-processing steps such as washing, drying, and chemical
treatments further stabilize the membrane structure and improve properties like fouling resistance and
adsorptive capacity. However, they remain limited in their ability to impart chemical selectivity: while
fabrication tuning can optimize flux and mechanical stability, it cannot by itself enable the targeted
retention or transformation of dissolved micropollutants. For this reason, morphology control is often
combined with surface modification or nanomaterial incorporation, strategies that will be discussed in

the following sections.

1.3.2 Surface modifications post-fabrication

While fabrication parameters largely determine the bulk morphology of PSU and PES membranes, their
surface properties can be further enhanced post-production through a variety of modification techniques.
Such approaches are particularly relevant when enhanced interfacial functionality is required, extending
behaviors that cannot be introduced through morphology control alone. Plasma treatment is one such
method, where the membrane surface is exposed to ionized gases, creating a variety of reactive groups
such as hydroxyl, carboxyl, and amine functionalities.'® These groups can enhance the membrane’s
hydrophilicity and fouling resistance, as well as improve its adsorption capacity for polar and charged
species.'® Another technique involves UV irradiation, which can induce polymerization or cross-linking
on the membrane surface, leading to the formation of a more reactive surface with improved adsorption
properties.'® Surface coating offers a flexible approach to enhance membrane functionality, while

preserving the bulk characteristics of the membrane.
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By applying thin layers of materials such as nanoparticles, polymers, or metal oxides, membranes can
acquire new properties, including improved fouling resistance, increased hydrophilicity, and enhanced
selectivity.!”- 1% Chemical grafting is another widely studied post-production modification method,
where reactive monomers or functional groups are covalently attached to the membrane surface via free-
radical polymerization or condensation reactions.!” "% This allows for the precise tuning of surface
chemistry to enhance the membrane's affinity for specific contaminants, such as heavy metals, organic
molecules, or even biofouling agents.'"" Additionally, the introduction of hydrophilic or hydrophobic
groups can also tailor the membrane’s wettability and improve its performance in selective filtration
applications.

Despite the demonstrated benefits of these strategies, one of the key limitations of traditional polymeric
membranes like PSU and PES is their inherent lack of surface reactivity. While the chemical stability of
these polymers is beneficial in many applications, it also makes them relatively inert in processes that
require selective molecular recognition, catalytic activity, or targeted adsorption.!'> ''* This lack of
reactivity presents a significant challenge when attempting to enhance membrane properties, as
functionalizing these membranes often demands the use of reactive intermediates, catalysts, or harsh
processing conditions. 14116

These requirements make the surface modification process more complex, limiting its feasibility for
large-scale industrial applications. Furthermore, the difficulty in applying these types of surface
modifications at an industrial scale is an additional challenge. Traditional methods often involve
specialized equipment, long processing times, and specific reaction conditions, all of which can
complicate integration into established production lines.!'”- '8 This limits the scalability and cost-
effectiveness of such modifications, which is particularly problematic for industries that require high
throughput and efficiency in membrane production.

In this scenario, nanomaterial incorporation provides an effective route to endow membranes with
additional functionalities, that are otherwise difficult to achieve through fabrication or surface chemistry
alone, significantly enhancing membrane performance. These improvements may include increased
adsorption capacity, selective molecular recognition, catalytic activity, and mechanical
reinforcement.!!® 120 Graphene oxide is particularly appealing in this context due to its combination of
dispersibility, mechanical strength, and surface chemical versatility. The following section examines the
broader role of nanomaterials in membrane modification, with a specific focus on the use of GO as a

functional additive.

1.3.3 Incorporation of functional nanomaterials

The use of nanomaterials for the functionalization of polymeric membranes has become an effective and
scalable strategy to impart advanced properties beyond those of the base polymer.'?! From an industrial

perspective, nanomaterials are particularly appealing because they can offer scalable, cost-effective
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solutions with the potential to improve membrane efficiency and performance in various filtration
applications.® Their incorporation modifies how the membrane interacts with its surrounding
environment, influencing not only its capacity to bind or repel certain molecules but also water transport,
fouling behavior, and mechanical resilience. Nanomaterials can enhance multiple aspects of membrane
performance simultaneously. Their high surface-to-volume ratio and tunable surface chemistry allow
for improved wettability and water flux, reduced fouling via hydration layer formation, and selective
binding of target contaminants such as heavy metals, pharmaceuticals, or dyes.’> ' 122 Additional
functionalities may arise depending on the additive: titanium dioxide enables photocatalytic degradation

123 while silver or zinc oxide nanoparticles confer antimicrobial properties and

of organic pollutants,
extend durability under harsh conditions.'** Carbon-based nanomaterials represent another important
class. Activated carbon enhances adsorption-driven separations, carbon nanotubes (CNTs) contribute to
mechanical strength and selective transport through nanochannels, and porous or layered structures such
as zeolites, metal organic frameworks (MOFs), MXenes, and graphene derivatives provide molecular
sieving, barrier effects, or tunable ion rejection. 24127

Integration methods depend on the desired function. Bulk incorporation during membrane spinning
ensures uniform distribution, affecting both surface and bulk properties, while post-fabrication methods
(e.g., dip-coating, spray-coating, or filtration-assisted deposition) localize the nanomaterials at the
membrane interface for direct interaction with the feed stream.

Among these candidates, GO stands out for its unique combination of high surface area, excellent
compatibility with polymer matrices, and versatile surface chemistry, making it a model additive for

next-generation membranes, with tunable chemical properties.

1.3.3.1 Graphene oxide as a chemically tunable platform

In PSU- and PES-based systems, the combination of GO’s industrial compatibility, scalable
processability, and chemical versatility makes it an exceptional platform for creating multifunctional
membranes, referred to the deliberate and modular tunability of membrane properties through controlled
chemical modification of the GO phase, enabling adaptive interactions with specific target species rather
than relying solely on passive separation mechanisms. As discussed in section 1.2, GO is a chemically
versatile nanomaterial, whose structure combines extended sp?> domains with a heterogeneous
distribution of oxygenated functional groups that can undergo several chemical transformations (Fig.
1.7) Epoxide groups on the basal plane are susceptible to nucleophilic ring-opening reactions with

amines, thiols, or alcohols.®”- 128130 Carboxyl groups can be activated for amide or ester formation,”® 7’

while hydroxyl groups can participate in condensation or etherification reactions. % 13!
This reactivity is particularly important in the context of PSU and PES membranes: while the base
polymers are chemically inert, GO embedded within their matrix or deposited on their surface offers

accessible reactive domains that can be exploited for post-fabrication functionalization under mild,
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Figure 1.7 Overview of possible chemical reactions that can occur through the oxygen groups present on GO
surface.

scalable conditions. Among oxygen functionalities, epoxide moieties are both abundant and highly
reactive, making them privileged sites for covalent modification through nucleophilic ring-opening

under mild, aqueous conditions.!*?

By tailoring GO’s surface chemistry at the molecular level, it is
possible to modulate its polarity, charge, and specific interaction modes, thereby extending its
performance far beyond that of pristine GO.!*!*5 Covalent approaches are particularly attractive
because they provide robust and permanent functionalization, compatible with harsh operating
conditions and long-term use. Over recent years, the research group I joined at CNR-ISOF has developed
a wide portfolio of covalently modified GO, consistently exploiting the epoxide ring-opening pathway
to create materials optimized for specific contaminants or reactions. Examples include diamine-
functionalized GO for enhanced adsorption of short- and medium-chain PFAS through combined
electrostatic and hydrophobic interactions;!* polyethyleneimine-grafted GO for selective Pb removal,

leveraging the high density of chelating amines for selective metal binding;'?’

and cyclodextrin-
modified GO for the targeted capture of hydrophobic PFAS, such as perfluoro butanoic acid (PFBA),
leveraging host-guest inclusion together with GO’s m-interactions.'*® These cases illustrate how careful
selection of the nucleophile enables the tailoring of GO’s surface to match the structural and chemical
features of the target molecule.'*® Other covalent strategies have also been explored to broaden GO’s
functional landscape, including visible-light-assisted arylation to introduce aromatic moieties,'** amide
coupling for integration into biosensor, and azide-microwave-assisted silylation for interface
engineering.'?’ 10 Collectively, these studies underline a key design principle in which the choice of

covalent linker and functional group determines whether GO can be transformed from a generic

adsorbent into a highly specialized material platform tailored to a specific application.
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2 Aim of the thesis

This thesis was carried out within the framework of an industrial doctorate in collaboration between
Medica S.p.A., the Institute of Organic Synthesis and Photoreactivity of the CNR in Bologna, and the
University of Modena and Reggio Emilia. The project was also supported by the Italian National
Recovery and Resilience Plan (PNRR), which emphasizes the development of sustainable technologies
through strong connections between research institutions and industry. Within this setting, my research
has been guided by the ambition to expand the role of polysulfone- and polyethersulfone-based hollow
fiber membranes, moving beyond their traditional function as passive filters toward a new generation of
active, adaptable materials for advanced water treatment.

The collaboration between Medica and CNR had already laid an important foundation by demonstrating
that graphene oxide can be integrated into membrane technologies at industrial scale. Multilayer GO
coatings on PES fibers were developed and validated,”® a PSU-GO composite commercialized as
Graphisulfone® (jointly owned registered trademark of Medica S.p.A. and CNR) was shown to couple

adsorption with ultrafiltration,* 72

and production offcuts from membrane manufacturing were upcycled
into granular sorbents retaining adsorptive activity.”* > 7 These outcomes are evidenced by coordinated
research programs - notably Graphil within the Graphene Flagship and Life Remembrance -7 by a
consistent body of peer-reviewed publications, and by a consolidated patent portfolio covering GO
treatment of polysulfone hollow fibers and related fabrication routes.'*!"'* These achievements provided
a unique starting point for the present work, which aims to further exploit the chemical versatility of
graphene oxide once integrated into such industrially relevant systems. Rather than focusing on polymer
chemistry or on the intrinsic properties of GO as an additive, the objective was to demonstrate that the
reactive domains of GO can serve as a platform for post-synthetic functionalization, enabling deliberate
tuning of sorption, selectivity, and reactivity in membrane-based devices.

In this perspective, this thesis investigates increasing levels of material complexity and two
complementary modes of GO integration within polymeric membranes: (i) GO embedded within a PSU
matrix, where the reactive domains are confined inside the bulk material and accessed through diffusion-
driven processes, and (ii) GO deposited as a multilayer coating on PES hollow fibers, where the
functional phase is directly exposed at the membrane—solution interface. These configurations allow
evaluation of post-synthetic functionalization under structurally distinct constraints, while maintaining
a common chemical platform based on GO reactivity.

The functionalization of free graphene oxide nanosheets was first revisited, not as an isolated exercise,
but as a conceptual and methodological bridge to more complex systems. The knowledge gained in these
model studies was then transferred to the upcycled polysulfone-graphene oxide granules, where the
challenge was to validate whether covalent modification could be performed under scalable conditions
while preserving the structural integrity of the polymer matrix. In parallel, functionalization of graphene

oxide multilayer coatings on polyethersulfone hollow fibers was explored, focusing on tuning surface
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chemistry in already validated membrane configurations, addressing both adsorption-driven processes
and electrochemical activity.

Taken together, these research directions converge toward a common objective: to establish post-
synthetic functionalization of graphene oxide as a transferable strategy across distinct membrane
architectures based on polysulfone and polyethersulfone, thereby expanding the functional scope of
hollow fiber technologies. The ambition is not limited to the adsorption of selected contaminants but to
contribute to a broader paradigm of advanced water treatment in which membranes operate as
chemically interactive interfaces capable of selective recognition, catalytic or electroactive behavior,
and sustainable material valorization. Through this approach, the thesis connects molecular-level control
of nanomaterial chemistry with membrane device engineering, promoting the integration of chemically

tunable nanomaterials into scalable membrane technologies for sustainable water treatment.
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Figure 2.1 Graphical abstract.
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3 Results

3.1 Covalent modification of graphene oxide nanosheets in solution phase

As outlined in Chapter 1, covalent modification of graphene oxide provides a powerful route to expand
its surface chemistry and introduce functionalities capable of selective interactions with contaminants.
Numerous examples have demonstrated how epoxide ring-opening, amide coupling or grafting
strategies can transform GO from a general-purpose adsorbent into a task-specific material. By tailoring
GO’s surface chemistry at the molecular level, it is possible to modulate polarity, charge, and specific
interaction modes, thereby extending its performance far beyond that of pristine GO.!'33-13 Within this
framework, different functionalization approaches have been explored in our research group, including
GO-B-cyclodextrin (GO-BCD, Fig. 3.1), as an additional example of task-specific GO derivative for the
selective adsorption of PFAS.!*% 3% Among these systems, amino acid-modified GO (GO-AA) was
selected as the representative platform to be discussed in detail, since it exemplifies how epoxide ring-
opening can be exploited under mild aqueous conditions to modulate surface chemistry and guide
interactions with different classes of environmentally relevant compounds. The work presented in this
chapter, adapted from previously published studies,'?® 143-148 played a fundamental role in shaping both
the methodology and scientific direction of my PhD. During the initial phase of my research, I became
directly involved in this line of investigation, building the methodological and conceptual foundations
that underpin the central aim of this doctoral thesis: to translate the selective reactivity of functionalized
GO nanosheets into in situ post-synthetic modification of industrially relevant GO-polymer composites.
By examining GO-AA performance in multiple application domains, this chapter illustrates the

versatility of epoxide ring-opening chemistry as a design strategy for tailoring GO-based materials,

Figure 3.1 Graphene oxide covalently functionalized via epoxide ring opening with amino terminated [-
cyclodextrin (GO-BCD).
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while also providing the conceptual and experimental bridge to the composite systems explored in later
chapters. Covalent functionalization of GO nanosheets with amino acids provides a simple and scalable
strategy to tune GO’s interfacial chemistry while preserving its high surface area, dispersibility and
structural integrity. Among the oxygen functionalities decorating the GO surface, epoxide moieties are
both abundant and highly reactive, making them privileged sites for nucleophilic ring-opening by
amines under mild aqueous conditions.

Amino acids are particularly attractive modifiers for several reasons. They are biocompatible and widely
available, making them suitable for scalable and environmentally responsible material functionalization.
Depending on purity and grade, their costs range from laboratory-grade values on the order of 10° €-kg™!
to only tens of euros per Kg for technical and bulk-grade materials.'* Their water solubility allows
reactions to be conducted under mild aqueous conditions, while their structural diversity provides access
to a wide range of side-chain chemistries, including amines, carboxylates, hydroxyl, guanidinium, and
sulfur-containing thioethers. This diversity allows systematic variation of polarity, charge, hydrogen-
bonding capacity, and metal-binding motifs. As such, amino acids serve as green modular covalent
linkers that simultaneously act as molecular probes to establish structure-function relationships at the
GO-sorbent interface. Several representative derivatives have been investigated within this framework
(Fig. 3.2): (i) lysine, bearing two amine groups, to enhance hydrogen bonding and electrostatic
interactions;'?® % (ii) methionine, with a thioether side chain, offering potential for hydrophobic and
polar interactions;'>" 12 (iii) glutamic acid, with an additional carboxyl group, capable of introducing
acidity and metal coordination sites;'>* 1* (iv) arginine, whose guanidinium group provides strong

155-157

basicity and potential polar interaction modes. This selection covers a representative range of

chemical functionalities, illustrating of how small, modular, water-processable reagents can direct GO’s

interfacial behavior across different environmental contexts.

o o} o} 0] j\ﬁ{ o]
HoN \/\AHLOH /S\/YLLOH HOW\OH H,N H/\/W)J\OH
NH NH NH NH

L-Lysine, Lys L-Methionine, Met L-Glutamic acid, Glu L-Arginine, Arg

Figure 3.2 Structures of the amino acids selected for GO functionalization.

3.1.1 Functionalization methodology and materials characterization

Amino acids-modified graphene oxide derivatives were synthesized through a unified protocol based on
the selective nucleophilic ring-opening of epoxide groups under basic aqueous conditions (Scheme
3.1).!3% This methodology enabled covalent modification without the need for organic solvents or harsh

coupling agents, aligning with principles of simplicity, selectivity, and environmental compatibility.
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Scheme 3.1 Synthetic pathway to amino acid-modified GO.

Graphene oxide (Layer One, S-126/36, Norway) was used as received. L-lysine (Lys), L-methionine
methyl ester (Met), L-glutamic acid monosodium salt monohydrate (Glu), and L-arginine (Arg), were
obtained from Sigma-Aldrich and used without further purification. For Lys, Met and Glu derivatives
(i.e. GO-Lys, GO-Met, and GO-Glu), a concentrated aqueous amino acid (AA) solution was prepared,
maintaining a GO:AA weight ratio of 1:3. The pH was adjusted to ~9 by addition of NaOH to
deprotonate the a-amino group and enhance its nucleophilicity. The solution was added to a GO
suspension (5 mg mL™!, previously sonicated for 2 h) and irradiated in a microwave reactor for 2 hours.
Crude products were purified by microfiltration on Versatile™ PES hollow fiber modules, until the
permeate reached neutral pH, ensuring the removal of unreacted reagents and byproducts (Scheme
3.2).!2 A control sample (GO-NaOH) was also prepared under identical reaction conditions without
amino acid addition.

A modified protocol was adopted for the functionalization of GO with L-arginine (GO-Arg). In the
standard procedure, a 1:3 GO:Arg weight ratio was used, and the pH was raised above ~12 by adding
NaOH, to promote nucleophilic attack from the guanidinium group.'*’ This route is hereafter referred to
as GO-Arg. A milder variant was conducted without NaOH addition (pH ~9), favoring reaction via the
a-amino group, leading to a distinct grafting outcome;'*% 15® this sample is denoted as GO-Argyno. Both
reactions proceeded by stirring at 80°C for 24 hours, followed by purification according to the
microfiltration protocol described above, until neutral pH was reached in the permeate. For the GO-Arg
system, additional synthesis at different GO:Arg weight ratios of 1:1 and 1:5 were also investigated to

assess their influence on arginine loading.'*®
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Scheme 3.2 Sketch of purification set-up of GO-amino acid by microfiltration. (Reprinted from ref 122, with
permission).

The successful modification of GO with AA was confirmed through a combination of spectroscopic and
morphological characterization techniques. The chemical structure and degree of functionalization were
primarily assessed by X-ray photoelectron spectroscopy (XPS), revealing the incorporation of nitrogen-
and sulfur-containing functionalities, depending on the amino acid. The atomic composition (Table 3.1,
Fig. 5.1, Appendix A) showed nitrogen contents ranging from 1.3% to 5.9%, allowing for an estimation

of AA loading on the GO surface based on the stoichiometric ratios of the grafted molecules.

Table 3.1 XPS atomic composition of the amino acid modified graphene materials.

Material C% 0% N% S% Ca% AA Loading'®
GO 70.4 27 0.7 2.0 - -
GO-NaOH 70.4 25.6 0.2 - - -

GO-Lys 81.5 13.9 3.1 - - 15%
GO-Met 81.2 15.6 0.9 0.8 - 5%

GO-Glu 77.1 19.7 0.7 - 2.3 6%
GO-Argpno 74.8 20.3 4.8 - <1 12%
GO-Arg (1:1) 84.3 14.4 1.6 ; <1 5%

GO-Arg (1:3) 73.7 19.6 45 - <1 14%
GO-Arg (1:5) 73.1 21.1 5.9 - 1.5 18%

[a] Relative loading of amino acid in the materials obtained by considering the atomic ratios of: L-Lysine
(C:N:0=6:2:2), L-Methionine (C:N:0:5=5:1:2:1), L-Glutamic acid (C:N:0=5:1:4) and L-Arginine
(C:N:0=6:4:2).

For samples synthesized under basic conditions (GO-Lys, GO-Met, GO-Glu and GO-Arg), GO-NaOH
was used as the reference material to account for the effect of alkaline treatment, whereas pristine GO
was adopted as the reference for GO-Argyno, synthesized without NaOH addition. XPS survey spectra

also revealed minor residual sodium signals (from Auger Na KLL signal with kinetic energy ~994 eV)

in samples synthesized in the presence of NaOH, attributable to the alkaline reaction environment.
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Elemental analysis (EA) provided complementary bulk-averaged atomic compositions and confirmed
the trends observed by XPS, particularly in the N/C ratios (Tables 5.1-3, Appendix A), indicating that
amino acids were incorporated throughout the bulk of the material rather than only on the surface.
Fourier Transform Infrared Spectroscopy (FTIR) further supported the presence of grafted arginine, with
characteristic CHz and carboxyl bands appearing in the GO-Arg spectrum (Fig. 5.2, Appendix A), while
scanning electron microscopy (SEM) imaging confirmed the preservation of GO’s flake-like
morphology (Fig. 3.3). Full characterization datasets, including instrumental parameters and spectral

assignments, are reported in Appendix A together with the corresponding publications. 4% 147 148

b) GO-Glu c) GO-Met

Figure 3.3 Representative SEM images of a) GO, b) GO-Glu and c) GO-Met.

3.1.2 Applications in adsorption of emerging contaminants in water

Amino acid-modified graphene oxide nanosheets were evaluated for their ability to adsorb emerging
contaminants from water, with the aim of assessing how covalent functionalization enhances affinity
and selectivity toward structurally diverse compounds. GO is a widely studied adsorbent owing to its
extended m-conjugated domains, high surface area, and versatile oxygen functionalities, which enable

n—7 stacking and hydrogen-bonding with aromatic pollutants.6% '3%-16!

However, pristine GO often
displays limited efficiency due to the non-specific nature of its interactions and the heterogeneous
distribution of surface groups.'¢* ' Introducing amino acids offers a route to overcome these limitations
by providing polar, nucleophilic, and ionizable moieties that expand GO’s interaction modes.

To prove this effect, GO-Lys, GO-Glu, and GO-Met were tested alongside pristine GO and a control
(GO-NaOH) in a multicomponent adsorption experiment using eight model ECs, including caffeine,
pharmaceuticals (carbamazepine, diclofenac, ofloxacin), personal care products (benzophenone
derivatives), a plastic additives (bisphenol A) and a dyes (rhodamine B), which are widely detected in
surface and groundwater, sediments, and even drinking water worldwide.'**'% This selectivity screening
(Fig. 3.4).revealed a consistent enhancement of adsorption capacity in the functionalized materials,
particularly for neutral aromatic contaminants such as carbamazepine (CBZ), bisphenol A (BPA), and

benzophenone-4 (BP4). improved uptake reflected the contribution of the grafted amino acid groups,

which facilitated hydrogen bonding, dipolar interactions, and polar—n contacts, thereby complementing
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the intrinsic n—x stacking capacity of the GO backbone. Among the tested derivatives, GO-Lys exhibited
the most uniform improvement across the contaminant panel, highlighting the synergistic role of amine

functionalities in promoting sorption and improving aqueous dispersibility.
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Figure 3.4 Removal of the selected ECs mixture in tap water (contact time = 4 h, total volume = 10 mL, sorbent
amount = 25 mg,Civ= 5 mg L' of each contaminant) by GO (orange), GO-Glu (grey), GO-Lys (red) GO-Met
(green) and GO-NaOH (dark blue).

To quantify adsorption performance, equilibrium isotherms were obtained for CBZ, BPA, and BP4,
chosen as representative contaminants with distinct functional groups, and the corresponding maximum
adsorption capacities (Qm) were extracted from model fitting using Langmuir and BET equations, which
account for monolayer adsorption on homogeneous surfaces and multilayer adsorption on heterogeneous
surfaces, respectively. Results are summarized in Table 3.2.

Table 3.2 Maximum adsorption capacity (Om, mg g~') of amino acid—functionalized GO toward selected
contaminants. Best-fitting isotherm models indicated in parentheses (L = Langmuir, B = BET).

Qm (mg g™)
Material BP4 BPA CBZ
GO 11£5(B) 14+ 5 (B) 7+£2(L)
GO-NaOH 62+12 (L) 48 + 11 (L) 80+ 15 (L)
GO-Lys 292 +£30 (L) 295+ 50 (L) 172 +20 (L)
GO-Met 205 £20 (L) 147 £30 (L) 128 £ 15 (L)
GO-Glu 77+20(B) 237 +£40 (L) 121 £20 (L)
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While pristine GO showed modest uptake (7-14 mg g'), GO-AA derivatives reached capacities one
order of magnitude higher. GO-Lys achieved the highest adsorption values overall (172-295 mg g™),
consistently outperforming both pristine and NaOH-treated GO. GO-Glu displayed excellent affinity for
BPA (237 mg g "), consistent with carboxylate-mediated hydrogen bonding with phenolic and carbonyl
groups, while GO-Met reached the highest uptake for BP4 (205 mg g), likely due to thioether-driven
dipolar or weak hydrophobic interactions. These experimental observations are consistent with the
expected interaction modes between the contaminants and the functional groups introduced on the GO
surface. While n—r stacking remains a dominant mechanism for aromatic systems, the addition of polar
and ionizable groups creates complementary binding domains that facilitate cooperative interactions. In
this way, amino acid modification enhances both the affinity and accessibility of the GO surface for
target molecules. Molecular dynamics (MD) simulations provided further support for the experimental
findings, revealing that pollutant adsorption induces local rearrangements in the GO-AA structure,
increasing solvent-accessible surface area and stabilizing noncovalent interactions at the interface. In
summary, amino acid grafting enables rational tuning of GO adsorption performance through the
deliberate introduction of polar, ionizable, and electron-rich functionalities. The markedly improved
capacities and selectivities observed for GO-Lys, GO-Glu, and GO-Met highlight how covalent
functionalization provides a molecular-level handle to tailor sorbent performance. Detailed experimental
procedures, including adsorption protocols, isotherm acquisition, and molecular dynamics

methodologies and outputs, are reported in Appendix A.

3.1.3 Other Applications

3.1.3.1 Electrochemical Sensing
Covalent modification of GO with amino acids also enables selective sensing platforms for analytes that
interact only weakly with pristine GO. Glyphosate (N-[phosphonomethyl]glycine, GLY), one of the
most widely used herbicides worldwide, is frequently detected in water sources and has raised concerns

due to its environmental persistence and potential health impacts.'¢” 16 Its

persistence in the
environment, combined with concerns over potential ecotoxicological and human health impacts, has
led to increasingly stringent regulatory limits and growing demand for rapid, sensitive detection
methods.'®"!”? By introducing amino acid functionalities, the GO surface acquires binding motifs
capable of hydrogen bonding and electrostatic attraction with glyphosate’s phosphonate group. This
tailored chemistry improves target pre-concentration and orientation at the electrode interface,
enhancing electron transfer during electrochemical detection.

Adsorption tests confirmed superior affinity of functionalized materials for glyphosate, with GO-Lys
outperforming pristine GO and even granular activated carbon (Fig. 5.4, Appendix A). For sensing

experiments, aqueous GO-AA dispersions were drop-cast onto conductive substrates to prepare working

electrodes. Unlike pristine GO, which requires electrochemical reduction to rGO to restore
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conductivity,!”>17* GO-AA electrodes were used directly, as amino acid grafting already improved their
electron-transfer properties. Differential pulse voltammetry revealed that GO-Lys electrodes delivered
the highest and most stable current responses at both high (10 mg L™') and environmentally relevant (2
pg L") concentrations, with a clear signal enhancement compared to rGO and the other GO-AA
derivatives (Fig. 3.5). MD simulations carried out at near-neutral pH provide a quantitative description
of the interaction trends. Under these conditions, glyphosate is predominantly in its anionic form and
interacts with the amino acid side chains grafted on the basal plane of GO. The calculated binding
energies increase progressively from rGO (—3.2 kcal mol™) to GO-Met (—4.7 kcal mol ™), and further to
the cationic derivatives GO-Argpmo (—8.6 kcal mol™) and GO-Lys (—26.5 kcal mol™), reflecting the
growing contribution of electrostatic interactions upon introduction of positively charged residues. The
higher stabilization observed for the lysine-functionalized surface is consistent with the more spatially
localized protonated e-amino group, which forms salt bridges and hydrogen bonds with the phosphonate
moiety of glyphosate. Details on the adsorption tests, electrode preparation, and electrochemical
protocols are reported in Appendix A. Here, the focus is placed on demonstrating how amino acid
functionalization transforms GO from a general sorbent into a selective sensing interface, enabling

efficient detection of targets otherwise inaccessible to its pristine form.
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Figure 3.5 (a) Electrochemical detection of Gliphosate previous oxidation at the interface of the working
electrode. (b) Mean current values and standard deviations obtained from three independent analyses after 15 min
immersion of different modified electrodes in a 2 ug L' GLY solution).

3.1.3.2 CO; Capture and Conversion
In parallel to liquid-phase applications, the versatility of amino acid functionalization was investigated
for environmental gas capture and transformation. Previous studies carried out in collaboration with the
University of Bologna demonstrated that pristine graphene oxide can act as a carbocatalyst in a variety
of reactions,'” " but its affinity for CO2 is modest. Grafting L-arginine introduces guanidinium groups
able to stabilize CO: through acid-base and hydrogen-bonding interactions.'>*!57 GO-Arg composites
were prepared at GO:Arg weight ratios of 1:1, 1:3, and 1:5, yielding nitrogen contents of 1.6, 4.5, and
5.9 at% (corresponding to estimated loadings of 5%, 14%, and 18% Arg, respectively, Table 3.1).
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Thermogravimetric analyses showed CO: uptake increasing with loading, from 16.3 + 0.8 mg g for
GO-Arg (1:1) up t0 39.3 £ 1.9 mg g' for GO-Arg (1:5), equivalent to ~1 mmol CO g (Table 3.3).

Remarkably, the most functionalized sample also captured atmospheric CO: at room temperature,
approaching its static capacity within four days. Beyond capture, these composites acted as efficient
metal-free catalysts for the cycloaddition of CO: with epoxides to yield cyclic carbonates (Scheme 3.3,
Fig. 5.5 Appendix A). In sequential “capture-conversion” experiments, GO-Arg (1:5) achieved 86%
conversion efficiency, while GO-Arg (1:3) reached 83% under identical conditions (Table 3.3). This
dual role exploits guanidinium groups for CO: activation and residual hydroxyl/carboxyl sites on GO

for epoxide activation, enabling cooperative sorption—catalysis.

Table 3.3 CO: uptake (TGA) and catalytic performance of GO-Arg composites in the cycloaddition of CO: to
epoxides under metal-free conditions.

GO:Arg ratio N content CO: uptake-Flow!! CO: uptake-Static!®! Conversion!®
(WZW) (3t.‘%)) (mgCOZ/gadsorbent) (mgCOZ/gadsorbent) (OA))
1:1 1.6 16.3+0.8 20.1+1.0 60
1:3 4.5 265+ 1.3 265+ 1.3 83
1:5 5.9 393+1.9 393+1.9 86

Uptake values determined by TGA: [aJunder CO»/N, mixture flow (1:1 % v/v); [b] after static CO; (99.995%)
exposure for 2h. [c] Sequential capture/conversion workflow: (i) adsorption stage: 40 mg GO-Arg exposed to ~0.7
mmol CO: (99.9%) under dry conditions for 2 h at 100 °C (closed system), (ii) conversion stage: 0.1 mmol styrene
oxide (0.1 M) in DMF, 48 h at 100 °C. Conversions determined by 'H NMR with mesitylene as internal standard,
assuming absorbed CO: as the limiting reagent.

o]
o4 °
° o
©/k/ Chemical

valorization

[GO-Arg]/CO,

CcO,

Scheme 3.3 Schematic representation of the “integrated capture-CO;z-conversion” (ICCC) strategy, with the
structural representation of chemically activated CO; by GO-Arg composite.
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Recyclability tests also demonstrated that the catalytic performance of GO-Arg was retained over at
least five consecutive capture-conversion cycles, with >80% of the initial conversion efficiency
preserved. This stability underscores the robustness of the covalently grafted guanidinium
functionalities and confirms the potential of these composites as reusable, sustainable sorbent-catalyst
systems.

The results presented in this section demonstrate how covalent grafting of small, inexpensive amino
acids can impart distinct chemical identities to graphene oxide, turning it from a broadly reactive
adsorbent into a set of task-specific materials. By comparing lysine, glutamic acid, methionine, and
arginine derivatives, clear correlations emerged between side-chain functionality and material
performance: amines enhanced affinity for neutral micropollutants, while guanidinium units enabled
cooperative CO:z binding and subsequent catalytic valorization. These examples highlight that even
simple molecular modifications are sufficient to tune GO’s polarity, charge distribution, and interaction
landscape in a predictable way. Equally important, the synthetic approach employed (aqueous epoxide
ring-opening under mild conditions) proved general, scalable, and compatible with downstream
integration. This methodological robustness makes the findings relevant beyond dispersed nanosheets,
providing the foundation for their transfer into more complex and industrially relevant systems.

In the broader logic of this thesis, the amino acid-GO hybrids thus represent a conceptual bridge: they
translate the abstract idea of molecularly designed interfaces into a practical framework that can be
applied to GO embedded in polymer matrices. The next section explores this translation, moving from
nanoscale model systems to polysulfone-GO composites where the same chemistry is implemented in

solid-state architectures.
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3.2 In situ functionalization of graphene oxide-polysulfone composite

granules

Building on the molecular-level insights gained from the functionalization of free-standing GO
nanosheets, this section addresses the central aim of the thesis: translating selective GO reactivity into
industrially relevant composite systems. We focus on polysulfone-graphene oxide composite granules,
obtained by upcycling production scraps of Graphisulfone® membranes. Within these materials,
embedded GO nanosheets offer reactive domains that can potentially be post-synthetically
functionalized under mild aqueous conditions, thus overcoming the chemical inertness of the PSU
matrix itself. The results presented in the following sections were published in RSC Applied Interfaces
(DOI: 10.1039/DSLF00105F), and the work was selected for inclusion in the journal’s collection on
Sustainable Development Goal 12: Responsible Production and Consumption.

PSU-GO composite granules (Fig. 3.6), obtained by upcycling production scraps from Graphisulfone®
hollow fiber membranes represent an industrially relevant platform.**7” These granules retain the porous
structure of the fibers and incorporate dispersed GO domains within the polysulfone matrix, already
exhibiting intrinsic adsorptive properties for drinking water treatment. Their preparation from waste
material also directly addresses circular economy goals, linking material development with sustainable
production practices.

Among the various functionalization strategies applied to GO, amino acid modifications have proven
particularly effective in tailoring surface chemistry toward organic micropollutants.'* In particular,
lysine-modified GO has shown remarkable adsorption performance for carbamazepine, an antiepileptic
drug of increasing concern as emerging water contaminant.'”’” Reported adsorption capacities reached
values up to two orders of magnitude higher than those of pristine GO, underscoring the role of amine-

bearing functionalities in driving hydrogen bonding and polar interactions with aromatic molecules.'*®

"o OO0 °
O

Polysulfone (PSU) n

b)

Graphene oxide (GO)

Figure 3.6 Chemical structures of a) polysulfone and b) graphene oxide. c) granules of PSU-GO composite.
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These results have also been confirmed in composite systems: for example, alginate—GO-Lys hydrogels
displayed enhanced removal of multiple organic contaminants, demonstrating that amino acid
modification can be successfully translated into functional polymer-based materials.!”

However, while embedding GO into polymers has become a consolidated strategy, the post-
functionalization of GO domains already integrated within a composite remains comparatively
unexplored. This limitation is particularly evident for engineering polymers such as polysulfone, whose
high chemical stability generally requires harsh reagents or organic solvents for modification, thus
limiting the feasibility of mild post-production tuning.!”®!82 Only a few precedents suggest that
embedded GO can still be chemically addressed: for instance, the covalent attachment of biomolecules
within photosensitive acrylic resins has been reported to improve both mechanical performance and
functional properties.!®* On this basis, the following section investigates whether mild aqueous-phase
functionalization strategies, previously validated for free-standing GO nanosheets, can be extended to
PSU-GO granules prepared from Graphisulfone® production scraps, with the aim of tailoring their

adsorption performance without compromising material integrity.

3.2.1 Epoxide ring opening reaction on GO embedded nanosheets

To translate the amino acid functionalization approach from free-standing GO nanosheets to industrially
relevant PSU-GO composites, an in situ recirculation strategy was developed. This method was designed
to selectively modify GO domains embedded within the polymer matrix while preserving the structural
integrity of the polysulfone backbone. A loop recirculation-based functionalization setup was employed,
in which an aqueous solution of L-lysine was circulated through cartridges filled with PSU-GO granules
using a peristaltic pump (Fig. 3.7). PSU-GO samples with different GO amounts (i.e. PSU-GO-A with
3.5% w/w and PSU-GO-B with 10% w/w GO/PSU ratios) were modified with lysine by an epoxide

ring-opening reaction (Scheme 3.4).

Loop recirculation

Figure 3.7 Set up for in situ GO modification. The L-lysine solution is recirculated using a peristaltic pump through
the PSU-GO cartridge.
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Graphene Oxide

Scheme 3.4 In situ lysine functionalization of GO embedded in PSU-GO granules with two different GO amounts
(4: 3.5% w/w and B: 10% w/w PSU/GO).

Basic conditions (pH 9.7) were maintained to ensure the deprotonation of the a-amino group of lysine,
which acts as the nucleophile in the ring-opening of epoxide groups on the GO surface.!?% 8¢ The PSU
backbone, characterized by its aromatic and sulfone-rich structure, does not contain reactive
electrophilic sites under these conditions and thus remained chemically inert throughout the process. '
The functionalization protocol avoided the use of organic solvents, coupling agents, or catalysts,
ensuring compatibility with environmental applications and preserving the green character of the
method. The recirculation step was introduced to address mass-transport limitations in the packed
cartridge configuration and was carried out for 2 hours at a constant flow rate of 5 mL min™', ensuring
homogeneous exposure of all GO-containing granules to the lysine solution and preventing preferential
flow pathways. Subsequently, the cartridges were sealed and thermally treated at 80 °C overnight,
providing the activation energy required to promote nucleophilic epoxide ring-opening and covalent
bond formation between lysine and GO. After reaction, the system was washed with 2.5 L of ultrapure
water to remove unreacted lysine, ensuring that only covalently bound species remained in the
composite material (Fig. 5.6, Appendix B). The resulting materials, denoted as PSU-GOLys-A and PSU-
GOLys-B, were then dried under ambient conditions prior to characterization and adsorption testing.
The PSU-GOLys composites were characterized to confirm successful lysine modification and to assess
any morphological or chemical changes induced by the process. SEM images provide insight into the
morphology of the PSU-GO composites before and after functionalization (Fig. 5.7, Appendix B).
Pristine PSU-GO granules display a hollow tubular structure with surface pores in the range of 5-10 pm
(Fig. 3.8). After lysine treatment, no significant morphological changes were observed, indicating that
the recirculation-based functionalization protocol preserved the structural integrity of the granules. ATR-
FTIR was initially employed to compare the spectra of PSU, PSU-GO, and PSU-GOLys materials (Fig.
5.8, Appendix B). In all composites, the spectra were dominated by the sharp signals of the PSU matrix,

which constitutes over 80% of the material and completely overlaps the broader features of GO.
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Figure 3.8 SEM images of a) the cross section of a PSU-GO granule and b) the pores.

As a result, and given the relatively low concentration of grafted lysine, no distinct vibrational bands
attributable to lysine could be discerned. The only notable spectral variations were observed when
comparing GO and GO-Lys, where a marked decrease of the C=O stretching band at 1720 cm™ was
accompanied by an increase and shift of the C=C stretching band at 1570 cm™'.Thus, ATR-FTIR
provided only limited information on the effective functionalization of PSU-GOLys A/B due to the
spectral dominance of the PSU phase. XPS provided more definitive evidence of surface chemical
changes following lysine functionalization. The survey spectra of PSU-GO and PSU-GOLys composites
are shown in Figure 3.9, with the corresponding atomic compositions reported in Table 3.4. Lysine
grafting was confirmed by the increase of the nitrogen (N 1s) signal, from 0.8% to 1.5% for PSU-
GOLys-A (3.5% GO) and from 0.7% to 1.9% for PSU-GOLys-B (10% GO). These increments

correspond to estimated lysine loadings of approximately 3.5% and 6%, respectively.

—— PSU-GOLys-B
——PSU-GOLys-A
— PSU-GO-B
Cls = ——PSU-GO-A
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Figure 3.9 XPS survey spectra of PSU-GO and PSU-GOLys composites.
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The C/O atomic ratio also increased after functionalization, from 4.2 to 4.5 for PSU-GO-A and from 3.6
to 4.3 for PSU-GO-B, indicating partial reduction of GO during the reaction, likely induced by the basic
conditions and elevated temperature.'33 This interpretation is further supported by the visible darkening
of PSU-GO granules after lysine functionalization (Scheme 3.4), in agreement with previous reports of

mild GO reduction accompanying nucleophilic epoxide ring-opening.'3¢

Table 3.4 Atomic composition of PSU-GO and PSU-GOLys obtained by XPS.

Composites C% 0% N% S% C/o Lys Loading
PSU-GO-A 78.4 18.5 0.8 2.3 4.1 —
PSU-GO-B 76.5 21.2 0.7 1.6 3.6 —
PSU-GOLys-A 78.7 17.6 1.5 2.2 4.5 3.5%
PSU-GOLys-B 78.6 18.1 1.9 1.4 4.3 6%

High-resolution C 1s, O 1s, and N 1s spectra (Fig. 5.9, Appendix B) confirm the introduction of C—N
functionalities and a relative decrease in oxygen content post-functionalization. The relatively low
nitrogen content detected in pristine PSU-GO can be attributed to residual NMP (N 1s at 400 eV) from
the hollow fiber fabrication process.* 1%

To more accurately determine the lysine content, the N contribution from pristine PSU-GO was
subtracted from that of PSU-GOLys at 400 eV, and the remaining nitrogen was converted to lysine
loading based on the atomic composition of lysine ((2N + 6C + 20):2N), yielding the values reported
in Table 3.4. GO and PSU show well-defined chemical states that can be reliably fitted, but PSU-GO
and PSU-GOLys exhibit a higher variance in chemical states due to overlapping contributions from both
components (e.g., C-O-C, C-OH, C=C, O-C=0, C=0, C-C, C-S in C 1s; C-O-C, S=0, C-OH, C=0 in
O 1s) and from lysine (C-N). To avoid overfitting, qualitative comparisons of line shapes were
performed. For GO, the O 1s and C 1s fits (Fig. 5.9a-b, Appendix B) confirmed the presence of expected
oxygen functionalities, with a C/O ratio of 2.6 and minor Cl and S contaminants. PSU spectra (Fig. 5.9e-
f, Appendix B) matched literature values, with C:O and C:S ratios in close agreement with theoretical
ones. In PSU-GO-B (Fig. 5.9g-1, Appendix B), O 1s and C 1s signals show combined PSU and GO
features, while S 2p remains unchanged. For PSU-GOLys-B, only minor changes in C 1s (Fig. 5.9k,
Appendix B) were observed compared to PSU-GO-B.

3.2.2 Lysine-driven enhanced ECs adsorption in water
The adsorption performance of PSU-GOLys composites was assessed using carbamazepine as a
representative probe molecule for emerging organic contaminants. The choice of CBZ was informed by

previous reports on its preferential interaction with amino acid-modified GO'?* % and by preliminary
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selectivity tests carried out during this work on a selection of six emerging organic contaminants,
including CBZ, iopamidol, paracetamol, caffeine, ofloxacin and bisphenol A (structures shown in Fig.
5.10, Appendix B). The selectivity screening involved both batch adsorption experiments on GO and
GO-Lys powders and flow-through tests on PSU, PSU-GO, and PSU-GOLys composite cartridges. As
expected, batch condition experiments showed a markedly improved CBZ removal with GO-Lys (65%)
compared to unmodified GO (13%) after only 15 minutes of contact time (Fig. 5.11a, Appendix B).
Flow-through experiments on the contaminant mixture, using the same cartridge configuration adopted
for functionalization (Fig. 3.10a), confirmed this trend. PSU-GOLys-A removed 58% of CBZ compared
to 35% for PSU-GO-A, while PSU-GOLys-B reached 84% removal, versus 60% for PSU-GO-B
(Fig. 5.11b-c, Appendix B). These findings supported the use of CBZ as a selective molecular probe to
evaluate the effectiveness of lysine-based functionalization.

Subsequent adsorption tests were performed under continuous flow conditions using CBZ as the sole
contaminant to quantify adsorption capacity and removal dynamics in more controlled conditions. The
introduction of GO and subsequent lysine functionalization both contributed to significant increases in
adsorption performance (Fig. 3.10b-c). PSU-GOLys-A (3.5% GO) exhibited an initial CBZ removal rate
of 64%, compared to 41% for PSU-GO-A and 16% for unmodified PSU. After filtering 200 mL of CBZ-
spiked solution, PSU-GOLys-A maintained a removal efficiency of 40%, while that of PSU-GO-A and
PSU dropped to 12% and 5%, respectively. Complete breakthrough occurred after 600 mL of treated
volume, with total CBZ uptakes of 107.2 pg g for PSU-GOLys-A, 27.5 ug g™ for PSU-GO-A, and
6.6 ng g! for pristine PSU (Fig. 5.13a, Appendix B).

The enhancement associated with lysine modification was even more pronounced for PSU-GOLys-B,
which contains a higher GO fraction (10% w/w). The lysine-modified granules reached an initial CBZ
removal rate of 87%, maintaining over 60% removal within the first 500 mL of treated water. Complete
breakthrough occurred after 1L, corresponding to a final adsorption capacity of 259.5 ugg™,
substantially higher than PSU-GO-B (66.5 ng g™') and pristine PSU (Fig. 5.13b, Appendix B). This trend
is consistent with XPS analysis (Table 3.4), which shows higher lysine incorporation at increased GO
loading, resulting in a greater density of adsorptive sites.

To validate that lysine functionalization involved covalent interactions with the GO surface rather than
nonspecific physisorption, a control material (PSU@Lys) was synthesized by treating PSU-only
granules under identical functionalization conditions. The resulting material showed CBZ removal
performance comparable to pristine PSU, confirming that GO was essential for lysine anchoring and

that enhanced adsorption was not attributable to polymer-based interactions (Fig. 5.12, Appendix B).
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Figure 3.10 a) Experimental setup used for the adsorption tests of CBZ in flow conditions. Spiked water (Civ
CBZ=0.5 mg L, total volume=1L) is flowed through the cartridge (flow rate 5 mL min™” and filtered water is

collected and analyzed. Removal performance of b) PSU, PSU-GO-A and PSU-GOLys-A and ¢) PSU, PSU-GO-
B and PSU-GOLys-B in the adsorption of CBZ under flow conditions.

38



3.3 Functionalization of graphene oxide-polyethersulfone coated
membranes

This section examines GO integrated as a multilayer coating on polyethersulfone hollow fibers, where
GO is located at the membrane surface, forming a continuous and water-accessible layer that can be
selectively modified after deposition, while the PES substrate provides mechanical stability and
permeability. Two post-synthetic approaches were investigated. First, covalent modification with lysine
was performed using an in-flow recirculation protocol adapted from the composite system to introduce
amino functionalities into the surface-exposed GO layers. Second, chemical reduction with ascorbic
acid was applied to partially restore sp? conjugation and modulate the electronic properties of the
coating.

The resulting membranes were subsequently evaluated in selected application contexts to illustrate the
functional versatility enabled by GO chemical tuning: lysine-modified coatings were assessed for their
enhanced interaction with organic micropollutants, while reduced GO coatings were explored as

electroactive membranes in electro-Fenton systems.

3.3.1 Coating procedure and GO layer modification

PES HF modules were coated with graphene oxide using a pressure-driven, water-based filtration
procedure adapted from a previously reported protocol (Fig. 3.11).%® An aqueous GO dispersion (2.0 mg
mL™, pre-sonicated for 4 h) was filtered through the lumen side in cross-flow configuration, promoting
the deposition of a conformal multilayer GO film on the fiber wall. Two dead-end filtration
configurations were applied: “in-out,” which immobilizes GO on the inner fiber wall, and “out-in,”
which results in deposition on the external fiber surface After deposition, the coating was thermally

fixed by annealing at 80 °C for 16 h.

a) Internal Coating b) External Coating
«in-out» configuration «out-in» configuration

in out

‘ Y 1 N
5 B

water water

+ +
water ||| water
o a I

Figure 3.11 Representation of the coating procedure. a) Filtration “in-out” to immobilize GO on the inner wall
of PES HF; b) filtration “out-in” to deposit GO multilayer on the outer fiber wall. (Adapted from ref 28)
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Figure 3.12 SEM images of PES-GO coated HF membrane cross section (a) and GO coating external layer at
different magnification (b-c).

Reiteration of the filtration/fixation cycle allows control over coating thickness and overall GO loading.
In this work, 7.5 mL of a 2 mg mL™" GO dispersion was filtered per cycle and the process was repeated
twice, alternating the entry point each time to maximize homogeneity. This procedure yielded PES-GO
HF modules with a final GO content of approximately 5 % w/w (GO/PES). SEM micrographs of PES-
GO coated HF membrane, reported in Fig. 3.12, show the coating layer and the preserved porosity of
PES HF after the coating.

3.3.1.1 Lysine-functionalization and characterization
The synthetic pathways for the functionalization of polyethersulfone hollow fibers with lysine modified
GO coatings are shown in Scheme 3.5. PES-GO coated HF were subjected to a recirculation-based
treatment analogous to that developed for PSU-GO composites(Section 3.2.2). A basic aqueous solution
of L-lysine (pH ~ 9.7) was continuously recirculated for 2 h through the PES-GO HF modules in “in-
out” or “out-in” configuration, to functionalize internally and externally GO-coated fibers, respectively.
Following recirculation, the cartridges were sealed and incubated at 80 °C for 16 h to promote covalent
bond formation. The modules were then thoroughly washed with ultrapure water to remove any

unreacted lysine. These samples are hereafter denoted as PES-GOLys-A (Fig. 3.13).

O
H

0 . e L H == Oy

: C GOcoaing gm“ Llysine = T O3
J[O@g D H20 80°C, 16h HOO %”...a‘(i)‘g i) recnrculatlon rt, 2h — .a.ﬁ,‘.%
B S OH iii) 80°C, 16h o) @@ ~Lon

GO-Lysine coating, H,0, 80°C, 16h
| |
PES PES-GO PES-GOLys-A/B

Scheme 3.5 Functionalization routes for PES HF coated with Lysine-modified graphene oxide through two
synthetic pathways: A) post functionalization of GO coated layer through lysine recirculation and fixation; B)
Sfunctionalization of PES HF through coating with already functionalized GO-Lys.
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. M el
Figure 3.13. PES HF (a) internally and (b) externally coated with GO functionalized with lysine.

For comparison, PES HF modules were coated directly with a pre-synthesized GO-Lys dispersion,'?®
using the same filtration/fixation protocol as for GO: a GO-Lys dispersion (2 mg mL™") was prepared
by for 4h sonication in ultrapure water, and after annealing at 80 °C for 16 h and extensive washing, the
resulting samples were denoted PES-GOLys-B.

The morphology of the lysine-functionalized PES-GO was examined by SEM (Fig. 3.14). Post-
functionalized samples (PES-GOLys-A) displayed relatively homogeneous and smooth coatings (Fig
3.14a-c), in some cases allowing the underlying porosity of the PES wall to be discerned. I contrast,
fiber coated with pre-synthesized GO-Lys (PES-GOLys-B, Fig. 3.14d-f) exhibited thicker and less
uniform films, with visible aggregates disrupting the film morphology. X-ray photoelectron
spectroscopy was performed on externally coated fibers to assess surface composition after lysine
functionalization (Fig. 3.15). Both PES-GOLys-A and -B displayed a clear N 1s signal, absent in pristine
PES-GO, confirming successful lysine incorporation. Atomic compositions (Table 3.5) revealed
nitrogen contents of 3.6 at% for PES—GOLys-A and 2.4 at% for PES-GOLys-B. The nitrogen level
measured for PES-GOLys-B is consistent with the lysine loading previously determined for free-
standing GO-Lys nanosheets (~15%), confirming that the functionalized phase is preserved upon

deposition onto the PES surface.

Figure 3.14 SEM images of PES-GO HF after lysine functionalization. Internal coatings: (a) PES-GOLys-A and
(d) PES-GOLys-B. External coatings: PES-GOLys-A(b,c) and PES-GO-B(e,f), shown at different magnifications.
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The slightly higher nitrogen content observed for PES—GOLys-A indicates that the in situ post-
functionalization strategy enables efficient lysine grafting directly on the surface-exposed GO layer,
without requiring prior nanosheet functionalization. A minor feature observed near 260 eV in the survey
spectrum of PES—GOLys-B corresponds to the Na KLL Auger signal (kinetic energy = 994 eV), arising
from residual sodium species associated with the NaOH-assisted synthesis of GO-Lys nanosheets. This
signal is not detected in PES—-GOLys-A, where lysine grafting was performed directly on the coated
membrane without NaOH addition. The presence of residual sodium in PES—GOLys-B therefore reflects
the synthetic history of the precursor material and does not affect the interpretation of nitrogen
incorporation as evidence of covalent functionalization.

Contact angle measurements (CA) further supported the surface modification (Fig. 5.14, Appendix C).
Unmodified PES-GO coated HF showed a CA of 72.9°, which increased after lysine functionalization,
to 83.8° for PES-GOLys-A and 78.9° for PES-GOLys-B. This shift is consistent with the partial
reduction of GO layer after functionalization, as also indicated by the increase in C/O ratio from 2.3

(PES-GO) to 4.0-4.1 (PES-GOLys, Table 3.5).
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Figure 3.15 XPS survey spectra for PES-GOLys samples.

Table 3.5 Atomic composition of PES-GO and PES-GOLys obtained by XPS.

Membrane C% 0% N% S% C/O Lys Loading
PES-GO 69.5 30.5 - - 2.3 -
PES-GOLys-A 77.5 18.7 3.6 0.2 4.1 18%
PES-GOLys-B 77.1 19.1 2.4 0.4 4.0 12%
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3.3.1.2 Reduction of GO coating layer and characterization
Whereas lysine grafting enriches the GO coating with polar, interactive groups for adsorption, chemical
reduction targets a complementary goal: restoring sp® conjugation to enhance electrical conductivity and
alter interfacial properties needed for electrochemical processes. The complete functionalization
pathway is illustrated in Figure 3.16a. Externally coated PES-GO HF modules (Fig. 3.16c) were
prepared as in 3.3.1 using the “out-in” filtration configuration. L-ascorbic acid (AsA) was selected as a
mild, water compatible and environmentally friendly reducing agent.'®® '8 Reduction was performed by
injecting 3 mL of 0.2 M AsA solution into the dead volume of the PES-GO hollow fiber membrane

module. The sealed module was incubated at 60 °C for 2 hours to promote uniform in situ reduction.
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Figure 3.16. a) Synthetic pathway for the functionalization of polyethersulfone (PES) HF membranes through
graphene oxide external coating (i) and chemical reduction of GO to rGO with L-Ascorbic Acid (ii); cartridge
module and free hollow fiber bundles of b) pristine PES-GO and d) PES-rGO.

Following the reaction, PES-rGO membrane (Fig. 3.16d) was thoroughly rinsed with distilled water to
remove any residual byproducts. All membrane cartridges were cut open to extract the HF bundles from
the module casing. The membranes were subsequently used in the form of free HF bundles for all
characterization and electrochemical experiments, ensuring consistent geometry and proper electrical
contact throughout the study. FTIR spectra of pristine PES and PES-GO/rGO HFs (Fig. 5.15, Appendix
C) highlight the functionalization changes induced by GO coating and its subsequent reduction. PES
showed characteristic bands of the polymer backbone, including aromatic ring stretching (~1580 cm™),
sulfone groups (1320 and 1150 cm™), and C-O-C stretching vibrations (~1235 ¢m™).! Upon GO
deposition, additional bands associated with oxygenated functional groups appeared, such as C=0
(~1725 cm™), O-H (~3400 cm™), and C-O (1225 and 1050 cm™).'!

Following chemical reduction with L-ascorbic acid, a noticeable attenuation in the intensity of these

oxygen-related bands was observed, particularly in the C=0O and O-H regions, indicating partial removal
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of oxygenated groups. This shift is consistent with the partial restoration of sp? carbon domains and the
formation of reduced graphene oxide.!*> 1> XPS was employed to investigate the surface elemental
composition and chemical states of the GO- and rGO-functionalized PES membranes. XPS survey
spectra did not reveal a significant presence of sulfur on the surface, suggesting that PES external wall
is uniformly coated by the GO and rGO layers (Fig. 3.17a). The atomic C/O ratio was found to increase
from 2.3 in the PES-GO membrane to 3.9 in PES-rGO (Table 3.6), reflecting a notable reduction in
surface oxygen functionalities following chemical reaction with L-ascorbic acid. Further insight into the
carbon bonding environment was obtained through deconvolution of the high-resolution C 1s spectra

(Fig. 3.17b-c and Fig. 5.16, Appendix C).
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Figure 3.17 a) XPS Survey spectra of PES-rGO and PES-GO coated hollow fiber membranes; High resolution
(PE = 10 eV) spectra for C s region and curve-fitting for PES-rGO (b) and PES-GO (c) membranes.

Table 3.6 XPS atomic percentage and C/O ratio for PES-GO and PES -rGO membranes.

Membranes C% 0% C/O ratio
PES-GO 69.5 30.5 2.3
PES-rGO 79.4 20.6 3.9

Minor peaks included a low-binding-energy shoulder (<284 eV), indicative of structural defects in the
graphitic domains, and a n—t* satellite (~291.0 eV), associated with aromatic conjugation. The evolution
of peak intensities and relative atomic percentages (Table 3.6) confirms a significant deoxygenation of
the GO coating upon reduction, along with partial restoration of graphitic domains, supporting the
spectroscopic evidence obtained by FTIR.

To assess the effect of GO functionalization and subsequent reduction on the electrical properties of the
membranes, the effective bulk electrical resistivity of the hollow-fiber bundles was determined using a

19 The measurements yield an averaged resistivity value over the fiber

four-point probe configuration.
bundle geometry and are used here to compare the relative electrical behavior of PES, PES—-GO, and
PES-rGO membranes under identical probing conditions. The voltage—current relationships obtained at

the three applied potential setpoints are reported in Figure 5.17 (Appendix C).

44



For all samples, the measured voltage drop increased proportionally with the recorded current, indicating
consistent electrical response across the investigated range and supporting the reliability of the resistivity
determination. As shown in Table 3.7, the pristine PES membrane exhibited a high resistivity of
4.4x107Q'm, consistent with its insulating polymeric nature. Upon GO deposition, resistivity
decreased to 1.2 X 10? Q-m, indicating the introduction of localized conductive surface domains despite
the intrinsically insulating character of graphene oxide. A significant decreased was observed after
chemical reduction, with PES-rGO membrane displaying a resistivity of 4.7 Q-m, reflecting partial
restoration of sp*-hybridized carbon domains and enhanced electron transport. Although this value
confirms successful reduction and functionalization, it remains several orders of magnitude higher than
those reported for thin film rGO materials, which typically range from 10~°to 10 Q-m.'"> % This
discrepancy can be attributed to the structural complexity of the hollow fiber system, where incomplete
percolation between rGO domains across the three-dimensional membrane surface limits macroscopic

conductivity.

Table 3.7 Electrical resistivity of PES, PES-GO and PES-rGO membranes.

Membrane £ (Q-m)

PES 4.4x107

PES-GO 1.2x10?
PES-rGO 4.7

[a]Electrical resistivity (p) was calculated using the standard relation: p = G) (%) where V is the measured

voltage, I the recorded current, L the distance between the voltage probes (L=4 cm), and A the cross-sectional
area of the fibers bundle (A=~311 cm?, calculated considering 275 fibers, 60x0.3 mm each). For each membrane
type, measurements were performed at three different current intensities, and the reported resistivity values
represent the average to ensure reproducibility.

Cathodic polarization experiments were performed to investigate the electrochemical response of the
functionalized membranes under applied voltage.!””> *® The tests were conducted in a single-
compartment glass cell (200 mL), with PES, PES-GO, and PES-rGO used as the working electrode. The
polarization curves (Fig. 3.18) show that PES-rGO consistently delivered higher current across the entire
voltage range, with a maximum of -87.3 mA at -10 V, exceeding the values obtained for PES (-73.5 mA)
and PES-GO (-69.4 mA). Notably, the relatively high current densities observed even for pristine PES,
despite its insulating character inferred from resistivity measurements, suggest additional mechanisms
involved in the electrochemical response. The modest increase in cathodic current relative to the
pronounced decrease in bulk resistivity indicates that the electrochemical behavior is governed not only
by electronic conductivity, but also by interfacial charge-transfer kinetics and the limited fraction of
electrochemically accessible conductive pathways within the polymer matrix. Accordingly, the
enhanced response of PES-rGO can be attributed to improved electronic transport within rGO domains,

rather than uniform increase in macroscopic conductivity.
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Figure 3.18 Current response of PES, PES-GO, and PES-rGO membranes measured at increasing cathodic
potentials (0 to -10 V) in phosphate buffer solution (5.5 mS cm™, pH 7).

3.3.2 Applications

3.3.2.1 Lysine-functionalized coated membranes for carbamazepine adsorption
Lysine-functionalized graphene oxide coatings on polyethersulfone hollow fibers provide a compact
adsorptive membrane platform for the removal of contaminants from water. The GO layer on the lumen
wall concentrates active sites at the pore-water interface, and in-out cross-flow operation promotes
convective transport across functional the film. Lysine grafting introduces amine-bearing and polar
functionalities that increase hydrogen-bonding and polar—m interaction sites, favoring capture of
micropollutants. PES-GOLys-coated hollow fibers were evaluated for their adsorption capability toward
carbamazepine in water. CBZ is an was selected as a probe contaminant based on previous studies
reporting enhanced CBZ affinity with lysine-functionalized GO, both as free nanosheets and as GO-
based composites. 28 145178, 199

Accordingly, tests used internally coated fibers operated in in—out mode to ensure direct convective

contact with the lysine-modified lumen surface, as sketched in Figure 3.19.
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Figure 3.19 Experimental setup used for the adsorption tests of CBZ in cross-flow conditions with PES, PES-GO
and PES-GOLys-A/B membranes. Spiked water (Ciy=0.5 mg L-') is flowed through the cartridge (flow rate 5 mL
min™') and filtered water is collected and analyzed.
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Two functionalization strategies were compared on otherwise identical internally coated fibers: PES-
GOLys-A, obtained by post-functionalization of the immobilized GO layer via lysine recirculation, and
PES-GOLys-B, prepared by coating with a pre-functionalized GO-Lys dispersion. As detailed in 3.3.1.1
(XPS, SEM), the post-functionalized films exhibit higher lysine incorporation and a more uniform
morphology than the pre-functionalized coatings, features expected to influence site density,
accessibility, and breakthrough behavior under flow.

Adsorption performance was assessed under standardized hydraulic conditions (CBZ in ultrapure water;
Cn=0.5mgL", 5mL min, treated volume = 1 L) and is reported as removal profiles and cumulative
uptake for pristine PES, PES-GO, PES-GOLys-A, and PES-GOLys-B (Fig. 3.20). Pristine PES and PES-
GO showed negligible CBZ uptake, saturating within 200 mL (cumulative removals 9.9 pg and 23.6 pg,
respectively). Lysine functionalization markedly improved CBZ affinity: PES-GOLys-A maintained
>60% removal through the first 300 mL and reached a total uptake of 233.6 pg after 1 L of treated
solution, outperforming all other membranes. PES-GOLys-B also exceeded PES and PES-GO,
reaching127.5 pug of CBZ removed, although its efficiency decreased more rapidly with treated volume,

consistent with the lower lysine loading quantified by XPS (Table 3.5).
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Figure 3.20 a) Removal performance of PES, PES-GO and PES-GOLys-A/B in the adsorption of CBZ under flow
conditions (Civ = 0.5 mg L, total volume = 1 L). b) Cumulative ug of CBZ removed by PES, PES-GO and PES-
GOLys-A/B (Ciy = 0.5 mg L, flow rate = 5 mL min”', treated volume I L).
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3.3.2.2 Reduced graphene oxide coated membranes for electrochemical applications

The chemical reduction of the GO coating on PES-GO hollow fibers (presented in 3.3.1.2) increased the
conductivity of the membrane surface (Tab. 3.7, Fig. 3.18), opening opportunities for applications
beyond traditional filtration supports. Within the framework of collaborative research activities carried
out with the Lequia Institute (University of Girona),” rGO-coated PES membranes have shown
promising behavior as electroactive interfaces, promoting improved interactions with electroactive
biological systems under aerobic conditions, enhanced biodegradation kinetics, and improved
membrane operational stability, without the need for external electrical circuits or increased system
complexity.

Building on this broader context, the present section focuses on a different application scenario explored
during my six-month research period at the Lequia Institute, namely the use of PES—rGO membranes as
cathodes in electro-Fenton (EF) processes. This work is presented as a feasibility study aimed at
evaluating whether rGO-coated hollow fibers can sustain cathodic operation under EF conditions, with
specific objectives of (i) generating hydroxyl radicals (*OH), (ii) promoting oxidative pretreatment of
polyethylene (PE) waste, and (iii) enhancing its subsequent biodegradability. EF experiments were
conducted in aqueous electrolyte under acidic conditions (pH = 3), using iron as a homogeneous catalyst
(0.18 mM Fe?"). The membrane module operates as a cathode by supplying electrons to sustain the
catalytic cycle through oxygen reduction to H:0. at the cathode surface and electrochemical
regeneration of Fe?" from Fe*' in solution. Hydroxyl radicals are then produced in the bulk electrolyte
via the homogeneous Fenton reaction between Fe** and H20-. Full details of the electrolyte composition,
applied potentials, and analytical protocols are reported in Appendix C. The electrochemical activity of
the membranes was first evaluated through *OH quantification, using terephthalic acid (TA) as a

molecular probe. The experimental setup and the EF mechanism are illustrated in Figure 3.21.
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Figure 3.21 a) Experimental setup for hydroxyl radical quantification under EF conditions using PES, PES-GO,
and PES-rGO membranes as cathodes; b) schematic representation of the electro-Fenton reactions responsible
for OH generation and their subsequent reaction with terephthalic acid (TA).
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Figure 3.22 Hydroxyl radical (OH) concentration profiles over 5 hours of electro-Fenton operation using PES,
PES-GO, and PES-rGO membranes as cathodes. A control experiment without iron is included.

In the present context, *OH concentration is not interpreted as a short-time performance metric, but as
an indicator of the ability of the membrane cathode to sustain electro-Fenton activity over time (Fig.
3.22). Pristine PES exhibits a transient *OH signal during the initial stages of operation (1-2 h), which
rapidly levels off, whereas GO- and rGO-coated membranes showed continuous *OH concentration
increasing, reaching 107> M within 5h. Control experiments carried out in the absence of Fe** showed
negligible radical formation, confirming that *OH generation proceeded via the EF mechanism.

These results indicate that the presence of a GO-based coating is sufficient to activate and sustain the
EF process under the investigated conditions. In this regime, the role of rGO is therefore not to increase
instantaneous radical concentration, but to support prolonged cathodic operation at the membrane
interface, limiting direct electrochemical stress on the polymer substrate and enabling stable EF
performance over extended operation times.

To explore the applicability of these membranes as cathodes for plastic oxidation, a 20h EF pretreatment
was applied to PE fragments derived from agricultural plastic waste (Fig. 5.18, Appendix C). The extent
of PE oxidation after EF pretreatment was investigated using complementary surface-sensitive
techniques with different probing depths. CA analysis, probing the outermost molecular layer (~1 nm),
revealed negligible differences across samples. A slight increase in hydrophilicity was observed for PE
treated with PES-rGO fibers, with contact angles reduced by ~5-10° compared to untreated PE (Fig.
5.19, Appendix C). This suggests either a limited introduction of polar functionalities at the immediate
surface, or a partial reorientation of oxidized moieties away from the air interface, potentially masking
stronger modifications beneath.

XPS, probing the first few nanometers of the surface, confirmed only a modest increase in oxygen
content after EF treatment (Table 3.8 and Fig. 5.20, Appendix C). The composition of pristine PE (100%
C) was already altered in the control sample, where the oxygen is about 6 %at., indicative of natural

surface weathering.?®
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Table 3.8 XPS atomic composition of PE and degraded PE. Sample immersed in electrochemical solution presents
also some residual from CI (CI 2p at 200 eV) and P (P 2p at c.a. 134 eV, POx) lower that 1%.

Cls 0ls N 1s Si2p
285.0 eV 532.5eV 400 eV 102 eV
C-C C-0/C=0 0-C/0O-Si Si-O
PE_control 80.8 10.1 6.0 1.5 1.6
PE PES EF 80.0 7.8 8.1 1.4 1.5
PE PES-GO_EF 71.7 9.7 11.8 24 4.2
PE PES-rGO_EF 78.6 8.6 9.3 1.3 1.1

Although oxygen fractions increased following exposure to PES-GO and PES- rGO fibers, much of this
signal could be attributed to inorganic contaminants (SiOx, POx, electrolyte residues), rather than to
genuine PE oxidation. The C 1s line shape was essentially unchanged across all samples (Fig. 5.21,
Appendix C), with small increase of C-O or C=0 components.

In contrast, ATR-FTIR spectroscopy (Fig. 3.23), which probes deeper beneath the surface, revealed more
evident oxidation features following EF treatment with PES-rGO membrane. New vibrational bands
appeared at 1700-1750 cm™ 1000-1240 cm™, corresponding to carbonyl and C-O stretching modes,
characteristics of ketones, acids, and alcohols.?”'2® These changes are compatible with surface

oxidation processes initiated by hydroxyl radicals generated at the cathode during EF operation.?%*
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Figure 3.23. a) ATR-FTIR spectra of polyethylene (PE) before (control) and after electro-Fenton (EF) treatment
using PES, PES-GO, and PES-rGO membranes as cathodes, with magnification (b) of the 1800—900 cm™ region
highlighting oxidative modifications.

To assess the impact of EF pretreatment on polyethylene biodegradability, microbial respiration was
monitored over a 21-day period, allowing quantification of microbial oxygen consumption as an indirect
measure of the PE biodegradation (set-up described in Fig. 5.22, Appendix C).2%2% The results (Fig.
3.24) suggest that the PES-rGO membrane effectively performs as cathode for EF pretreatment,
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enhancing microbial accessibility to the polymer surface and promoting subsequent biodegradation,
with a BOD value of 25+4 mg O:/g PE. This is comparable to the value obtained for PE treated with a
standard stainless steel (SS) cathode (20+6 mg O./g PE), and both are markedly higher than the BOD
value measured for the BIO control (1043 mg O./g PE), i.e. PE subjected only to biological treatment

without EF pretreatment.
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Figure 3.24 BOD values for EF-treated PE using PES-rGO membranes as cathode (red), compared to untreated
PE (BIO control) and EF-treated PE using a standard stainless steel (SS) cathode.

At this stage, biodegradability tests were intentionally limited to PE pretreated with PES—+GO
membranes, as respirometric measurements are time-consuming and were selected to verify whether the
oxidative modifications detected after EF treatment translated into a measurable biological response. A
more systematic comparison across membrane types, conducted under standardized conditions and
examining both the solid PE fraction and any soluble oxidation intermediates, would help clarify the
respective contributions of membrane composition, GO loading, and coating stability to the observed
biodegradation response, as well as the role of low-molecular-weight species generated during EF
treatment in contributing to microbial oxygen demand. Within this context, the behavior of the PES-
rGO membrane points to a broader conceptual opportunity: electroactive GO-based coatings may enable
polymeric HF into multifunctional filtration platforms, combining microplastics retention at the
membrane surface with sustained EF-driven oxidative activation and downstream biological processing,

thereby outlining a potential tandem EF-biodegradation strategy for integrated microplastic treatment.
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4 Conclusions and future perspectives

The research presented in this thesis has demonstrated that graphene oxide, when embedded in
polysulfone and polyethersulfone membrane systems, retains its intrinsic chemical reactivity and can be
exploited as a platform for post-synthetic functionalization. This result is particularly relevant in an
industrial context, as it confirms that the incorporation of GO into membrane architectures does not
simply lead to the stabilization of a passive additive, but instead preserves a set of reactive sites that
remain addressable even after integration within a polymer matrix. By validating this concept across
different material levels, ranging from model GO nanosheets to industrially upcycled granules and
hollow fiber membranes, the work provides a consistent framework for designing functional composites
that can be tailored to specific environmental challenges. In particular, post-synthetic chemical
modification of GO enables deliberate tuning of membrane functionality after integration, independently
of the specific architecture in which GO is embedded. This architectural transferability represents a key
outcome of the thesis and provides a unifying principle across the investigated systems.

The functionalization of GO nanosheets with amino acids constituted the first step of this investigation.
By targeting epoxide moieties under mild aqueous basic conditions, it was possible to obtain covalent
modifications that were both stable and versatile. The choice of different amino acids allowed tuning of
surface chemistry and revealed the potential of these materials for enhancing adsorption of
pharmaceuticals, enabling selective sensing applications, and promoting CO: capture and conversion.
While these systems were explored primarily as model platforms, they were fundamental for
establishing the chemical methodology and conceptual basis to be transferred into more complex
polymer-integrated systems.

The transition to polysulfone-graphene oxide composites represented a critical step in bridging
laboratory-scale chemistry with industrial reality. Production scraps generated during the fabrication of
Graphisulfone® membranes were successfully repurposed into granular sorbents, embodying the
principles of circular economy. Importantly, the post-synthetic functionalization of these granules under
scalable flow conditions proved feasible. Lysine modification resulted in a substantial increase in
carbamazepine adsorption capacity, demonstrating the direct impact of chemical grafting on sorption
performance, and confirming that functionalization strategies not only remain viable within polymer-
GO composites but can also deliver targeted improvements in performance, tailored to specific classes
of pollutants.

Polyethersulfone hollow fibers coated with GO layers were subsequently investigated to further explore
the functional versatility of surface-exposed GO within membrane architectures. In this configuration,
lysine functionalization enhanced carbamazepine uptake compared to unmodified GO-coated PES,
while chemical reduction of the GO layer altered its electronic characteristics and provided access to
electrochemical functionalities, as illustrated through a representative electro-Fenton case study.

Together, these results highlight the adaptability of the GO platform, which can be engineered to impart
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adsorptive, catalytic, and electroactive behavior to membrane systems, extending their role beyond
simple separation toward multifunctional, reactive interfaces.

The findings collected here suggest several directions for future research and development. The
demonstration of chemical tunability provides the basis for designing adaptive membrane systems, in
which surface functionality can be selectively introduced to address specific treatment needs. The
incorporation of photocatalytic or redox-active groups could, for instance, promote in situ degradation
of retained and adsorbed contaminants, potentially enabling regeneration of active sites and extension
of device service life. Such developments would mark a decisive evolution from passive filtration
toward dynamic and multifunctional interfaces.

Expanding the chemical scope of functionalization represents a further concrete step. While amino acids
were employed here as proof-of-concept modifiers, the broad range of nucleophiles available and
compatible with GO chemistry offers significant opportunities. Functional groups such as thiols,
phosphonates, or other redox-active moieties could introduce specific affinities for metals, endocrine
disruptors, or microplastic degradation products. The possibility of combining different functional
groups on the same composite could enable multifunctional systems that balance broad applicability
with selective recognition.

An additional perspective concerns validation under realistic operating conditions. Although laboratory-
scale experiments have demonstrated promising performance, assessment in natural waters, wastewater
effluents, and industrial discharge streams is essential to evaluate competitive adsorption, fouling, and
chemical interferences, and long-term robustness. In parallel, scaling up the functionalization protocols
remains a key objective. The strategies developed for PSU-GO granules have already proven their
compatibility with continuous processing, and their transfer to pilot-scale systems would represent a
natural progression toward industrial implementation. Such an evolution would allow functionalization
to move from laboratory proof-of-concept to an integrated stage of membrane manufacturing,
consolidating the link between chemical innovation and industrial practice.

Overall, this thesis outlines a coherent pathway in which GO-based composites evolve from nanoscale
tunability to industrially relevant membrane systems. By aligning molecular-level chemical control with
scalable architectures and circular economy principles, the work contributes to the advancement of
membrane technologies capable of addressing emerging environmental challenges with enhanced

adaptability, functionality, and sustainability.
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5 Appendices: methodology and additional data

5.1 Appendix A - Covalent modification of graphene oxide nanosheets in

solution phase

Characterization of GO-amino acid derivatives

SEM analyses were performed with a ZEISS LEO 1530 FEG. The samples were deposited on a cleaned
silicon wafer by dropping 100 pL of suspension at 0.1 mg mL™! concentration in dimethylformamide.
The energy of electrons was 5 keV and the signal was acquired using an inLens detector at a working
distance of 3—5 mm.

XPS was performed by using a Phoibos 100 hemispherical energy analyzer (Specs GmbH, Berlin,
Germany), using Mg Ka radiation (ho = 1253.6 eV; X-Ray power = 125W) in constant analyzer energy
(CAE) mode, with analyzer pass energies of 40 eV for survey spectra. Base pressure in the analysis
chamber during analysis was 5.3x10-8 mbar. Spectra were fitted by using CasaXPS (www.casaxps.com)
after Shirley background subtraction and all spectra were calibrated to the Cls binding energy (285.0
eV). XPS samples were obtained by preparing a tablet from the dry powder of each material and fixing
it on the sample holder with conductive carbon tape. EA was performed on modified GO powders by
using an Elementar Unicube Elemental analyser, method GRAPHITE. ATR-FTIR spectra were recorded
with Agilent Cary 630 FTIR Spectrophotometer, and the spectra are expressed by wavenumber (cm™).
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Figure 5.1 XPS survey spectra of: a) GO (orange), GO-NaOH (blue), GO-Lys (red), GO-Met (green) and GO-
Glu (grey); b) GO-Arg prepared at different GO:Arg weight ratios.

54



Table 5.1 EA Atomic composition of amino acid-modified GO materials

Material C% H% N% S% 0%
GO 40.1 28.6 0.1 0.46 30.8
GO-NaOH 33.5 35.8 0.0 0.11 30.6
GO-Lys 42.8 34.9 2.6 0.03 19.6
GO-Met 44.2 32.7 0.9 0.53 21.8
GO-Glu 43.5 26.6 0.2 0.10 29.7
GO-Arg 36.6 36.2 5.4 0.01 21.8
GO-Argpho 36.3 38.3 4.8 0.01 20.6
Table 5.2 Atomic ratios of amino acid-modified GO materials obtained by XPS

Material N/C S/C o/C

GO 0.01 0.014 0.38
GO-NaOH 0.003 - 0.36
GO-Lys 0.04 - 0.14
GO-Met 0.011 0.010 0.19
GO-Glu 0.009 - 0.26
GO-Arg 0.06 - 0.26
GO-Argpng 0.06 - 0.27
Table 5.3 Atomic ratios of amino acid-modified GO materials obtained by EA.

Material H/C N/C S/C o/C
GO 0.71 0.002 0.010 0.77
GO-NaOH 1.07 0.001 0.003 0.92
GO-Lys 0.96 0.06 - 0.62
GO-Met 0.74 0.020 0.012 0.49
GO-Glu 0.95 0.008 - 0.67
GO-Arg 0.99 0.14 - 0.59
GO-Argpho 1.05 0.13 - 0.58
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Figure 5.2 ATR-IR spectra of GO, GO-arginine and L-arginine.

Adsorption selectivity and Kinetic experiments

A stock solution of eight emerging contaminants (CAF, OFLOX, BP4, CBZ, BPA, RhB, DCF, BP3, Fig.
5.3) at 10 mg L' each was prepared in tap water. In a typical experiment, 25 mg of the tested adsorbent
were sonicated for 2 h in 5 mL of ultrapure water. After that time, 5 mL of the stock solution were added,
to reach a final concentration of 5 mg L' for each contaminant. The suspensions were gently stirred in
the dark for 1, 4, and 24 h and then centrifuged at 15 000 rpm for 10 min. GO, GO-NaOH, and rGO
were tested under the same conditions.'”® Analyses of the treated water samples were performed by
HPLC on a Dionex Ultimate 3000 system equipped with a diode array detector. Aliquots of 0.5 mL were
used as sources for automated injection. Chromatographic separation was carried out on a reverse-phase
analytical column (Agilent Eclipse XDB-C8, 4.6 x 150 mm, 5 um) at a flow rate of 1.0 mL min™?, using
a linear gradient of TFA 0.05% in water/acetonitrile from 80:20 to 0:100, with detection at the A_max
of each analyte. The percentage removal of each compound was calculated by comparison with the

initial untreated solution. Results are expressed as the mean of two independent experiments + SD.
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Figure 5.3 Molecular structure of selected organic contaminants.

Adsorption isotherms on organic contaminants

The adsorption isotherms of GO-Glu and GO-Met for BP4, BPA, and CBZ were obtained by varying
both the concentration of contaminant and the amount of adsorbent. Stock solutions of each contaminant
were prepared in ultrapure water, according to the maximum solubility of each molecule: BP4 1.0 mg
mL™!, BPA 0.3 mg mL!, and CBZ 0.1 mg mL"'. For each sorbent, two suspensions were prepared, 2
mg mL ! and 3 mg mL™! in ultrapure water and used after 2 h of sonication. The adsorption experiments
were carried out in a total volume of 5 mL, under gentle stirring in the dark for 4 h, followed by
centrifugation at 15 000 rpm for 10 min. Supernatants were analyzed by UV—Vis spectroscopy or HPLC.
The same procedure was applied to each sorbent—sorbate pair, adjusting the sorbent-to-solute ratio
according to the different adsorption capacities. Each experiment was repeated twice on different
batches of material. Isotherms for GO, GO-NaOH, and GO-Lys were reported previously.!?® Langmuir
and Brunauer—Emmett—Teller (BET) models were used to fit the adsorption data and extract maximum
adsorption capacities (Qm). All equations and complete model-fitting parameters (Langmuir and BET)

are reported in the corresponding publication.!'®

Molecular dynamics simulations

MD simulations were performed to complement the experimental adsorption measurements by
examining the interactions between BP4, BPA, CBZ and the GO-AA surfaces at atomistic resolution.
Model structures of GO-Glu and GO-Met were generated by decorating graphene fragments with
oxygenated groups and amino acid moieties at loadings consistent with XPS data. All GO-AA systems
were parameterized using the GAFF force field, with atomic charges obtained by AM1 calculations. The
contaminants (BP4, BPA and CBZ) were parameterized with GAFF as well, with atomic charges derived
from HF/6-31G(d) calculations followed by RESP fitting. Each GO—pollutant complex was solvated in

a TIP3P water box and neutralized with counterions. Energy minimization was carried out in two steps:
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in the first, only water molecules and ions were relaxed while keeping the solute fixed; in the second,
all atoms were allowed to move freely. Systems were then equilibrated for 10 ns, gradually heating from
0 to 298 K under periodic boundary conditions. Production trajectories of 100 ns were generated using
AMBER16. Binding affinities were estimated by the MM-GBSA method, decomposed into
electrostatic, van der Waals and non-polar solvation contributions. The variation of solvent-accessible
surface area (ASASA) upon binding was also computed to quantify shape complementarity between
each contaminant and the sorbent surface. The resulting values are summarized in Table 5.3. Full

computational details are reported in the corresponding publication.

Table 5.4 Computed total binding affinity (Eror) and its contributions i.e., van der Waals (vdW), electrostatic (Eg;)
and non-polar solvation (Eon-polar soivaiion), together with ASASA (4%, for BP4, CBZ and BPA on GO, GO-Glu and
GO-Met. All energies are reported in kcal mol ™.

Contaminant Material Eror Erl E non-polar soivation  ASASA [A?]
GOa -11.9 10.1 -1.1 372.7

BP4 GO-Glu -21.1 12.2 -2.8 686.3
GO-Met -22.0 12.1 -2.9 704.8
GO -18.4 4.1 -0.7 298.9

CBZ GO-Glu -20.8 3.6 2.4 612.5
GO-Met -21.5 3.9 -2.5 657.7
GO -15.7 4.4 -0.8 317.3

BPA GO-Glu -17.1 4.5 -2.0 538.7
GO-Met -18.9 5.7 -2.5 631.0

Glyphosate adsorption and electrochemical sensing

A stock solution of glyphosate (GLY, 0.5 mg L™') was prepared and stored at 4 °C until use. For each
test, 25 mg of sorbent (GO, GO-AA or rGO) were dispersed in 2.5 mL of ultrapure water by sonication
for 2 h (GAC samples were used without pre-sonication). Subsequently, 22.5 mL of tap water were
added (final volume = 25 mL, pH = 6.9), and the suspensions were spiked with 100 uL of the GLY stock
to reach a final concentration of 2 mg L!. Samples were stirred on a rotary shaker and aliquots were
collected after 15 min and 1 h of contact, each condition being tested in triplicate. After centrifugation
(10,000 rpm, 10 min), supernatants were analyzed by HPAEC-MS/MS using glyphosate-2-*C,"*N as
internal standard, following a validated chromatographic protocol.'®® Analyses were performed using a
Dionex ICS-5000 HPAEC system (Thermo Scientific) coupled to a TSQ Altis™ Plus Triple Quadrupole
MS, equipped with a Dionex IonPac™ AS19 RFIC™ 2x250 mm anion-exchange column and
corresponding guard column (AG19 RFIC™ 2x50 mm).
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Figure 5.4 Glyphosate (GLY) removal % at different contact time (15 min, 1h) on the different materials tested:
rGO, GO-Lys, GO-Met, GO-Arg, GAC and GO. Total volume = 25 mL, sorbent amount = 25 mg, Cy, gy = 2 mg
L. The bars report the standard deviation calculated from triplicate measurements.

To evaluate their performance as electroactive interfaces for GLY detection, GO-AA materials were
deposited onto graphite disk electrodes (GEs, 5 mm diameter). GEs were polished, sonicated in Milli-Q
water, rinsed and dried before modification. Homogeneous suspensions were obtained by sonicating 0.5
mg of GO-based powders in 1 mL of deionized water (60 kHz). Drop-casting followed a two-step
protocol: a first deposition of 4 pL of GO-Lys/GO-Arg/GO-Met/GO suspension was applied and
allowed to dry, followed by deposition of a second 4 pL aliquot. To obtain conductive films, GO-
modified electrodes were electrochemically reduced to rGO by polarization at —1.25 V for 300 s in 0.1
M phosphate buffer (pH 7.4). Prior to sensing measurements, electrodes were conditioned by immersion
in 0.5 M LiClO4 for 10 min, then rinsed with deionized water.?’” Electrochemical measurements were
carried out at 20 °C using a PGSTAT 12 potentiostat (EcoChemie) with NOVA 2.1 software. A standard
three-electrode glass cell (V = 10 mL) was employed, using the modified GO-AA electrode as the
working electrode, Ag/AgCl (sat. KCl) as reference, and a platinum wire as counter electrode.
Conditions for GLY oxidation were screened in Britton—Robinson buffers (pH 5-8). For
adsorption/transduction tests, electrodes were incubated in GLY solutions (short exposure to overnight),
rinsed, and analyzed by differential pulse voltammetry in BR buffer at pH =~ 6, using voltametric

parameters optimized beforehand for maximum peak intensity and minimal capacitive background.

CO:2 capture and conversion

Tandem CO: Fixation and Carbocatalysis with GO-Arg. In a typical experiment, an oven-dried
Schlenk tube was loaded with 40 mg of GO-Arg, evacuated, and subjected to three vacuum/CO: cycles
to replace the nitrogen atmosphere with pure CO.. The solid was then kept stirring under CO: at 100 °C
for 2 h, enabling the adsorption and preliminary activation of the gas. After cooling, CO: was evacuated

and the tube purged with N2. Subsequently, 1 mL of dry DMF, 0.01 mmol rac-styrene oxide (12.5 uL),
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and 37 mg of TBAI (0.01 mmol) were added sequentially. The reaction mixture was stirred at 100 °C
for 48 h, after which the insoluble GO—Arg was removed by filtration and washed with EtOAc. Residual
DMF was eliminated under high vacuum. The crude mixture was analyzed by 'H NMR, using
mesitylene (6 plL) as internal standard to quantify the conversion into the corresponding cyclic
carbonate. Purification of product 2 was performed by flash chromatography on silica gel (n-
hexane/EtOAc = 2:1). Recycling tests were conducted following the same procedure. After each
catalytic cycle, the GO—Arg material was recovered by repeated centrifugation with EtOAc to separate
product, solvent, and TBAI. The solid was then washed with deionized water, freeze-dried, and reused

in subsequent reactions.

[ “CO, - Capture” “Reactor set-up” “CO, - Conversion” ]

E
[GO-Arg]/CO, GO-Arg

Figure 5.5 Schematic representation of the integrated “capture-CO;r-conversion” strategy (TBAI:
tetrabutylammonium iodide).

CO: Adsorption Measurements. The CO: adsorption capacity of GO and GO—-Arg samples was
evaluated by thermogravimetric analysis (TGA) using a STA 449 F3 Jupiter thermo-microbalance
(Netzsch-Gerdtebau). Two complementary methods were employed to assess adsorption under flow
(method a) and static (method b) CO: exposure. Prior to each experiment, samples were weighed into
Al:O:s crucibles and subjected to a cleaning step at 90 °C for 30 min (10 °C min) under high-purity N
(99.999%) to remove pre-adsorbed volatiles.

(a) Flow CO: adsorption: after cleaning, samples were cooled to 40 °C at 1 °C min™ under N2> and
subjected to a 100-min isothermal adsorption step under a CO2/Nz (1:1 v/v) gas mixture. Desorption was
then performed by heating the sample to 90 °C (10 °C min™!) under pure Na.

(b) Static CO: adsorption: cleaned samples were transferred to a sealed glass vessel containing pure CO:
(99.995%) and maintained at 40 °C for 2 h. Afterwards, the crucibles were placed back in the TGA
instrument and subjected to a desorption cycle identical to that used in method (a) (heating to 90 °C
under N2). For both methods, CO: uptake was calculated from the mass variation measured during the

adsorption (method a) or desorption (method b) steps, and expressed as mg CO: per g of adsorbent.
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5.2 Appendix B - In situ functionalization of graphene oxide-polysulfone

composite granules

Materials

GO powder was purchased from Layer One (Norway, previously Abalonyx) and used without further
purification (graphene oxide dry powder <35 mesh, product code 1.8). L-Lysine (Lys) and
carbamazepine (CBZ) were purchased from Merck and used without further purification. PSU-GO
hollow fibers at 3.5% (PSU-GO-A) and 10% (PSU-GO-B) w/w (GO/PSU) were obtained by phase
inversion procedure (NMP—water) of a GO:PSU casting solution at room temperature, through an
industrial spinning line (Medica S.p.A.). 1 PSU and PSU-GO granules were prepared by mechanical
grinding of commercial PSU and PSU-GO hollow fibers scraps with a commercial blade grinder
(Ceramic Instruments Srl, IT, sieve cut-off = 2 mm). 2 Small prototype cartridges (14 mm diameter, 65
mm length, dead volume 6 mL, bed volume = 0.01 L) were filled with PSU and PSU-GO granules and
the final weight of material in the cartridges was 1.2 g for PSU, 0.8 g for PSU-GO-A, and 1.0 g for PSU-

GO-B. All materials were washed with 2 L of ultrapure water and air-dried before use.
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Figure 5.6 UV-Vis spectra of a) L-Lysine (2 mg mL™") and GO (10 mg L"); washing aliquots from the purification
of PSU-GOLys-A (b) and PSU-GOLys-B (c).

Characterization

SEM analyses were performed with a ZEISS LEO 1530 FEG. The energy of electrons was 5 keV and
the signal was acquired using an inLens detector at a working distance of 3—5 mm. ATR-FTIR spectra
were recorded with Agilent Cary 630 FTIR Spectrophotometer, and the spectra are expressed by
wavenumber (cm™). High-resolution XPS by using a Phoibos 100 hemispherical energy analyzer (Specs
GmbH, Berlin, Germany), using Mg Ka radiation (ho = 1253.6 eV; X-Ray power = 125W) in CAE
mode, with analyzer pass energies of 40 eV for survey spectra. Base pressure in the analysis chamber
during analysis was 5.3x10-8 mbar. Spectra were fitted by using CasaXPS (www.casaxps.com) after

Shirley background subtraction and all spectra were calibrated to the C1s binding energy (285.0 eV).
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Figure 5.7 SEM images of a) PSU-GO-A, b) PSU-GO-B, ¢) PSU-GOLys-A and d) PSU-GOLys-B.
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Figure 5.8 ATR-FTIR spectra of GO, GO-Lys, PSU, PSU-GO-A, PSU-GO-B, PSU-GOLys-A and PSU-GOLys-B.
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Figure 5.9 XPS spectra. a) O 1s and b) C 1s of GO; ¢) survey of GO and PSU; d) O s, e) C 1s and f) S 2p of
PSU; g) O Is, h) C Is and i) S 2p comparison between GO, PSU-GO-B and PSU; j) O Is, k) C Is and ) N Is
comparison between PSU-GO-B and PSU-GOLys-B.
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Organic contaminants adsorption tests.

Adsorption batch experiments on the mixture of six selected organic contaminants (Fig. 5.10) were
carried out by dispersing GO and GO-Lys nanosheets (after sonication for 2 h) in spiked ultrapure water
and analyzing treated water samples after 15 min by HPLC analysis. Flow-through experiments were
carried out by filtering a solution of the mixture of the six organic contaminants in ultrapure water (Cin=
0.5 mg L' each) through PSU, PSU-GO-A/B and PSU-GOLys-A/B cartridges at a constant flow of 5
mL min™'. Samples were collected every 50 mL and analyzed by HPLC-UV. All tests were conducted in
duplicate, with results reported as the mean value with standard deviation. HPLC analyses of the selected
emerging contaminants and carbamazepine (CBZ) were performed using a Shimadzu HPLC-UV
system. The chromatographic separation was performed on a reverse phase Agilent Eclipse XDB
column at flow rate of 1.0 mL min'. The gradient was set as shown in Table 5.4 Each analyte was

detected at a specific retention time at Amax (Table 5.5). The results are expressed as the means of two

independent experiments + SD. Detection limit=0.05 mg L.
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Figure 5.10 Molecular structure of selected organic contaminants.

Table 5.4 Gradient setting for HPLC analyses of Organic contaminants.

Time (min) % Water:TFA (0.1% v/v) % Methanol:TFA (0.1% v/v)
0 90 10
1 90 10
6 40 60
9 40 60
9.5 90 10
12.5 90 10
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Table 5.5 Retention time and wavelength for the detection of organic contaminants by HPLC analyses.

Compound Retention time (min) Amax (nm)
10D 2.31 242
PCM 4.12 242
CAF 5.75 272
OFLOX 6.27 294
CBZ 8.57 287
BPA 9.29 225
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Figure 5.11 Adsorption selectivity of a) GO and GO-Lys in batch conditions (Civ=0.5 mg L' each, Vior = 25 mL,
25 mg of sorbent) in 15 min of contact time; b) PSU-GO-A and PSU-GOLys-A, ¢) PSU-GO-B and PSU-GOLys-B

cartridges in flow conditions (flow rate 5 mL min”, treated volume 200 mL) on a mixture of six organic
contaminants (Cv=0.5 mg L' each) in ultrapure water.
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Figure 5.12 Removal performance of CBZ with PSU and PSU@Lys control (Ciy = 0.5 mg L, flow rate = 5 mL
min”', treated volume 300 mL).
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and PSU-GOLys-B (Civ = 0.5 mg L, flow rate = 5 mL min”!, treated volume 1 L).
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5.3 Appendix C - Functionalization of graphene oxide-polyethersulfone

coated membranes

Materials

Polyethersulfone (Plasmart 25 filled with Versatile PES®, filter surface area of 0.1 m?, average pore size
100-200 nm) modules were provided by Medica Spa. GO powder was purchased from Layer One
(Norway, previously Abalonyx) and used without further purification (graphene oxide dry powder <35
mesh, product code 1.8). L-Ascorbic Acid was purchased by Sigma Aldrich and used without further
purification. Polyethylene (PE) from real agricultural waste consisted of a single-layer film with two

visually distinct surfaces: a white side and a black side, typical of agricultural-grade films.

Characterization of PES-GOLys coated HF

SEM analyses were performed with a ZEISS LEO 1530 FEG. The energy of electrons was 5 keV and
the signal was acquired using an inLens detector at a working distance of 3—5 mm. ATR-FTIR spectra
were recorded with Agilent Cary 630 FTIR Spectrophotometer, and the spectra are expressed by
wavenumber (cm™). XPS was performed by using a Phoibos 100 hemispherical energy analyzer (Specs
GmbH, Berlin, Germany), using Mg Ka radiation (ho = 1253.6 eV; X-Ray power = 125W) in CAE
mode, with analyzer pass energies of 40 eV for survey spectra. Base pressure in the analysis chamber
during analysis was 5.3x10-8 mbar. Spectra were fitted by using CasaXPS (www.casaxps.com) after

Shirley background subtraction and all spectra were calibrated to the C1s binding energy (285.0 eV).
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Figure 5.14 Static water contact angle measurements on polysulfone-graphene oxide coated hollow fiber surfaces

before (PES-GO) and after (PES-GOLys-A/B) lysine functionalization.
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Characterization of PES-rGO coated HFs

Structural and Chemical Characterization. SEM analyses were performed with a ZEISS LEO 1530
FEG. The energy of electrons was 5 keV and the signal was acquired using an inLens detector at a
working distance of 3—5 mm. XPS measurements were performed with a Thermo Scientific ESCALAB
QXi spectrometer employing a monochromatic Al Ka X-ray source (1486.6 ¢V) with a spot size of 650
um x 200 um circa. Survey scans were measured in a binding energy range of 0—1350 eV with a constant
pass energy of 200 eV, at 1.0 eV/step, with a dwell time of 50 ms. High resolution spectra were recorded
using a constant pass energy (10 eV), at 0.1 eV/step, with a dwell time of 50 ms. Charge compensation
was applied as previously detailed. % Peak fittings were performed in the framework of the Avantage
software after background correction with the smart-background function implemented in the same
software using pseudo-Voigt functions for the synthetic peaks. Graphitic sp? carbon was modelled with
an asymmetric peak. Fitting parameters for C 1s peak are reported in Table 5.6 and 5.7. The spectra were
deconvoluted into the following components: graphitic C=C sp? carbon (284.4 ¢V), and aliphatic C—C
sp® carbon (285 eV), and hydroxyl C—OH (286 eV), epoxy C—O—-C (287 eV), carbonyl C=0 (287.5 eV)
and carboxyl O-C=0 (290 eV) groups. Two additional minor contributions were included: one at low
binding energy (BE < 284 eV), attributed to defective graphitic carbon, and another around 291 eV,
corresponding to the n—n* satellite feature. FWHM of the fitted peak was between 1.0 and 1.2 eV.
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Figure 5.15 FT-IR spectra of pristine PES, PES-GO and PES-rGO coated hollow fiber membranes.
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Figure 5.16 Zoom-in on the low-intensity peaks in the C Is region curve-fitting for the PSU-GO and PSU-rGO

samples.

Table 5.6 General fitting parameters for C Is peak for samples PES-GO and PES-rGO.

Peak name Peak BE FWHM L/G Mix Tail Mix  Tail Height Tail
(eV) (eV) (%) Product (%) (%) Exponent
defect B-0.80 (+0.2) C*1 (£0.1) 30 100 0 0
C=C 284.3:284.6 0.7:12 25:35 50:80 0 0.02:0.08
Cc-C B+0.50 (£0.2) 0.8:1.5 30 100 0 0
Cc-0 B+1.6 (£0.2) C*1 (£0.1) 30 100 0 0
C-0-C B+2.50 (£0.2) C*1 (+0.1) 30 100 0 0
C=0 B+3.50 (£0.2) C*1 (£0.1) 30 100 0 0
0-C=0 B+4.50 (£0.3) C*1 (£0.1) 30 100 0 0
- B+6.50 (£0.2) 1.0:2.0 30 100 0 0

Table 5.7 C 1s curve-fitting results for samples PES-GO and PES-rGO: binding energy (BE, eV), full width at half

maximum (FWHM, eV) and percentage of total C 1s area (%).

defect
Cc=C
Cc-C
C-0
C-0-C
C=0
0-C=0

n—m*

PES-GO PES-rGO

BE (eV) FWHM (V) % BE (eV) FWHM (eV) %
283.7 1.08 1.4 283.7 1.2 1.6
284.4 0.95 11.4 284.4 0.73 35.6
285.1 1.06 33.2 284.9 1.1 32.9
286.0 1.16 52 286.0 1.01 11.2
287.0 0.97 28.2 286.9 1.00 10.3
287.5 1.16 14.7 287.8 1.01 4.6
288.9 1.16 52 288.9 1.01 23
290.7 1.78 0.6 290.9 1.64 1.5
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Electrochemical Characterization. Resistivity measurements on PES, PES-GO and PES-rGO HF
were performed using a four-point probe configuration: four stainless-steel filaments were carefully
wrapped around the free fiber bundle, two at each end. The outer pair was connected to a potentiostat
(BioLogic, EC-Lab® software) operated in voltage-controlled mode, applying three fixed voltage
setpoints (1, 2 and 3 V), while the resulting current was recorded (Fig. 5.17). The inner pair was
connected to a multimeter to measure the voltage drop within the current path. This configuration

enabled direct determination of the electrical resistivity (p) was calculated using the standard relation:

ONG!

where V is the measured voltage, I is the current recorded during the measurement, L the distance
between the voltage probes, and A the cross-sectional area of the fiber bundle. For each membrane the

reported resistivity values represent the average of the three different measures.
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Figure 5.17. Voltage drop (measured between the inner probes) as a function of the rvecorded current for (a) PES,
(b) PES-GO and (c) PES-rGO hollow fibers, measured using a four-point probe configuration.
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Cathodic polarization experiments were conducted in a single-compartment glass cell (200 mL), where
each hollow fiber membrane type - PES, PES-GO, and PES-rGO - was used as the working electrode.
A titanium rod functioned as the counter electrode. Electrical connection was made by attaching a
stainless-steel filament to the top of the fiber bundle, positioned outside the electrolyte. The remaining
submerged portion was immersed in phosphate buffer (pH 7, conductivity 5.5 mS cm™). The membranes
were subjected to a sequence of cathodic potentials from 0 V to —10 V, applied in 1 V increments with

5-minute holds at each step, and the corresponding current response was recorded.

Hydroxyl radicals evaluations

Hydroxyl radicals (*OH) generation under electro-Fenton (EF) conditions was assessed using
terephthalic acid (TA, benzene-1,4-dicarboxylic acid) as an indirect chemical probe. The experiments
were carried out under potentiostatic control at -8 V in a single-chamber batch reactor with a 200 mL
total volume. PES, PES-GO, and PES-rGO membranes were used as working electrodes, while a
titanium rod and an Ag/AgCl (sat. KCI) electrode served as the anode and reference, respectively.
Electrical contact was established by wrapping a stainless-steel filament around the dry portion of each
membrane module, ensuring current flow while keeping the active surface area fully submerged in the
EF electrolyte. The electrolyte composition is detailed in Table 5.8. The solution was acidified to pH 3
using concentrated H2SO4 and TA (20 mg L") was added. Radical generation was monitored by tracking
the decline in TA absorbance at 240 nm.

Samples (1 mL) were collected hourly, diluted 1:10, and immediately analyzed via UV-Vis
spectrophotometry. The concentration of hydroxyl radicals over time was calculated from the depletion

of TA absorbance at 240 nm,

Table 5.8 Electro-Fenton medium composition used for hydroxyl radical quantification experiments.

Compound Concentration (g L)
NaH,PO4 2.44
KH,PO4 1.52
Mg SO4 x THO 0.20
CaCl, x 2H,0 0.05
(NH4)2Fe(SO4), x 6H,0 0.07

Electro-Fenton experiments

PE fragments were manually cut into ~1 cm? pieces (Fig. 5.17) and introduced into the EF electrolyte
(composition as in Table 5.8 with pH adjusted to 3 with concentrated H.SO4) at a concentration of
0.5 gL™'. Experiments were carried out for 20 h under potentiostatic control at -8 V using a single-

chamber batch reactor (200 mL total volume), with PES, PES-GO, and PES-rGO membranes used as

71



working electrodes. A titanium rod and an Ag/AgCl (sat. KCl) electrode as the anode and reference,
respectively, and electrical contact established by wrapping a stainless-steel filament around the dry
portion of each membrane. After EF treatment, PE samples were recovered, filtered and thoroughly

rinsed with deionized water and dried at 45°C overnight.

‘B

Figure 5.18. Polyethylene fragments (1 cm?) used for electro-Fenton treatment.

Polyethylene characterization

PE fragments (both white and black sides) were analyzed independently prior and after electro-Fenton
treatments, through Static CA measurements, XPS and ATR-FTIR. CA were performed with a Contact
Angle Meter (GBX Scientific LTD, Ireland): prior to analysis, the droplet relaxation behavior was
assessed on untreated PE (black side) to define a reliable acquisition protocol. Measurements were then
performed under static conditions, averaging values from four droplets per membrane-treated sample,

for both sides of the PE fragments.

95

90 1 5 = PE_control

g5 | + + -= PE_PES_EF
. + = PE_PES-GO_EF

=~ PE_PES-rGO_EF
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Figure 5.19 Static water contact angle measurements on polyethylene (PE) surfaces after electro-Fenton (EF)
treatment using PES, PES-GO, and PES-rGO membranes as cathodes.

XPS was performed by using a Phoibos 100 hemispherical energy analyzer (Specs GmbH, Berlin,
Germany), using Mg Ka radiation (ho = 1253.6 eV; X-Ray power = 125W) in CAE mode, with analyzer
pass energies of 40 eV for survey spectra. Base pressure in the analysis chamber during analysis was
5.3x10-8 mbar. Spectra were fitted by using CasaXPS (www.casaxps.com) after Shirley background
subtraction. C 1s signal was fitted according to literature,*® '° with C-C at 285.0 eV, C-O at 286.6 €V,
C=0 at 288.2 eV and O-C=0 at 289.2 eV. All spectra were calibrated to C 1s at 285 eV.
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Figure 5.20 XPS survey spectra of untreated polyethylene (PE control) and PE after electro-Fenton treatment with
PES, PES-GO and PES-rGO membranes as cathodes.
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Figure 5.21 XPS C Is signals of untreated PE (a) and PE after electro-Fenton treatment with PES, PES—-GO, and

PES-rGO cathodes: (b-d) deconvoluted peaks; (e—g) comparison with untreated PE (control) highlighting
differences.
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Biodegradation Assessment

Microbial respiration was monitored over 21 days through experiments conducted in 200 mL airtight
glass bottles, sealed with OxiTop® pressure sensors (Fig. 5.20). All tests were carried out in EF
electrolyte medium without the addition of iron and without pH adjustments. Samples were incubated
at 26°C and included duplicates of: (i) blank (medium + bacteria); (ii) untreated PE (control); and (iii)
EF-treated PE using PES-rGO membranes. Each bottle received four drops of a nitrification inhibitor to
suppress ammonia oxidation, ensuring aerobic biological oxygen demand (BOD) measurements. After
incubation, headspace gas composition was analyzed by gas chromatography (GC, Agilent 490MicroGC
Gas Chromatograph) A reference GC measurement of ambient air was used as the time-zero baseline,

enabling correlation between residual oxygen content and pressure variation over time.

%

1. magnetic stirring
2. culture medium

3. incubation flask

4. pressure sensor
5. thermostat

6. controller

Figure 5.22 Experimental setup for respirometric measurements using the OxiTop® system.
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