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FOTODEGRADACAO E ESTABILIZACAO DE POLIMEROS UTILIZADOS NA
INDUSTRIA MEDICO-HOSPITALAR

Jessica Caroline FERREIRA GIMENEZ

RESUMO

A continua preocupagdo com a contaminagao cruzada, que surgiu durante a pandemia
de SARS-CoV-2 em 2019, destacou o uso de lampadas germicidas UV-C. No entanto, apesar
de sua comprovada eficiéncia contra patdogenos, a luz UV-C promove danos em materiais como
polimeros. Embora exista ampla literatura sobre fotodegradacao sob radiacdo UV-A e UV-B,
estudos em UV-C ainda sdo escassos. Essa lacuna motivou o presente trabalho, que busca
compreender os efeitos da radiacdo UV-C sobre polipropileno (PP), usado em seringas, e
poli(éter sulfona) (PESU), aplicado em componentes médicos, bem como avaliar estratégias
de fotoprote¢do. Os resultados mostraram que o PP apresentou aumento incomum na
viscosidade complexa durante ensaios de reologia, e RMN de 'H no dominio do tempo indicou
que o UV-C favorece reagdes de ramificacdo. Um Planejamento de Experimentos (DokE) foi
empregado para otimizar a fotoprote¢ao do PP com dioxido de titdnio combinado a grafeno de
poucas camadas (FLG) ou Irganox B215 (B215). A Ressonancia Paramagnética Eletronica
revelou que a adicdo de FLG reduziu em até 30% a formacao de hidroxilas e a adi¢cdo de B215
impactou em 25%. O estudo também comparou modos de exposi¢ao continua e ciclica ao UV-
C em PESU. Ensaios de tragdo demonstraram que apenas 1 hora de exposicao ao UV-C ja foi
suficiente para reduzir significativamente o desempenho mecanico do PESU. Infravermelho,
XPS e andlises reologicas confirmaram alteragdes estruturais mais pronunciadas nesse regime.
Por fim, compositos de PESU/FLG e PESU/6xido de grafeno (GO) foram avaliados sob
radiacdo UV-C. Infravermelho e XPS mostraram que o FLG mitigou a formagdo de grupos
hidroxila, enquanto os compdsitos com GO apresentaram efeito minimo. Ensaios mecénicos
também indicaram aumento consideravel do moédulo de Young. Este trabalho apresenta
achados relevantes sobre a fotodegradagdo e fotoprotecao de PP e PES sob radiacao UV-C,
evidenciando diferencas sutis nos mecanismos de degradagdo induzidos por essa radiacao e
propondo estratégias de fotoprotegao.

Palavras-chave: UV-C, fotodegradacao, fotoprotegdo, grafeno, PP, PESU.






PHOTODEGRADATION ET STABILISATION UV-C DES POLYMERES UTILISES
DANS L'INDUSTRIE MEDICO-HOSPITALIERE

Jessica Caroline FERREIRA GIMENEZ

RESUME

La préoccupation concernant la contamination croisée, apparue lors de la pandémie de
SARS-CoV-2 en 2019, a mis en évidence I’utilisation de lampes germicides UV-C. Cependant,
malgré leur efficacité avérée contre les agents pathogenes, la lumiére UV-C provoque des
dommages aux matériaux tels que les polymeres. Bien qu’il existe une vaste littérature sur la
photodégradation des polymeéres sous UV-A et UV-B, les études en UV-C demeurent rares.
Cette lacune a motivé le présent travail, qui vise a comprendre les effets du rayonnement UV-
C sur le polypropyléne (PP), utilisé dans les seringues, et sur la poly(éther sulfone) (PESU),
appliquée dans des composants médicaux, ainsi qu’a évaluer des stratégies de photoprotection.
Les résultats ont montré que le PP présentait une augmentation inhabituelle de la viscosité
complexe lors des essais rhéologiques, et la RMN du domaine temporel de I’hydrogeéne ("H) a
indiqué que I’'UV-C favorise les réactions de ramification. Un plan d’expériences (DoE) a été
employé pour optimiser la photoprotection du PP en combinant le dioxyde de titane avec du
graphéne a quelques couches (FLG) ou I’'Irganox B215 (B215). La résonance paramagnétique
¢électronique a révélé que 1’ajout de FLG réduisait jusqu’a 30 % la formation d’hydroxyles,
tandis que B215 réduisait de 25 %. L’¢tude a comparé les modes d’exposition continue et
cyclique aux UV-C sur le PESU. Des essais de traction ont montré qu’une heure d’exposition
réduisait déja significativement les performances mécaniques. Analyses infrarouges, XPS et
rhéologiques ont confirmé des altérations plus prononcées sous exposition cyclique. Enfin, des
composites PESU/FLG et PESU/oxyde de graphéne (GO) ont été évalués. Le FLG atténuait la
formation d’hydroxyles, tandis que les composites avec GO présentaient un effet minimal, et
les essais mécaniques ont montré une augmentation du module de Young. Ce travail fournit
des résultats pertinents sur la photodégradation et la photoprotection du PP et du PESU sous
UV-C, mettant en évidence les différences subtiles dans les mécanismes de dégradation et
proposant des stratégies de photoprotection.

Mots-clés : UV-C, photodégradation, photostabilisation, grapheéne, PP, PESU.






UV-C PHOTODEGRADATION AND STABILIZATION OF POLYMERS USED IN
THE MEDICAL-HOSPITAL INDUSTRY

Jessica Caroline FERREIRA GIMENEZ

ABSTRACT

The cross-contamination concerns that came to light during the SARS-CoV-2
pandemic in 2019 emerged the use of UV-C germicidal lamps. However, despite its proven
efficiency against pathogens, UV-C light promotes damage in materials such as polymers.
While there is extensive literature on polymer photodegradation under UV-A and UV-B,
studies on UV-C remain scarce. This gap formed the basis of the present work, which aims to
provide a comprehensive understanding of UV-C effects on polypropylene (PP), a commodity
polymer used in syringes, and poly(ether sulfone) (PESU), a high-performance polymer used
in medical structural equipment, as well as to evaluate strategies for their photostabilization.
Our findings reveal that PP became unstable during rheological measurements, displaying an
unusual increase in the complex viscosity. 'H Time Domain NMR indicated that UV-C favors
branching reactions over crosslinking. A Design of Experiment was employed to determine
optimal PP photostabilization when combining titanium dioxide (TiO2) with few-layer
graphene (FLG) or Irganox B215 (B215). Electron Paramagnetic Resonance showed that
incorporating radical scavengers with TiO2 reduced hydroxyl formation by ~30% for the FLG
mixture and ~25% for the B215 mixture. The study also compared continuous and cyclic UV-
C exposure modes in PESU. Tensile tests demonstrated that even 1 hour of UV-C exposure
significantly reduced PESU’s mechanical performance. Infrared, XPS, and rheological
analysis revealed more pronounced changes in samples under cyclic exposure. Finally,
PESU/FLG and PESU/graphene oxide (GO) were exposed under UV-C irradiation. Infrared
results showed that FLG mitigated hydroxyl formation, while GO composites had a minimal
effect. Tensile tests revealed that UV-C considerably increased the Young’s Modulus. This
work provides remarkable findings into UV-C photodegradation and photostabilization of PP
and PESU, highlighting subtle differences in the degradation mechanisms induced by UV-C
and presenting strategies for photoprotection.

Keywords: UV-C, photodegradation, photostabilization, graphene, PP, PESU.
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INTRODUCTION

GENERAL CONTEXT

The SARS-CoV-2 pandemic of 2019 renewed attention to an ongoing issue: cross-
contamination with viruses and other pathogens. To address this, UV-C germicidal lamps have
become an important tool for disinfecting contaminated air and surfaces in hospitals. Although
UV-C light is known to be effective against pathogens, including SARS-CoV-2, due to its high
energy and short wavelength within the UV spectrum, it can also damage materials such as
wood, paper, and polymers. UV light affects polymer materials at a molecular level through
chain scission and crosslinking/branching reactions, in a process known as photodegradation
or, in the presence of oxygen, photooxidation. As a consequence, this process directly impacts
the polymer's properties and shortens its lifespan.

While the literature provides a vast number of studies on polymer photodegradation,
most focus on the effects of UV-A and UV-B radiation. Few studies have attempted to
elucidate the impact of UV-C on polymer degradation, as well as address photostabilization in
this specific UV-C range. Therefore, it is crucial to understand how exposure to UV-C affects
polymer photodegradation and develop methods for photostabilization to enhance the polymer-
based devices' durability and contribute to the reduction of plastic waste.

A wide range of polymer resins is used in the medical field, spanning from commodity
types, such as polypropylene (PP), to high-performance engineering resins, including poly
(ether sulfone)(PESU). PP is commonly employed in syringes, fabrics, tubes, and packaging,
while PESU is used for housing and internal structural components, monitoring, and filtration
equipment. Although both are extensively used in the medical field, they undergo
photodegradation when exposed to UV light. This presents a significant drawback, especially
in environments that utilize UV-C light as a disinfection tool. Therefore, it is essential to
understand the effects of UV-C light on polymers and develop methods of photostabilization
to extend the lifespan of polymer-based devices in such environments. The literature presents
a wide range of studies about UV-A and UV-B photodegradation, but just a few on UV-C

photodegradation and photostabilization.



Concomitantly, a variety of compounds have been employed as photostabilizers in
polymers, particularly for protection against UV-A and UV-B radiation. They range from
inorganic stabilizers, such as titanium dioxide (TiOz) and zinc oxide (ZnO), to organic
compounds like hindered amine light stabilizers (HALS) or organophosphates and H-donors,
such as Irganox B215. These photostabilizers can work at different steps of the
photodegradation cycle. TiO> in the rutile phase is one of the most used photostabilizers for
polymers. It is chemically inert and non-toxic and is employed as an effective UV screener or
absorber. Some compounds can work as radical scavengers, like Irganox B215, by
decomposing peroxide radicals and being an H-donor to alkyl radicals. Recently, graphene and
its derivatives have gained attention as a photoprotector for polymers, showing promising
results against both UV-A and UV-B. Due to its unique honeycomb-like structure, with sp?
carbons, graphene and its derivatives can provide photoprotection through different types of

mechanisms, such as UV screener and absorber, radical scavenging, and physical barrier.

RESEARCH OBJECTIVES

This research project aims to investigate the photodegradation of polymers used in
medical devices under UV-C radiation and to develop strategies for their photoprotection.
Specifically, it focuses on (i) describing the UV-C-induced photodegradation of two polymers
commonly used in medical devices, polypropylene and poly(ether sulfone), and (ii) developing
a method to photostabilize them using titanium dioxide (TiOz), Irganox B215, few-layer
graphene (FLG), and graphene oxide (GO).

The guiding questions for this work were:
e How does UV-C impact PP and PESU properties? Does the photodegradation
mechanism change? Does the exposure mode influence the photodegradation process?
e s it possible to attribute photo resistance to polymers against UV-C? If so, how? What

is the effect of the selected stabilizers on the materials after UV-C exposure?

The specific sub-objectives used in this work are:



1. Characterize UV-C-induced photodegradation of polypropylene (PP), identify the early
stages of PP photodegradation, and investigate the effects of UV-C in longer exposure
times.

2. Develop and evaluate photostabilization strategies for PP using titanium dioxide
(Ti0O»), Irganox B215, and few-layered graphene (FLG), and determine the effects of
these stabilizers on the materials’ physicochemical and rheological properties after UV-
C exposure, including possible synergistic effects between stabilizers.

3. Assess the influence of exposure mode on the photodegradation process for PESU, with
a focus on continuous versus cyclic UV-C exposure.

4. Employ graphene oxide (GO) and FLG in PESU to investigate the effects of each
stabilizer on the materials’ rheological, mechanical, and physicochemical properties

after UV-C exposure.

THESIS STRUCTURE

Following the introduction and the objectives, the thesis is organized into 6 chapters.
Chapter 1 provides a literature review on UV-C irradiation as a germicidal agent, an overview
of polymers used in medical devices, the UV photodegradation mechanism of PP and PESU,
and a State of the Art regarding UV-C—induced polymer photodegradation. It also describes
the mechanisms of the photostabilizers and the stabilizers employed in this work. Chapter 2
details the materials, methodology, and characterization techniques. Chapters 3 through 6
present the results corresponding to each sub-objective of this thesis, aiming to answer the
hypothesis already presented.

Specifically, Chapter 3 addresses the first sub-objective “Characterize UV-C-induced
photodegradation of polypropylene (PP), identify the early stages of PP photodegradation,
and investigate the effects of UV-C in longer exposure times”. The study begins by exploring
the impact of UV-C on the rheological properties of PP, showing that PP became unstable after
long-term exposure. Complementary 'H time domain NMR analyses revealed that UV-C

degradation promotes branching rather than crosslinking reactions.



Chapter 4 focuses on the second sub-objective “Develop and evaluate
photostabilization strategies for PP using titanium dioxide (TiO;), Irganox B215, and few-
layered graphene (FLG), and determine the effects of these stabilizers on the materials’
physicochemical and rheological properties after UV-C exposure, including possible
synergistic effects between stabilizers, to minimize the electron-hole ROS formation from
TiO:>”. The main goals were to maximize UV-C protection, minimize reactive oxygen species
formed by TiO>’s parallel reactions, and assess whether the mixing of radical scavengers, such
as FLG and Irganox B215, can provide a synergistic effect enhancing UV-C photoprotection.
A Design of Experiments (DoE) approach was applied, and Electron Paramagnetic Resonance
(EPR) was used to evaluate radical formation.

Chapters 5 and 6 were focus on the third and fourth sub-objectives, “Assess the
influence of exposure mode on the photodegradation process for PESU, with a focus on
continuous versus cyclic UV-C exposure” and “Employ graphene oxide (GO) and FLG in
PESU to investigate the effects of each stabilizer on the materials’ rheological, mechanical,
and physicochemical properties after UV-C exposure”. Chapter 5 employed rheology, X Ray
photoelectron spectroscopy (XPS), and mechanical analysis to investigate the influence of
cyclic and continuous exposure modes on PESU. This study highlights the impact of
introducing a 1-hour pause between exposure cycles on the material’s rheological properties,
as well as its influence on mechanical performance and its surface chemical environment.
Finally, Chapter 6 explores a composite strategy using FLG and GO on PESU. The
effectiveness of each composite, PESU/FLG and PESU/GO, after UV-C exposure was
evaluated through rheological, mechanical, and surface characterization techniques, including
XPS. Results showed that FLG mitigates hydroxyl formation, while GO had a minimal impact
on the hydroxyl evolution with UV-C exposure. The chapter also discusses the changes in
rheological and mechanical properties, as well as the distinct effects of each stabilizer on the
PESU matrix.

Chapters 3, 4, 5, and 6 provide a deeper understanding of the impact of UV-C
photodegradation on polypropylene and poly(ether sulfone), as well as strategies for

photoprotecting these materials, and how the chosen stabilizers behave after UV-C exposure.



This thesis also provides a Conclusion, summarizing all the results, contributions to
knowledge, showing the attendance in conferences, and recommendations for future work, an
annex, describing '"H Time domain NMR, and an appendix section with the supplementary

materials.






CHAPTER 1

LITERATURE REVIEW

1.1 UV-C Light Use Context: Classification and Germicidal Effect

To address the cross-contamination with pathogens in hospital facilities, the use of
germicidal lamps in the UV-C range has become a viable solution (Elton Alisson, 2021;
Wiersinga et al., 2020). Ultraviolet (UV) light is an invisible electromagnetic radiation, ranging
from the end of the visible spectrum at 400 nm to low-energy X-rays at 100 nm, conventionally
placed at the boundary between ionizing and non-ionizing radiation. The main source of UV
light is Solar light, with 5% of the total radiation that reaches the Earth's surface corresponding
to UV light (Mohr et al., 2019).

According to the Commission Internationale de |’Eclairage (CIE), UV light can be
classified based on its energy levels and wavelengths: UV-A (320-400 nm), UV-B (280-320
nm), and UV-C (100-280 nm) (Zayat et al., 2007). While both UV-A and UV-B reach the
Earth’s surface, UV-C is absorbed by ozone and other atmospheric gases.

Although UV-C does not reach the Earth’s surface, this wavelength is known for having
a germicidal effect. It has been commonly used in germicidal lamps for more than 80 years as
one of the safest ways to disinfect air (Nardell, 2021) and surfaces contaminated with
pathogens. Mainly, due to the SARS-CoV-2 (COVID-19) pandemic, UV-C has increasingly
been employed in hospital facilities to disinfect the air and reduce cross-contamination (Elton
Alisson, 2021).

Several studies in the literature have reported the germicidal effect of UV-C light
against different types of pathogens, including viruses and bacteria. It had shown effectiveness,
with 60 seconds of exposure, against bacteria of the genus S. epidermidis, P. aeruginosa, E.
coli, S. aureus, and S. marcescens (Bank et al., 1990). When combined with heat, it has also
been found to inactivate spores of several Bacillus bacteria species, including Bacillus
coagulans, Bacillus cereus, Alicyclobacillus acidocaldarius, Bacillus licheniformis, and

Geobacillus stearothermophilus (Gayén et al., 2013).



It is important to note that, in some cases, the Bacillus species exhibited an exponential
inactivation order with a "shoulder-like" effect. This effect can be explained by the bacteria's
DNA repair mechanism, which works to restore the structure and functionality of the DNA.
However, this mechanism has a limited capacity, and once its threshold is exceeded, complete
bacteria inactivation is achieved (Gayan et al., 2013).

UV-C light has also been reported to inactivate viruses, including Hepatitis A,
Aichivirus A, Feline Calicivirus, Norovirus-1, Influenza A (HIN1) (Fino & Kniel, 2008; Park
& Ha, 2015; Welch et al., 2018) as well as SARS-CoV-2 (COVID-19). In a study by Sagripanti
& Lytle (Sagripanti & Lytle, 2020), it was reported that UV-C can inactivate 99% of the SARS-
CoV-2 viral load, and Biasin ef a/(Biasin et al., 2021) showed the complete inactivation with
doses of 16.9 mJ/cm?.

To inactivate pathogens, hospital facilities employ a UV-C disinfection protocol that is
predominantly carried out after a patient is discharged or transferred to the ward (Ramos et al.,
2020). These protocols can vary depending on the hospital (Dippenaar & Smith, 2018; El
Haddad et al., 2017; Lindblad et al., 2020; Ramos et al., 2020), with cycles lasting 2 to 8
minutes (Dippenaar & Smith, 2018; El Haddad et al., 2017), or until the UV-C dose reaches
22,000 pWs/cm? (Lindblad et al., 2020).

Although the germicidal effects of UV-C light are well known, it also has enough
energy to break chemical bonds in materials such as wood, paper, and polymers (Mohr et al.,
2019). This presents a drawback by reducing the lifespan of these materials and increasing the
maintenance costs of devices made from them. Below, we shall review the polymers that are
used in the medical field, to then evaluate what has been done in the literature on their

resistance to UVC light.

1.2 Polymers Used in the Medical Field

Due to their lightweight, cost-effectiveness, and performance, polymer materials are
used in medical devices across a wide range of applications, from basic equipment to implants.
Examples include surgical instruments, catheters, MRI machines, X-ray machines, artificial

bones, surgical gloves, bandages, and packaging (McKeen, 2014).



The U.S. Food and Drug Administration (FDA) classifies medical devices, whether
they contain plastics or not, into three categories: Class I, Class II, and Class III, based on their
associated risk and criticality. Class I includes plastic devices for simple applications, such as
gloves and basic surgical instruments; Class II covers devices like structural equipment and
catheters; and Class III for high-risk devices, such as implants, heart valves, and stents (FDA,
2020; McKeen, 2014).

Depending on the application of the plastic material, different properties must be
considered, including thermal stability, resistance to chemicals and sterilization processes, and
long-term durability. Some of the polymers commonly used in the medical field include
polyethylene, polypropylene, polystyrene, polyesters, polycarbonate, polysulfone, poly(ether
sulfone), poly(methyl methacrylate), poly(ether ketone), silicone, and others (McKeen, 2014).
This project focuses on polypropylene (PP) and poly (ether sulfone) (PESU). The main

properties of both polymers are reviewed below.

1.2.1 Polypropylene (PP)

Polypropylene (PP) is a commodity thermoplastic widely used in industrial
applications, known for its good processability, thermal resistance, and mechanical properties.
Its relatively high melting point allows it to withstand steam sterilization, and its good
resistance to chemical solvents and acids makes it ideal for use in medical syringes, drug
delivery systems, fabrics, tubing, and packaging in the medical field (Gunatillake & Adhikari,
2016; McKeen, 2014).

Polypropylene (PP) is a hydrophobic, semicrystalline thermoplastic polymer with a
melting point ranging from 160°C to 166°C and a glass transition temperature of -8°C. It can
exhibit different configurations based on the orientation of the methyl groups, resulting in
isotactic, syndiotactic, or atactic configurations. However, due to the synthesis process,
commercially available PP typically has an isotactic configuration (Gunatillake & Adhikari,

2016).
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Figure 1. PP chemical structure.

Due to its structure consisting solely of carbon and hydrogen, it is not expected for PP
to absorb UV light or undergo photodegradation. However, as a result of its synthesis process
using a metallic catalyst (Ziegler-Natta), impurities such as metal traces and chromophore
groups give PP sensitivity to UV light, allowing it to absorb UV radiation and initiate
photodegradation through a charge transfer (CT) mechanism (Norman S. Allen et al., 1985;
Rabek, 1995).

1.2.2 Poly (ether sulfone) (PESU)

Poly (ether sulfone)(PESU) is an engineering polymer commonly used in medical
devices. Its excellent high-temperature performance allows it to endure prolonged exposure to
elevated temperatures in both air and water, making it ideal for steam sterilization (McKeen,
2014). In addition to its resistance to acids, alkalis, chemicals, creep, and gamma radiation,
PESU is also biocompatible, meeting ISO 10993 standards (Solvay, 2013, 2016a, 2016b).

In the medical field, PESU is used in housing and internal structural components for
medical diagnostic, monitoring, and filtration equipment, particularly in hemofiltration
devices. It is also utilized in biopharmaceutical processing applications, such as sight windows

and quick-connect fittings (Solvay, 2016b).

o}
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Figure 2. PESU chemical structure.

PESU is an amorphous high-temperature thermoplastic with a glass transition
temperature of around 224°C, which can be processed using conventional plastics processing
equipment, such as extruders and internal mixers (McKeen, 2014; Solvay, 2016a). PESU is
also well-suited for applications requiring tight dimensional tolerances across a wide
temperature range, making it ideal for demanding environments (McKeen, 2014).

Despite its excellent properties, the structure of PESU (Figure 2), which consists of a
sulfonyl group, an ether group, and two aromatic rings, makes it sensitive to UV radiation.
This sensitivity implies poor resistance to UV sterilization methods, leading to a decrease in

the lifespan of PESU devices.

1.3 Photodegradation in Polymers

It is well established in the literature that polymers undergo photochemical reactions
when exposed to UV light (N. S. Allen & McKellar, 1977, 1978; Norman S. Allen et al., 1985;
Rabek, 1995). These reactions lead to a process known as photodegradation, or photooxidation
in the presence of oxygen, which significantly degrades the material, resulting in a loss of
properties and performance.

According to Grotthus-Draper law: "Only the light which is absorbed [emphasis added]
by a molecule can be effective in producing photophysical process or photochemical change
in that molecule", which means that only the absorbed light that has enough energy to promote,
for example, bond cleavage, will be responsible for degradation process in polymers (Grotthus-
Draper, quoted in Rabek, 1995, p.17)The photodegradation process begins only when the
polymer molecule goes from the ground state (S0) to the singlet (S*) and/or triplet (T*) states
(Rabek, 1995; Zayat et al., 2007). These excited states are responsible for generating free
radicals, which initiate the photodegradation process.

Polymers can absorb energy from UV light through chromophore groups present within
their structure or impurities from the synthesis process. These chromophore groups are

responsible for a charge transfer (CT) mechanism, where energy is transferred from a donor
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molecule (D*) to an acceptor molecule (A) either through intermolecular energy transfer
between different molecules or via resonance within the same molecule (Rabek, 1995).

Oxygen also plays an important role in the photooxidation of polymers. It generates
peroxide radicals and oxygen singlet, which oxidize the polymer chain, resulting in
chromophore groups with high sensitivity to UV light (Norman S. Allen et al., 1985; Rabek,
1995).

The energy absorbed by the polymer molecule can be dissipated/transferred by different
processes, such as non-radiative processes, which convert the energy absorbed into electronic-
vibrational energy, and radiative processes. Luminescence (fluorescence/phosphorescence),
molecular deactivation, charge transfer (CT), and bond cleavage are examples of
dissipated/transferred energy processes. The luminescence process dissipates the polymer
energy by emitting light either through fluorescence, when the electron at S* state returns to
SO, or through phosphorescence when the electron returns from T* to SO. In the
phosphorescence, the electron transitions go from S* to T* via a spin orientation change,
known as intersystem crossing, before returning to SO (Rabek, 1995).

As a consequence, when an excited molecule comes into proximity to the polymer
chain, CT is then initiated by a resonance excitation process via dipole-dipole interaction from
the D* to the A. In polymers with aromatic groups, energy transfer processes can occur through
the formation of excimer-excited molecules in the lowest excited singlet state and ground state
molecule (Rabek, 1995). These CT processes lead to the formation of free radicals that initiate
the photodegradation process.

These mechanisms can explain how bond cleavage starts in photodegradation.
However, this process involves additional steps that are almost the same for all polymers in an
oxygen atmosphere.

I.  Initiation step: When free radicals are formed.
II.  Propagation step: Reaction between free radicals and oxygen, resulting in -oxi and
peroxide radicals’ formation and secondary polymer radicals.
III.  Termination step: Reaction of different free radicals with each other, resulting in

recombination of the polymer chain.
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Photodegradation "feeds" itself in an autocatalytic process (Figure 3) (De Paoli, 2009; Rabek,

1995).
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Figure 3. Autocatalytic photodegradation process in an oxygen atmosphere, where P is a
polymer chain (adapted from De Paoli, 2009).

1.3.1 Polypropylene Photodegradation

The photodegradation process of polypropylene for UV-A and UV-B is well-
documented in the literature (Barkoula et al., 2008; Basfar et al., 2003; Butler & Whitmore,
2013; Gijsman et al., 1999; Goodwin, Shen, et al., 2020; Qi et al., 2014; Staffa et al., 2020;
Wen et al., 2011; Yousif et al., 2018; Zepp et al., 2020) and occurs in three main steps, as
shown in Figure 4.

During the initiation step, the polymer absorbs UV light, generating alkyl radicals.
These radicals then abstract hydrogen atoms from tertiary carbons in neighboring PP
molecules. In the propagation step, peroxyl radicals are formed, which drive the

photodegradation forward in an autocatalytic cycle. Finally, in the termination step, the PP
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radicals formed during initiation and propagation undergo rearrangement, completing the
degradation process (Norman S. Allen et al., 1985).
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Figure 4. PP photodegradation schema (adapted from Norman S. Allen et al., 1985).

As a result of photodegradation, in an oxygen atmosphere, chromophore groups such
as carbonyls and double bonds are introduced into the polymer structure. These groups'
presence enhances PP's UV sensitivity, leading to further photodegradation reactions through

Norrish type I and II reactions (Figure 4) (Norman S. Allen et al., 1985).
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(Jf) CO + P
o _
(b) “’LL/\)K,HJ hv "’“Hc/CHZ CHZQ/VLLLL
7O

e}
/u,ﬂi - CH,—= + /CH\N—J“
2 =
CH CHJ

3
OH

Figure 5. (a) Norrish Type I and (b) Norrish Type II mechanism (adapted from Norman S.
Allen et al., 1985, and Rabek, 1995).

In addition to the introduction of chromophore groups, photodegradation also impacts
the PP molar mass through two competitive reactions: chain scission and
branching/crosslinking. Overall, chain scission dominates crosslinking/branching, leading to a
decrease in molar mass as an expected consequence of photodegradation. While branching and
crosslinking can increase the bonding between neighboring polymer chains and the polymer's
molar mass. This effect is secondary when considering UV-A and UV-B exposure (Myllari et

al., 2015).
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1.3.2 Poly (ether sulfone) Photodegradation

As shown in Figure 2, poly (ether sulfone) has a diphenyl sulfone unit in its backbone
structure, which is responsible for light absorption (N. S. Allen & McKellar, 1977). When
poly(ether sulfone) absorbs UV radiation, this bond cleaves (Figure 6), triggering several
reactions such as chain scission, crosslinking, and the formation of chromophore groups, which
cause extensive yellowing. These changes lead to a degradation of the polymer's properties

(Rabek, 1995).
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Figure 6. PESU initiation cleavage by UV irradiation (adapted from N. S. Allen & McKellar,
1977).

Chain scission and crosslinking take place concurrently during PESU
photodegradation, with their relative predominance influenced by temperature. Above 170°C,
the crosslinking process becomes dominant, while at room temperature, chain scission is
predominant (Shin-ichi Kuroda et al., 1990). These reactions directly impact the molar mass
and its distribution, resulting in significant changes to the physicochemical properties of PESU.

The photodegradation of poly sulfones, accepted in the literature, begins with the
cleavage of the C — S bond, leading to the reduction of sulfonyl (—S0, — ) groups to sulfide-
like (=S —) groups. This process involves the elimination of sulfur, either as SO, or sulfur-
containing species. In the presence of oxygen, further degradation includes the opening and

oxidation of the aromatic rings, resulting in the formation of C — 0, C =0 and O —C =0
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species (Shin ichi Kuroda et al., 1989; Marletta & lacona, 1996; Munro & Clark, 1985;
Norrman et al., 2004; Norrman & Krebs, 2004; Rivaton & Gardette, 1999a, 1999b).

14 Polymer UV-C Photodegradation Studies: State of the Art

As previously mentioned, the photodegradation mechanisms of polymers under UV-A
and UV-B exposure are well-documented in the literature (N. S. Allen & McKellar, 1977,
1978; Norman S. Allen et al., 1985; Rabek, 1995). In contrast, only a few studies have
examined the effects of UV-C on polymer photodegradation, and most of them have been
published recently (Amza et al., 2021, 2023; Aslanzadeh & Haghighat Kish, 2010; Boronat et
al., 2024; de S. M. de Freitas et al., 2022; Irving et al., 2016; M.B. & Lobo, 2023; Norrman et
al., 2004; Norrman & Krebs, 2004; Olewnik-Kruszkowska et al., 2015; Teska et al., 2020;
Visco et al., 2022; Yasuda et al., 2010).

Specifically in the context of polymer-based medical devices, Irving et al. (Irving et
al., 2016) reported that UV-C exposure compromised the structural integrity of flexible
endoscope tubes, posing a risk to patient safety. The material, identified as likely poly(methyl
methacrylate) (PMMA) with strong similarities to co-polymers including poly(methyl
methacrylate: butadiene), poly(methyl methacrylate-co-ethyl methacrylate), and poly(butyl
methacrylate-co-methyl methacrylate), exposed to 245 nm UV-C light for 400 hours, showed
increased wettability, surface cracking, and molecular-level chain scission.

The effects of UV-C exposure on the mechanical properties of various polymers have
also been reported in the literature. These include polypropylene fibers (Aslanzadeh &
Haghighat Kish, 2010), bio-polybutylene succinate (Scolaro et al., 2024), poly(lactide)/poly(e-
caprolactone) blends (Visco et al., 2022), 3D-printed samples of poly(lactic acid) (PLA) and
poly(ethylene terephthalate glycol) (PETG) (Amza et al., 2021), and 3D-printed polycarbonate
and acrylonitrile butadiene styrene copolymer (ABS-PC) (Amza et al., 2023).

Aslanzadeh & Haghighat Kish (Aslanzadeh & Haghighat Kish, 2010) showed that UV-
C exposure led to a 40% reduction in the work of rupture in PP fibers after 20 hours of
irradiation. Similar losses in mechanical properties were observed in 3D-printed ABS-PC by

Amza et al (Amza et al., 2023), in PETG, and PLA samples (Amza et al., 2021) after UV-C
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exposure. Specifically, PLA showed decreases of 9.1% in tensile strength and 45% in
compressive strength, while PETG experienced over 30% losses in both properties after
extended UV-C exposure (Amza et al., 2021). For ABS-PC, UV-C exposure resulted in a 5.2%
reduction in stiffness and a 6.5% decrease in compressive strength (Amza et al., 2023). These
studies confirm that UV-C exposure significantly impacted the mechanical properties,
negatively affecting the samples' integrity.

Photodegradation of biopolymers has also been examined under UV-C exposure
(Scolaro et al., 2024; Visco et al., 2022). Scolaro et al (Scolaro et al., 2024) showed that UV-
C irradiation changed the mechanical properties, wettability, and surface roughness of bio-
polybutylene succinate; in this case, incorporating carbon nanotubes (CNTs) enhanced its
resistance to UV-C degradation. Another study, by Visco et al (Visco et al., 2022), on
poly(lactide)/poly(e-caprolactone) blends compatibilized with ethyl ester L-lysine tri-
isocyanate (LTI), found that pure poly(lactide) and poly(e-caprolactone) were more susceptible
to UV-C damage than the polymer blend. The blend exhibited better photostability, likely due
to the crosslinked structure formed by isocyanic bridges with LTI, and additionally, maintained
its ductility, thermal stability, and hydrophobic properties even after 32 hours of UV-C
exposure.

M.B. & Lobo (M.B. & Lobo, 2023) showed that UV-C exposure has also affected the
crystallinity, surface morphology, and optical properties of poly(vinylidene chloride) (PVDC)
polymer films, reducing the optical bandgap from 4.70 eV to 3.92 eV. In poly(L-lactic acid)
(PLLA), Yasuda ef al. (Yasuda et al., 2010) demonstrated that UV-C radiation can be used to
induce racemization to poly(D-lactic acid) (PDLA). The study suggests that approximately one
D-lactate unit is formed with each chain scission reaction.

The photodegradation of montmorillonite/polylactide composites under UV-C
exposure has also been investigated by Olewnik-Kruszkowska et al (Olewnik-Kruszkowska et
al., 2015). The study shows that chain scission reactions are the main result of polylactide
photodegradation, and the presence of montmorillonite delayed the photodegradation.

Norrman et al. (Norrman et al., 2004; Norrman & Krebs, 2004) had done an in-depth
investigation of UV-C photodegradation mechanisms for poly (ether sulfone) (PESU). Under
both oxygen and nitrogen atmospheres, PESU photodegradation resulted in the breakdown of
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benzene rings. In an oxygen atmosphere, the photodegradation led to the formation of —SO3H,
—OH and C = O groups (Norrman & Krebs, 2004), while in a nitrogen atmosphere, it resulted
in the formation of —OSOH — and —SOzH groups, the reduction of —S0O, — to —S — , and
possibly of —C,H, — O — C4Hs end-chain groups. The final product involved either chain
scission, with dosage up to 200 mJ cm™, or crosslinking at higher UV-C dosages (Norrman et
al., 2004).

A recent study on PP photodegradation, by Boronat et a/ (Boronat et al., 2024),
concluded that a one-hour exposure to UV-C did not yield any changes in the carbonyl peak.
Basaglia ef al. (Basaglia et al., 2025) investigated the effect of photostabilizers on UV-C
photoprotection in polypropylene. The authors evaluated the impact of various photostabilizers
on carbonyl formation and PP mechanical properties, including phenolic antioxidants,
hydroxylamines, and UV absorbers. Although the photostabilizing system significantly
suppressed carbonyl formation, the samples became brittle after 96 hours of UV-C exposure.
The study also demonstrated that combining hydroxylamines or phenolic antioxidants with UV
absorbers resulted in a synergistic effect, preserving the ductility of polypropylene and
allowing deformations of over 300% without fractures.

However, it is important to note that only a few have conducted in-depth evaluations
of PP and PESU UV-C photodegradation to detect the early stages of degradation and
understand the effect of prolonged and cycled UV-C exposure. Understanding UV-C

photodegradation in polymers is essential for developing effective photostabilization methods.

1.5 Photostabilizers

There are several different types of photostabilizers, classified based on their
photoprotection mechanisms and their role in the polymer photodegradation cycle. They can
be categorized by (i) their chemical structure and (i1) their protection mechanism. The main
types include UV absorbers, UV screeners, quenchers, and antioxidants, which are further
divided into radical scavengers and peroxide decomposers. Each type plays a specific role in
preventing or minimizing the degradation of polymers caused by UV exposure (De Paoli,

2009; Karimi et al., 2020).
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ii.

UV absorbers: These compounds absorb light energy in the UV range and
dissipate it as thermal or kinetic energy, preventing the UV radiation from
reaching and damaging the polymer chain. Inorganic stabilizers, like titanium
dioxide (TiO), or organic compounds, like benzophenones, are examples of
UV absorbers that protect by absorbing harmful UV radiation before it can
initiate photodegradation in the polymer.
UV screeners: These compounds block wavelengths of light that can trigger
photochemical reactions on the surface of the polymer. They work based on the
difference in refractive index (n) between the polymer and the UV screener.
When the refractive index of the UV screener is higher than that of the polymer,
it reduces UV absorption by chromophore groups, reflecting the light and
preventing the initiation of photodegradation. Inorganic materials like titanium
dioxide (TiO2) and zinc oxide (ZnO) are examples of such UV screeners.
Quenchers: These compounds protect the polymer by accepting energy from
the excited state of the polymer through charge transfer (CT) mechanisms. By
absorbing and converting this energy into a non-reactive form, quenchers
prevent the initiation of further photochemical reactions, thereby protecting the
polymer from degradation.
Antioxidants: These compounds work during the propagation step of
photodegradation and can be classified into two types:
Radical scavengers or primary antioxidants: These react with radicals
involved in the propagation step, such as peroxide, alkoxy, and hydroxyl
radicals. By donating hydrogen atoms, they help prevent further reactions.
Hindered amine light stabilizers (HALS) are an example of this type.
Peroxide decomposers or secondary antioxidants: These work by reacting
with hydroperoxide (ROOH) radicals, breaking them down into non-
reactive species. An example of a peroxide decomposer is Irgafos 168, an

organophosphate that effectively reduces oxidative degradation.
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This literature review will focus on Irganox B215, titanium dioxide, and graphene and

its derivatives as photostabilizers in polymers. These compounds are detailed below.

1.5.1 Irganox B215

Antioxidants can inhibit thermo-oxidative degradation in polymers (Zweifel, Hans;
Maier, D. Ralph; Schiller, 2009); however, to be able to scavenge radicals, these additives can
also show a photostabilizing effect. Irganox B215 is a blend consisting of Irgafos 168 and
Irganox 1010 in a 2:1 ratio. Irgafos 168, or tris(2,4-di-tert-butylphenyl)phosphite (Figure 7(a)),
acts as a secondary antioxidant by decomposing hydroperoxides, while Irganox 1010, or
pentaerythritol tetrakis (3,5-di-tert-butyl-4-hydroxyphenyl)propionate (Figure 7(b)), is a
primary antioxidant classified as a hindered phenol, which acts by donating hydrogen atoms
(H-donor) to neutralize alkyl radicals formed during polymer degradation. Table 1 presents

some studies investigating the use of Irganox B215 as a photostabilizer.
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Figure 7. (a) Irgafos 168 structure and (b) Irganox 1010 structure.
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Table 1. Works using Irganox B215 as a photostabilizer.

Polymer Irganox B215 %m/m UV

REF

0.3 (combined with 0.3% UV-A
HALS Chimassorb 944) UV-B
PP 0.2 UV-B

PP

(White & Shyichuk,

2007a, 2007b)

(Staffa et al., 2020)

Figure 8 illustrates the decomposition of phosphite antioxidants. When the phosphorus

atom reacts with an oxidized polymer chain, it reduces hydroperoxides to stable alcohol

compounds, effectively halting the polymer oxidation process. During this reaction, the

oxidation state of phosphorus increases from +3 to +5. However, in the presence of water, the

phosphate byproduct from this reaction can further hydrolyze to form phosphoric acid, which

may degrade the polymer and cause damage over time (De Paoli, 2009).
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Figure 8. Irgafos 168 hydroperoxide decomposer schema (adapted from De Paoli, 2009).
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Irganox 1010 is a primary antioxidant that neutralizes alkyl and peroxide radicals by
donating a hydrogen atom from its —OH group, resulting in the formation of a phenoxyl
radical. Figure 9 illustrates the mechanism of action for Irganox 1010. The presence of tert-
butyl groups in the ortho positions of the phenol ring enhances the stability of this hindered
phenol, providing more effectiveness in preventing photooxidative degradation of polymers

(Beilmann et al., 2013).

OH o)
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Figure 9. Irganox 1010 H-donator mechanism (adapted from Beilmann et al., 2013; De
Paoli, 2009).

1.5.2 Titanium Dioxide (TiO2)

Titanium dioxide (TiO2) is a well-known UV screener and absorber widely used in

polymers. It is chemically inert, stable, environmentally friendly, and non-toxic, making it
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suitable for various applications depending on its crystalline phase (Li et al., 2015). In addition
to enhancing UV resistance, TiO> can also improve the mechanical properties of polymers,
resulting in materials that are both durable and protective against UV degradation (Abdal-hay
et al., 2014).

Several works in the literature have investigated the effectiveness of inorganic titanium
dioxide (TiO2) nanoparticles as UV absorbers and screeners against UV radiation. It has been
used in coatings (Curcio et al., 2018; Katangur et al., 2006) or in polymer composites (Mohr
et al., 2019; Zhang et al., 2018) to provide photoprotection for polymers. These applications
highlight the effectiveness of TiO2 in enhancing UV resistance and extending the durability of
polymer-based materials.

TiO: is found in three crystalline phases: anatase, rutile, and brookite, each exhibiting
different photoactivity based on their band gaps. The anatase phase is known for its
photocatalytic properties, which generate reactive oxygen species (ROS) and can accelerate
photodegradation processes. In contrast, the rutile phase is primarily known for its
effectiveness as a UV screener, which can be used to reduce the rate of photodegradation in
polymers. These distinct characteristics make TiO> versatile in various applications, allowing

for tailored performance depending on the specific crystalline phase used (Li et al., 2015).
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Figure 10. Electron-hole formation for rutile phase TiO> and reactions (adapted from N. S.
Allen & McKellar, 1978; Norman S. Allen et al., 1985, & Hu et al., 2020).
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The rutile phase of titanium dioxide (Ti02) is commonly used as a UV screener due to
its lower bandgap of 3.03 eV, compared to the anatase phase, which has a bandgap of 3.30 eV.
Although the rutile phase has lower photocatalytic activity and is less effective than the anatase
phase in generating electron-hole pairs, it can still produce free radicals when in contact with
oxygen, water, and UV radiation. These free radicals can attack the polymer, leading to a
further degradation process (Figure 10) (N. S. Allen & McKellar, 1978; Norman S. Allen et
al., 1985; Hu et al., 2020; Rabek, 1995).

Table 2 below shows some studies using TiO» with different crystalline phases as UV
screeners for different UV wavelengths with different polymers. As shown by Table 2, only

three studies using TiO2 as a photostabilizer under UV-C were found.
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Table 2. TiO; as a UV screener and filter with different polymers.

Crystalline TiO2
Pol Result REF
olymer Phase (% m/m) Uv esults
UV-A 5% m/m improved UV protection; TiO2 improved (Mohr et al
Escovio®* PDegussa** 1,5 UV-B ° Prove Pr > 12 P h
flexibility and biodegradability 2019)
UV-C
PP N/A TiO2 sol- UV-C Low hydroxyl formation and str(?ng inhibition of the ~ (Curcio et al.,
gel coat carbonyl formation 2018)
APS +
PU Rutile TiO; rutile UV-B Improyed weatherm‘g resistance; minimized the (Mirabedini et
coat decrease in the elongation at break after UV exposure al., 2011)
0.5,1,2
Ti 10 159 had the best i ti
Poly(acrylonitrile) 10 UV-A ; and 15% m/m had the .es .1mpr0V?men mn UV (Koozekonan et
PDegussa* /CNT 1, 5, resistance, due to the combination of TiO; and CNT
PAN UV-B al., 2021)
10, 15 effects
N TiO ‘Minimized Uuv cro‘sslinking reac‘tions in Silicon; (Zhang et al.,
Silicon PDegussa* UV-C  increased the retention of elongation at break from
0.5,1,2,3 2018)
7% to 83%
PP Mix of Anatase 03. 1.3 UV-A  TiO: induced nucleating effect on PP, and increased (Yang et al.,
and Rutile B UV-B the UPF*** values from 5 to 50+ 2010)
Mix of Anat 0.1,0.3 UV-A Chaudbhari et
PP X O Anatase o Improved the tensile properties and the UV resistance (Chaudhari e

and Rutile 0.5,0.7,1 UV-B al., 2014)

*Escovio®: 45% PLA + 55% PBAT
**PDegussa: 70%Anatase + 30%Rutile

***UPF: Ultraviolet protection factor
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In the UV-C range, titanium dioxide proved to be an effective screener in silicon (Zhang
et al., 2018), Escovio® (Mohr et al., 2019), and polypropylene (Curcio et al., 2018). Adding
PDegussa, a mixture of 70% anatase and 30% rutile titanium dioxide, to silicone rubber
significantly enhanced the material’s resistance to UV-C degradation. Zhang et al reported that
just 2% in mass of TiO; increased the retention of elongation at break from 7% (in samples
without photostabilizers) to 83% after 1000 h under UV-C (Zhang et al., 2018).

A titanium dioxide coating was applied to polypropylene (PP) samples to enhance their
UV-C resistance (Curcio et al., 2018). This coating effectively limited PP photodegradation to
the initial stages, resulting in a low concentration of hydroxyl groups and a strong suppression
of carbonyl formation.

PDegussa was employed as a UV screener in Escovio®, a blend of 45% polylactic acid
(PLA) and 55% Ecoflex®, or poly(butylene adipate terephthalate) (PBAT) (Mohr et al., 2019).
Samples containing 5% by weight TiO> demonstrated the highest UV resistance. The addition
of TiO; also modified the mechanical and thermal properties of the material. Specifically,
adding TiO> increased the Young’s modulus and altered the crystalline structure, promoting

the formation of B and y phases while inhibiting a-phase crystal formation.

1.5.3 Graphene and Its Derivatives

Graphene (GNPs) is a carbon nanomaterial with a two-dimensional hexagonal
honeycomb-like structure, consisting of one-atom-thick layers of sp?-carbon atoms arranged
in a planar sheet. In this structure, each sp>-carbon atom forms three ¢ bonds and one n bond-
oriented perpendicular to the plane (Figure 11(a)). Like graphite, diamond, and fullerene,
graphene is an allotropic form of carbon, and its single-layer structure gives it unique
properties, including exceptional tensile strength and Young’s modulus, outstanding thermal
conductivity, high electron mobility, and good electrical resistivity (M. J. Allen et al., 2010;
Mbayachi et al., 2021).
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Figure 11. (a) Graphene and (b) graphene oxide structure.

Graphene and its derivatives, such as few-layered graphene (FLG) or commercial-
grade graphene, graphene oxide (GO) (Figure 11(b)), and reduced graphene oxide (rGO), can
be synthesized using various methods, including chemical, mechanical, and electrochemical
exfoliation, pyrolysis, chemical vapor deposition (CVD), and plasma techniques (Alam et al.,
2020). For industrial applications, two main types of graphene are commonly produced: (i)
electronic-grade graphene, typically synthesized via CVD, and (ii) commercial-grade or bulk
powder graphene, synthesized by a mechanochemical exfoliation process (Karimi et al., 2020).

In polymers, graphene, and its derivatives have been employed as polymer blend
compatibilizers (Abbasi et al., 2019; Diallo et al., 2022), to enhance dielectric properties in
polymers and frequency selective electromagnetic shielding (Lee et al., 2023), improve
physical and mechanical properties (Forati et al., 2014), and also as photostabilizer (Goodwin,
Lai, et al., 2020; Goodwin, Shen, et al., 2020; Karimi et al., 2023; Mistretta et al., 2019; Moon
et al., 2011; Nuraje et al., 2013; Prosheva et al., 2019; Zepp et al., 2020).

It is worth mentioning that, in addition to graphene, other carbon-based materials, such
as carbon nanotubes (CNTs) and carbon black, have also been used as photostabilizers in
polymers. The effectiveness of carbon black as a photostabilizer is influenced by factors such
as stabilizer concentration, dispersion within the polymer matrix, and particle size, with
optimal performance observed when the particle size is less than 20 nm (Ghasemi-Kahrizsangi
et al., 2015; Liu & Horrocks, 2002; Pefia et al., 2000). However, its use is limited due to

environmental and health concerns. Carbon black is primarily produced through the
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combustion of fossil fuels, resulting in the generation of greenhouse gas emissions and
polycyclic aromatic hydrocarbons (Chaudhuri et al., 2018; Moghimian & Nazarpour, 2020).
CNTs have also shown an effective photostabilizing effect in polymer matrices, mainly
associated with UV absorption and radical scavenging mechanisms (Martinez & Galano, 2010;
Morlat-Therias et al., 2007; Najafi & Shin, 2005; Scolaro et al., 2024).

As photostabilizers, GNPs, FLG, GO, and rGO work through a combination of different
mechanisms, including radical scavengers and UV absorbers, due to their m — ©™ transition.
Additionally, they function as UV screeners and physical barriers (Karimi et al., 2020).
Therefore, using graphene composites can not only improve the mechanical properties of
polymers but also improve the photostabilization against UV light.

Table 3 shows some works of polymer composites with graphene and its derivatives
for photostabilization, including the UV ranges utilized in each study. Notably, only one study
that investigated graphene oxide as a photostabilizer in the UV-C range was found. This study
demonstrated a significant enhancement in the photochemical stability of polyvinyl alcohol
(PVA)/GO composite hydrogels with an increase in the content of uniformly dispersed GO.
Samples with 5% GO showed a significant reduction in soluble gel content, decreasing from

65% to 53% when exposed to UV-C doses of 2000 kJ/m? (Moon et al., 2011).
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Table 3. Works in the literature using graphene and its derivatives against UV radiation.

Graphene
Polymer % m/m Mechanism UV REF
derivate
Polyurethane (Nuraje et
GNPs 2:4;6 UV absorber UV-A
PU al., 2013)
| (Prosheva
PU GNPs+CNT _ _ Radical scavenger ~ UV-A etal.,
(different ratios)
2019)
(Goodwin,
UV absorber, UV-A
TPU GNPs 3 Shen, et
radical scavenger UV-B
al., 2020)
(Zepp et
Epoxy GNPs 1 N/A UV-A
al., 2020)
Uv (Mistretta
PP GNPs 05,1,2 absorber/radical UV-B etal.,
scavenger 2019)
High-Density
UV absorber, (Karimi et
Polyethylene FLG 0.1, 0.25, 0.5 ) UV-A
radical scavenger al., 2023)
HDPE
Poly (vinyl
(Moon et
alcohol) GO 1,3,5,10 N/A Uv-C
al., 2011)
PVA
(Goodwin,
UV screener, UV-A
PU GO 04,12 Lai, et al.,
radical scavenger UV-B
2020)
(Y.D.C.
0.1, 0.5, 1.0, de
PP GO UV screener UV-B
2.0 Oliveira et

al., 2019)
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CHAPTER 2

EXPERIMENTAL
2.1 Materials and Methods

The materials, procedure, and experimental techniques described in this chapter
were used to answer the hypothesis that guided the four sub-objectives already presented

in this work.

2.2 Materials

The polymers materials used in this work was polypropylene (PP) pellets, HP 523]
grade, supplied by Braskem with a melt flow index (MFI) of 3.1 g/10 min (ASTM 1238,
230 °C, 2.16 kg) and a density of 0.902 g/cm® (ASTM D 792), and poly (ether sulfone)
(PESU) pellets, grade Veradel® HC-A301, supplied by Solvay, with MFI of 30 g/10 min
(according to ASTM 1238, 380°C, 2.16 kg) and a density of 1.37 g/cm* (ASTM D 792).

The stabilizers used in this work are presented in Table 4 below. The graphene
oxide (GO) batch (25% oxygenated) used was synthesized by Hummer’s method and
characterized by Bandeira de Souza et al. (Bandeira de Souza et al., 2025). XRD for TiO»,
Raman for FLG, and SEM images for both TiO2 and FLG are found in Figures A9, A10,
and A11 in the Appendix, Chapter 4, Supplementary Material.

Table 4. Stabilizers and stabilizers’ properties and suppliers.

Stabilizer Properties Supplier

Titanium dioxide - Rutile  Purity of > 99% and an average

MERCK, Brazil
(TiO2) particle size of 100 nm. CK, Brazi

Blend of Irgafos 168 and Irganox

Irganox B215 (B215) 1010 in a 2:1 ratio

BASEF, Brazil

Few-Layer Graphene 6 to 10 layers and a bulk density
(FLG) Black 3X of 0.18 g/cm?

NanoXplore, Canada

Bandeira de Souza et al.

Graphene oxide (GO) 25% oxygenated, synthesized by

batch H ’ thod
atc ummer’s metho 2025).

(Bandeira de Souza et al.,
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To evaluate the surface energy of PP, drops of diitodomethane were formed, and
the contact angle was used. Diiodomethane, with purity of >99% was supplied by NEON,
and for PESU, diiodomethane (P.A., >99%) was provided by Fisher-scientific. 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) was supplied by Sigma-Aldrich.

2.3 Neat Polymer Processing

2.3.1 Polypropylene Processing

The polypropylene (PP) pellets were extruded using a Thermo Fisher Process 11
Parallel Twin-Screw Extruder at 200 °C all along the barrel, with a screw speed of 100
rpm. The extruded PP was then hot-pressed using a TIL MARCON MPH-10 hydraulic
press, operated at 200 °C and 0.5 tons of pressure, to produce film samples with a
thickness of approximately 0.1 to 0.2 mm. The PP pellets underwent no pretreatment prior

to processing.

2.3.2 Poly(ether sulfone) Processing

The PESU pellets were extruded once using a MiniLab II HAAKE Thermo
Scientific Extruder at 345 °C, with a screw speed of 100 rpm. The extruded PESU was
then hot molded using a Hot-press Accudyne Bell Gardens, CA, hydraulic press, operated
at 345°C. The pellets were preheated for 10 minutes at 0.86 MPa and then pressed for 10
minutes at SMPa. Samples for mechanical analysis were produced in a dog bone shape,
type V, ASTM D638, with a thickness of 1.6 mm and a width of 66.3 mm (“ASTM D638
- Standard Test Method for Tensile Properties of Plastics,” 2014) and samples for X-ray
photoelectron spectroscopy (XPS), Infrared spectrometry (FTIR-ATR), contact angle,
scanning electron microscopy (SEM) and rheological analysis, were hot-molded in into
circles of 25 mm in diameter and 1 mm thickness. The PESU pellets were previously

dried in a continuous vacuum for 4 hours at 160 °C prior to processing.
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24 Composite Preparation

241 Polypropylene Composites Preparation

Polypropylene (PP) composites with TiO>»+FLG and TiO>+Irganox B215 were
prepared in a Thermo Fisher Process 11 Parallel Twin-Screw Extruder. The extrusion
process was carried out at a constant barrel temperature of 200°C and a screw speed of
100 rpm. The most appropriate mass percentages (%m/m) of TiO>+FLG and
TiOx+Irganox B215 required for optimal UV-C photoprotection were determined through
a Design of Experiment (DoE) approach, specifically a 2% modified factorial planning
design with a central point. Samples with thicknesses ranging from 0.1 to 0.2 mm were
produced following the same methodology described in section 2.3.1. Polypropylene

processing.

2.4.2 Polypropylene Composite

To achieve optimal photoprotection and evaluate whether FLG or Irganox B215
(B215) synergistically enhances photoprotection when combined with TiO2, a Design of
Experiments (DoE) approach was employed. Specifically, a 2> modified factorial design
with a central point was used to process the composites (Ferreira et al., 2007).

In this study, the variables tested were the mass percentages (%m/m) of TiO-,
FLG, and Irganox B215, which were combined into pairs as TiO>+FLG and
TiOx+Irganox B215. Table 5 and Table 6 outline the levels and corresponding %m/m for
each stabilizer and detail the 22 modified factorial design, the nomenclature used, and the
experimental results obtained for each response variable in this study.

The responses used for the TiO>+FLG and TiO>+Irganox B215 designs were the
methyl index (MI) (Rouillon et al., 2016) and the zero-frequency complex viscosity
index, derived from rheological data. The methyl index was calculated as the ratio of the
deconvoluted area of the FTIR-ATR peak at 1456 cm™' to the reference peak at 1170 cm™
I, This deconvolution was performed using Voigt profile fitting, which results from the
convolution of Gaussian and Lorentzian functions (Di Rocco & Cruzado, 2012). The
Voigt profile is commonly applied in the analysis of spectroscopy data from techniques
such as X-ray diffractometry and infrared spectroscopy (Baschetti et al., 2003; Ferreira et
al., 2007).
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The methyl index (MI) is associated with the release of volatile compounds
containing CH3 groups of PP during photodegradation. The release of these compounds
reduces the intensity of the FTIR-ATR peak at 1456 cm™!, indicating that a higher MI
corresponds to a lower release of volatiles resulting from photodegradation (Rouillon et
al., 2016). The viscosity index (Eq. (1)) reflects the extent of chain scission occurring
during UV-C photodegradation of polypropylene. Consequently, higher viscosity index

values correspond to lower levels of chain scission during photodegradation.

Viscosity Index = 110 sample 96h 1)

No sample Oh

Where 7, is zero-shear viscosity, which is measured at very low shear rates and
displays the viscosity of a material at rest.

The experiments outlined in Tables 5 and 6 enabled us to employ a response
surface methodology (RSM) to evaluate the behavior of each variable, vl (%om/m of
TiO2) and v2 (%m/m of Irganox B215 or %m/m of FLG), and one second-order
interaction effect, v1v2, on the viscosity index and methyl index independently, and
within a global model. This global model was built using the desirability function (D), as
proposed by Derringer and Suich (Derringer & Suich, 1980). In this approach, individual
responses are transformed into a dimensionless scale (d;), calculated according to Eq. (2)
(Hilario et al., 2021), which ranges from 0 (for an unacceptable response value) to 1 (for
an acceptable response value). The overall desirability (D) is calculated as the geometric
mean of the individual desirability values (d;) for each response (Ferreira et al., 2007). In
this study, the optimal condition for achieving high photoprotection was identified when
both the methyl index and the viscosity index desirability reached their maximum values,

ie,l.

Oify<lL
di=f(x) = (%) ifL<y<T 2)
lify>T

In Eq. (2), y is the measured response, L is the accepted response, i.e., the lowest
response obtained from the viscosity index and methyl index, T is the target response,

1.e., the highest response from the viscosity index and methyl index, and s is the weighting
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factor for each response (in this case, s = 1). The optimized global response was
calculated using the geometric mean of the methyl index and viscosity index. The

resulting RSM matrix was analyzed using Octave (open-source software) and Excel.
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Table 5. Modified factorial planning design for the samples with titanium dioxide and a few-layered graphene.

Normalized Monitored . . .
Real scale scale responses Data visualization
Experiment  Sample D Replicate ~mo ™ Fre™mo T FLG Viscosity Methyl T
(wl) @2) (v1) (w2) index  index 5
. 1 05 0 -1 -1 0.02 4.19 2
0 ]
1 PP 0.5% TiO; 2 05 0 -1 -1 0.11 3.41 E s *
. 1 30 0 1 -1 027 4.40
0,
2 PP 3% TiO; 2 30 0 1 -1 0.31 4.89
3 PP 0.5% 1 05 20 -1 1 0.18 3.46
TiO»+2%FLG 2 05 20 -1 1 0.29 3.31 g 10de o
4 PP 3% 1 30 20 1 1 0.43 491 Q
TiO»+2% FLG 2 30 2.0 1 1 0.36 4.76 -
1 175 10 0 0 0.16 3.92
0
5 Tigpjl‘;slf’m 2 175 10 0 0 0.20 3.96
S 3 1.75 1.0 0 0 0.30 4.70 Vi ° b
6 PP 1 0 0 -14 -1 0.01 2.94 b , , ,
7 PP 1% FLG 1 0 10 -14 0 0.18 4.55 bt | o =
8 PP 2% FLG 1 0 20 -14 1 0.44 3.97 TO, (v1)




Table 6. Modified factorial planning design for the samples with titanium dioxide and Irganox B215.

Real scale Normalized Monitored Data visualization
scale responses

Experiment  SampleID  Replicate —piq ™ 5315106, B215  Viscosity Methyl

wl) w2) (w1l (v2) index  index

[esd

— pozI|EWLON

. 1 05 0 1 o1 0.017 4.19
1 PP 0.5% Ti0, 2 05 0 1 -l 0.11 3.41 r1{e e
o 1 30 0 1 11 027 4.40
2 PP3% TiO, 2 30 0 1 -1 0.31 4.89
3 PP 0.5% 1 05 1.0 -1 1 0.04 433 ~
TiO»+1%B215 2 05 10 -1 1 0.07 3.55 Sosole .
s PP 3% 1 30 10 1 1 035 510 3
TiO»+1%B215 2 30 10 1 1 0.44 5.16
] 1 175 05 0 0 0.13 2.43
5 Tiogfoléligm 5 2 175 05 0 0 0.17 2.68 cile e
' 3 175 05 0 0 0.26 3.17 — |
6 PP 1 0 0 -14 -1 0.01 2.94 Normalesd 40 o
7 PP 0.5% B215 1 0 10 -14 0 0.03 3.68 10, (1)
8 PP 1% B215 1 0 20 -14 1 0.04 4.89
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2.5 Poly (ether sulfone) Composite Preparations

2.5.1 PESU/Few-Layered Graphene and PESU/Graphene Oxide Masterbatch

Preparation

The PESU/FLG and PESU/GO composites were prepared via masterbatch dilution.
Firstly, due to the availability, a masterbatch containing 10% of FLG was produced in a co-
rotate twin-screw M19 - B&P Process and System with a screw diameter (D) and L/D value
of 19 mm and 25, respectively. The masterbatch was prepared using a screw speed of 100 rpm
at 345 °C throughout the entire barrel.

The GO masterbatch containing 10% m/m was produced in an internal mixer HAAKE

Rheomix3000 OS/3010 OS at 345 °C; the resulting mixture was granulated and then diluted.

2.5.2 PESU/Few-Layered Graphene and PESU/Graphene Oxide Preparation

The PESU/Few-Layered Graphene and PESU/graphene oxide composites with mass
percentages (%om/m) of 1, 2, and 4% were produced by diluting a masterbatch with 10% m/m
in a MiniLab I HAAKE Thermo Scientific Extruder at 345 °C, with a screw speed of 100 rpm.
The composites were hot molded using a Hot-press Accudyne Bell Gardens, CA, hydraulic
press, operated at 345°C. All samples for mechanical analysis, type V, X-ray photoelectron
spectroscopy (XPS), Infrared spectrometry (FTIR-ATR), contact angle, scanning electron
microscopy (SEM), and rheological analysis, were produced following the same methodology
described in section 2.4.2. Poly (ether sulfone) processing. The PESU pellets and composites
masterbatch were previously dried in continuous vacuum for 4 hours at 160 °C prior to

processing.
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2.6 UV-C Photodegradation

2.6.1 UV-C Chamber Assembly

A custom-built UV-C metallic chamber with a 33 cm diameter and 29 cm height,
provided in Appendix, Chapter 3 Supplementary Material (Figure A1). A fan was installed on
one side to ensure complete ozone removal. The UV-C source used consisted of two
commercial Hg lamps (Philips TUV 4 W) emitting light at a peak wavelength of 254 nm (471
kJ/mol). These lamps, measuring 15 cm in length and 1.60 cm in diameter, were positioned 26
cm apart. The sample holder was placed between them to ensure exposure of the samples from
both sides, in order to minimize the oxygen gradient. The irradiation intensity on the sample
surface was approximately 1.3 mW/cm?. All measurements for the UV-C lamp are provided

in the Appendix, UV-C Chamber Supplementary Material (Figure A19).

2.6.2 Polypropylene Photodegradation

The neat polypropylene samples with thickness ranging from 0.1 to 0.2 mm were
exposed to UV-C following the exposure times 0, 1, 2, 4, 6, 12, 24, 48, 96, 192, and 384 hours.
Subsequently, the samples were promptly analyzed.

Polypropylene composites with TiO2+B215 and TiO2+FLG were exposed on both sides
under UV-C irradiation for 96 hours, at which point PP lost its pseudoplastic behavior under

rheological analysis.

2.6.3 Poly (ether sulfone) Photodegradation

Each neat PESU sample, for mechanical analysis, type V, X-ray photoelectron
spectroscopy (XPS), Infrared spectrometry (FTIR-ATR), contact angle, scanning electron
microscopy (SEM), and rheological analysis, was exposed continuously under UV-C for 1, 3,
6, 12, 24, 48, and 96 hours. Additionally, samples were subjected to cyclic UV-C exposure

consisting of 1-hour irradiation followed by a 1-hour rest interval, totaling 3, 6, and 12 cycles.
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PESU/FLG and PESU/GO samples were exposed under UV-C up to 96 hours

continuously.

2.7 Sample Preparation for Electron Paramagnetic Resonance

Suspensions of FLG, GO, Irganox B215, and TiO> in deionized (DI) water with
concentrations of 0.2, 0.1, and 0.3 mg/mL, respectively, were prepared using an ultrasonic bath
operating at a frequency of 60 kHz for 60 minutes. The suspensions were then added to a
mixture of H>O; (50 mmol/L) and DMPO (50 mmol/L), which served as a spin trapper, and
exposed to UV-C light using one commercial Hg lamp (Philips TUV 4 W) emitting light at a
peak wavelength of 254 nm (471 kJ/mol) for 5 minutes. The same procedure was followed for
the mixture of 0.3 mg/mL TiO> with 0.2 mg/mL FLG and the mixture of 0.3 mg/mL TiO, with
0.1 mg/mL Irganox B215. It is important to note that, under UV-C exposure, H2O2 undergoes
photolysis and chemical bond cleavage, generating OH radicals that form DMPO-OH adducts,
which are detectable by EPR (Karimi et al., 2023).

2.8 Electron Paramagnetic Resonance Analysis

Electron paramagnetic resonance (EPR) spectroscopy analysis was done using an EPR
spectrometer (Bruker, Germany) operating at a power of 20 dB, center field of 3514G, and

sweep width of 100G at room temperature.

2.9 Polypropylene Physicochemical Analysis

Rheological characterization of the neat polypropylene photodegraded samples and of
the samples used as the second response for the DoE was performed using an Anton Paar MCR
302 rheometer. Dynamic strain sweep tests were carried out using a 25 mm parallel plate (PP-
25 mm) geometry, under a nitrogen atmosphere at 200°C, to determine the linear viscoelastic
region (LVE). The tests were performed at a frequency of 1 rad/s with a strain range of 0.01—
100%, and the LVE region was set at 3% strain. Small amplitude oscillatory shear tests were

employed over a frequency range of 0.01 to 500 rad-s™!, using a PP-25 mm geometry with a 1
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mm gap at 200 °C. Time sweep for neat polypropylene photodegraded samples was performed
at a frequency of 1 Hz to evaluate the stability of the samples. All the experiments were
performed in a nitrogen atmosphere.

FTIR spectra of the neat PP and PP/TiO>+FLG and PP/TiO>+B215 composites were
obtained using an Attenuated Total Reflectance (ATR) accessory in a Thermo Scientific
Nicolet 6700-FTIR spectrometer, with a wavenumber ranging from 400 to 4000 cm™!, using
64 scans and a resolution of 4 cm™'.

Before and after UV-C exposure of neat PP and PP/TiO>+FLG and PP/TiO»+B215
composites, contact angles formed by drops of water and diitodomethane were measured using
a Ramé-hart 260-F4 Series goniometer. For polymeric surfaces, the surface energy was

evaluated by the harmonic mean equation proposed (Eq. (3)) by Wu (Wu, 1971):

D D P p
Ysv XYLv  Vsv XViv

Ysv +Viy Yev HViv

V(1 4+ cosB) =4 3)

Where y, is the liquid/vapor component, 8 is the angle formed by the drops, ¥&, and y 7, are
the dispersive components for solid/vapor and liquid/vapor respectively, and y&, and yF, are
the polar components for solid/vapor and liquid/vapor.

A Netzsch DSC 200 F3 was used to perform differential scanning calorimetry (DSC).
Samples weighing ~10.0 mg were heated from 20 °C to 210 °C at a heating rate of 10 °C/min
under a nitrogen gas flow. The degree of crystallinity (y) of all samples was calculated
following Eq. (4), where AH refers to the melting enthalpy and AH f denotes the standard heat
of melting of a hypothetically 100% crystalline PP, which was used 209 J/g (Staffa et al.,

2017). The samples were analyzed in duplicate.

AH,
X = NS x 100% 4)

SEM micrographs of the exposed sample surfaces were obtained using an FEI Inspect

S50 microscope at 10 kV for pristine polypropylene, and SEM-EDS images were obtained
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using a FEG-TESCAN MIRA microscope operating at 20 keV and 1 nA, for polypropylene
composite samples. All samples were coated with gold (Au) by sputtering.

"H TD-NMR experiments were performed in a 0.5-T Bruker Minispec mq20 NMR
analyzer ("H frequency of 20 MHz) using a VT probe head with a dead time of 11.5 ps. /2
and & pulse lengths of 2.5 and 4.8 us, respectively. The longitudinal relaxation (T1) of the
samples was measured using a standard Inversion-Recovery pulse sequence. The recycling
delays of all experiments were adjusted to 5T;. Mixed-Magic Sandwich Echo Experiments
(mixed-MSE) were acquired with an echo time of 100 ms. Dipolar Filtered MSE (DF-MSE)
experiments were also performed with echo times of 100 ps and dipolar filter-time of 40 ps at
temperatures varying from 303 to 463 K. The pulse sequence and phase cycling used in these
experiments are described in reference (Baum et al., 1985). 'H DQ-TDNMR experiments used
double quantum evolution times ranging from 0.1 to 14.3 ms. The data were acquired using
the pulse sequence and phase cycling described in reference (Saalwichter et al., 2005). 'H DQ-
TDNMR measurements were performed at 190 °C, above PP's melting temperature. More

details about this technique can be found in the Annex section.

2.10 Poly(ether sulfone) Physicochemical Analysis

Rheological characterization of the photodegraded samples was performed using an
Anton Paar MCR 501 rheometer. Small amplitude oscillatory shear tests were employed over
a frequency range of 0.1 to 600 rad-s™', and using a 25 mm parallel plate geometry with a 1
mm gap at 345 °C. These experiments were performed at 1% strain, within the linear
viscoelastic region, which was established from an amplitude sweep test at 345 °C with an
angular frequency of 1 rad-s™ and a strain range of 0.01 — 100%. Time sweep experiments
were performed at a frequency of 1 Hz to evaluate the stability of the samples. All the
experiments were performed in a nitrogen atmosphere.

A PerkinElmer FTIR spectrometer, Spectrum Two, with an Attenuated Total
Reflectance (ATR) accessory, was used to obtain the FTIR spectra of the neat PESU exposed
continuously and in cycles, and for PESU/FLG and PESU/GO composites, with a wavenumber

ranging from 400 to 4000 cm™!, 10 scans, and a resolution of 4 cm™.
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The contact angles formed by drops of water and diiodomethane for PESU samples
degraded continuously under UV-C irradiation up to 3 hours, and were measured using an
optical tensiometer model VCA optima, AST Products, Inc., goniometer. The surface energy
was evaluated by the harmonic mean equation proposed (Eq. (3)) by Wu (Wu, 1971) for
polymeric surfaces.

SEM micrographs of the neat PESU exposed to UV-C surfaces were obtained using a
FEI-Magellan 400 L microscope at 3 kV, and for the 4% PESU/FLG and 4% PESU/GO
exposed to UV-C surfaces, as well as their cross-section, produced under liquid nitrogen, SEM
images were obtained using a FEI-Inspect S 50 microscope at 5 kV. All samples were coated
with an Au coating by sputtering.

X-ray photoelectron spectroscopy (XPS) of samples with Oh, 12h, 12h cycle, and 96h
of UV-C exposure were obtained using a K-alpha XPS Thermo Scientific equipped with a
monochromatic Al Ka energy source of 1486 eV. The survey spectrum was acquired with an
energy step of 1.000 eV, and a pass energy of 150.0 eV, while the high-resolution spectrum
was obtained with a finer energy step of 0.10 eV and a pass energy of 50.0 eV. CasaXPS, Casa
Software Ltd., was employed to analyze the data obtained, and the Shirley function was used
to establish the background of high-resolution spectra. The value of 284.6 eV was used as an
internal standard for sample corrections of the carbon 1s peak.

An Instron 5569 was used to evaluate the tensile properties of the samples. The tests
were carried out according to ASTM D638 at room temperature and a crosshead speed of 2
mm/min. Five specimens in a dog bone shape, type V, with a thickness of 1.6 mm and a width

of 66.3 mm for each sample, were used in this analysis.
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CHAPTER 3

POLYPROPYLENE UV-C PHOTODEGRADATION: 'H TIME DOMAIN
NUCLEAR MAGNETIC RESONANCE AND OSCILLATORY RHEOLOGY AS A
TOOL FOR UNCOVERING THE IMPACT OF UV-C RADIATION ON
POLYPROPYLENE

This chapter presents experimental results addressing the first sub-objective:
“Characterize UV-C-induced photodegradation of polypropylene (PP), identify the early
stages of PP photodegradation, and investigate the effects of UV-C in longer exposure times”.

Findings shown in this chapter report that UV-C radiation changes the rheological
properties of PP, showing that PP becomes unstable after long-term exposure. Alongside 'H
time domain NMR, it was possible to verify that the UV-C degradation induces branching
rather than crosslinking reactions. Methyl index has proven to be a valuable tool for identifying
the early stages of UV-C photodegradation. These results were used to propose a UV-C
photodegradation pathway for PP.

The results of this chapter and the appendix corresponding to the supplementary
information were published in the Journal Polymers, Special edition — Degradation and
Stabilization of Polymer Materials 2nd Edition, under the title H Time Domain Nuclear
Magnetic Resonance and Oscillatory Rheology as a Tool for Uncovering the Impact of UV-C
Radiation on Polypropylene, and DOI number — 10.3390/polym17202727.

3.1 Results and Discussion

3.1.1 Rheological and 'H DQ-TDNMR Analyses for the Samples

Figure 12a presents the results of complex viscosity as a function of time obtained
during time sweep experiments for PP samples at different UV-C exposure times. A complete
explanation of the rheological concepts used to analyze the following samples is provided in
the Supplementary section. An unexpected behavior was observed in the sample exposed for

384 h, referred to as sample 384, which exhibited significant instability during the time sweep
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test, with an increase in viscosity. This behavior may be attributed to the recombination of free
radicals generated during prolonged exposure to high-energy UV-C radiation (approximately
471 kJ/mol at 254 nm) (Zhang et al., 2018). These free radicals may recombine into higher
molar mass species through crosslinking or branching, leading to an increase in viscosity.

Figure 12b presents the complex viscosity as a function of frequency for all samples
except for that exposed for sample 384, since it exhibited instability. As expected, the PP
viscosity decreases upon UV-C exposure, and samples exposed to more than 48 h of UV-C
showed a less pronounced pseudoplastic behavior, indicating a possible change in the molar
mass distribution (MMD). A solubility test in xylene at 140 °C was performed before and after
the rheological tests to investigate whether the increase in viscosity in sample 384 was due to
crosslinking or branching. The absence of gel formation indicated that the increase in viscosity
was likely caused by branching.

Cross-over points in the rheological data, where G'(w) equals G”(®), as shown in Figure
Ic, provide insights into the evolution of molar mass (MM) and its distribution (MMD), as
described by Cruz et al. (Cruz & Zanin, 2003). Figure 12d shows the crossover points for all
the samples studied in this work. The results indicate that for samples exposed from 0 h to 96
h, there is a reduction in the molar mass. After 96 h of exposure, a shift occurs, indicating that
some compounds with higher molar mass may have formed, along with a broadening in the
molar mass distribution. This indicates a change in the mechanism of UV-C photodegradation
at higher times. G'(w) and G"(w) curves can be found in the Appendix, Chapter 3,
Supplementary Material (Figure A2).

Studies found in the literature showing the rheological behavior resulting from
photodegradation upon exposure to UV-A and UV-B are quite different from that observed
upon exposure to UV-C employed in this study, as shown in Figure 12a. We attribute this to
the fact that UV-C corresponds to a more energetic wavelength than UV-A and UV-B, which
results in a higher PP photodegradation rate. Further studies are needed to clarify whether a
more extended exposure to UV-A or UV-B affects PP in a similar way to when it is exposed

to UV-C for a short time. This was not considered within the scope of this study.
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Figure 12. (a) Complex viscosity as a function of time for all samples, (b) complex viscosity
as a function of frequency for all samples up to 192 h, (c¢) loss and storage moduli for PP at 0
h, and (d) cross-over point for all samples up to 192 h.

Figure 13a shows the normalized double quantum and reference intensities associated
with all 'H spins in the sample (Izgr) and the intensity related to the so-called double quantum
coherences between 'H nuclear spins (I DQ). This intensity is induced by the presence of 'H—
'H dipolar magnetic coupling between 'H nuclei in constrained regions of the samples. Since
double quantum coherence needs are only created if 'H—'H dipolar magnetic coupling is
present, the buildup of this intensity as a function of the evolution period (7pq) means that
there are local mobility constraints, which in the melt state are intimately associated with chain

entanglement or crosslinks. The I, and Irgr curves as a function of the evolution period (7pg)
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at 190 °C (above the PP melting temperature) for the samples with 0 and 384 h of UV-C
exposure are shown in Figure 13a. The curves were normalized by the initial point of the
corresponding Irgr VS Tp curve. Figure 13b illustrates the Igpr — Ipp and the fitting of the

long 27 region of the curves for both samples.
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Figure 13. (a) Normalized double quantum and reference intensities as a function of 7, for
PP and PP with 384 h exposure to UV-C radiation, measured at 190 °C, (b) the Iggr — Ipg.
VS Tpq curves in logarithmic scale and the exponential fit curves used to extract the fraction
of free mobile chains fj and the corresponding T> relaxation times.

For the non-exposed sample, 0 h, a rather small /pp intensity is observed, which drops
for the sample 384. The drop in Ipp indicates an increase in the fraction of unconstrained
molecular segments shown in the inset in Figure 2a.

Figure 13b illustrates the Iggr — Ipq and the fitting of the long 27, region of the curves
for both samples. As can be seen, there is an increase in the fraction of unconstrained molecular
segments (fq) and the corresponding relaxation time (72). This indicates that while there is an
increase in the free mobile chain, their overall mobility is also enhanced. Thus, the increase in
the fraction of free mobile chains and the absence of I intensity, shown in the inset in Figure
13a, in samples exposed to UV-C, suggest that, while exposure to UV-C radiation induces free

mobile chains, it does not produce a detectable fraction of crosslinks. Instead, it decreases the
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fraction of the entangled chains. Thus, the decrease in the signal, which is related to fewer
entanglements, shows that the polymer increases its molar mass through branching rather than
crosslinking.

To evaluate the branching reactions, the increase in the relaxation time 7> for the sample
after 384 h, as retrieved from the curves shown in Figure 13, was used. The increase in the
fraction of free mobile chains is in line with the rheological analysis (Figure 1), as it can also
result from chain branching caused by degradation processes at higher times of exposure to
UV-C light. More interestingly, it suggests that the molar mass increase is likely due to chain

branching rather than crosslinking.

3.1.2 Effect of UV-C Light on the Molecular Mobility and Microstructure

The dipolar filtered magic Sandwich Echo (DF-MSE) intensity as a function of
temperature (I,,prysg VS-T curve), obtained for the not exposed PP sample, is shown in Figure
14a. 'H time-domain measurements at a low magnetic field were used to investigate changes
in molecular mobility due to UV irradiation. This was achieved using the so-called Dipolar
Filtered Magic Sandwich Echo (DF-MSE) experiment, which is a solid-state NMR technique
that filters out signals from rigid segments, so that the measured intensity, I,prysg, reflects
only the 'H signal from molecular segments that are mobile. For more details, see the work of
Filgueiras ef al. (Filgueiras et al., 2017) and Perez et al. (Perez et al., 2022). In this context,
rigid and mobile segments are defined according to whether the molecular dynamics are fast
enough to reach a critical frequency capable of averaging out the strong dipolar interaction

between 'H nuclei, which drastically modifies the detected NMR signal.
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By monitoring I,prysp as a function of temperature, the signal remains negligible
while molecular motions are below the critical frequency. As the temperature increases and
the motions reach this critical frequency, I,,pryse rises, marking the onset of detectable
mobility. For a given transition i, this produces typical curves as a function of temperature,
Lipruse vS-T , with an “S”-shaped profile, as represented by the black line represented in
Figure 14a. These curves can be phenomenologically described by sigmoidal functions: the
inflection temperature defines the transition temperature (T;); the plateau height reflects the
fraction of mobile segments involved in the transition (f,,;), and the slope (o;), indicates
whether the transition is sharp or gradual, thereby providing insight into dynamic heterogeneity
(greater heterogeneity corresponds to higher ;). These parameters are illustrated in Figure

14a, and the equation for the sigmoidal curve is:

fmi

14 e—(T-T))/o; )

Inpr-msE (T) =

In systems undergoing multiple dynamic transitions, the I,prysg VS.T curve can be
understood as the superposition of several “S”’-shaped contributions, each associated with a
fraction of segments gaining mobility within a given temperature range. This allows not only
the identification of the corresponding inflection temperatures but also the fraction of segments
involved in each process. As an example, The I,prysg VS.T curve obtained for the non-
exposed PP sample, is shown in Figure 14a.

Three intensity increases associated with the onset of segmental motions were
identified in Figure 14a. The first (transition I, 20-80 °C) corresponds to the glass transition.
The second (transition II, 100—150 °C) is attributed to pre-melting molecular relaxations in PP
(helical jumps) (De Azevedo et al., 1999; Rutledge & Suter, 1992) and to motions of
constrained amorphous chains at the crystalline—amorphous interphase. The third (transition
III, 150200 °C) reflects the onset of segmental motions induced by melting of the crystalline
phase. A three-component version of Equation (5) was used to fit the experimental

Lipruse vS-T curve to obtain f,,;, T; and g; for each transition. The best-fitting sigmoidal
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curve, as well as the three components, are shown separately in Figure 14a. The parameters

extracted from fitting the I,,prysg vs. T curve are shown in Table 7.

Table 7. Parameters extracted from fitting the I,,prysg VS. T curves using Eq (5).

Sample  T;(°C) T;(°C) Ty (°C) 0;(°C) o (°C) o1 (°C)  f fu f

PPOh 54 +3 128+3 1671 141 131 39+£0.5 0.39+0.02 0.25+0.05 0.36+0.02
PP6h 54+2 131 £5 1751 141 12+£2 5+1 0.42 +0.02 0.23+£0.05 0.35+0.03
PP 12h 52+2 131 £4 1772 13+1 16+2 6=+1 0.40 +0.02 0.25+0.05 0.37+0.03
PP 96 h 52+4 133+£5 1652 161 13+£2 45+£05 0.38+0.02 0.25+0.05 0.38+0.03
PP 192 h 53+£2 130+ 5 1572 14+£1 15+£2 3.0+£05 0.37+£0.02 0.26+0.05 0.38+0.03
PP 384 h 50+2 128 £4 1512 14+£1 15+£2 3.0+£05 040=+0.02 0.26+0.05 0.33+0.05

The effect of UV-C irradiation on the I,prysg vS.T curves are shown in Figure 14b
for short exposure times (6 and 12 h) and in Figure 14c for longer exposures (96, 192, and 384
h). At short times, only a slight increase in the melting-related process temperature (transition
IIT) is observed (Figure 14b). Indeed, except for Ty, all curves can be fitted with the same f,,;,
T; and o; within experimental error, as summarized in Table 7. However, at longer times,
Figure 14c reveals a clear shift in transition III, with T};; progressively decreasing as exposure
increases. This trend is highlighted in Figure 14d, which plots the fitted T};; values as a function
of irradiation time.

Table 7 presents the full set of parameters obtained from the fittings of the
L.pruse VS-T curves. Since each transition involves three parameters, the fitting procedure
carries relatively large uncertainties in the fractions and widths of the sigmoidal curves.
Nevertheless, the transition temperatures could be determined with good accuracy.

As shown in Table 7, T; and T}; remained essentially unaffected by UV-C irradiation,
whereas pronounced changes were observed in Ty, after 96, 192, and 384 h of exposure. The
decrease in Ty reflects modifications in the melting behavior of the crystalline phase. The

values of g; and oy; remained nearly constant and higher than oy;;, consistent with transition
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111 being associated with melting. The fraction of 'H in the segments f,,,; was unchanged across
all samples.

Figure 15 illustrates the impact of UV-C on crystallinity and melting temperature for
all samples measured by DSC, including the samples not exposed to UV-C. Table Al in the
Appendix, Chapter 3, Supplementary Material presents the values obtained from the DSC
analysis, and Figure A3, also in the in the Appendix section, presents the thermogram of the
second heating for the melting temperature. For the first and second heating, no changes in
crystallinity were observed within the first 96 h. However, beyond this period, a reduction in

the degree of crystallinity became evident.
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Figure 15. Melting temperature (Tm) and degree of crystallinity for all irradiated samples by
UV-C.

According to the literature, exposure to UV-A and UV-B typically increases
crystallinity through chemo-crystallization (Rabello & White, 1997; Yakimets et al., 2004).
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Notably, such phenomena were not observed with UV-C, as shown in Figure 15, which
explains no crack formation. Additionally, crosslinking and branching processes may hinder
polymer reorganization into crystals, decreasing the degree of crystallinity.

Due to the inherent nature of the polymer, a high concentration of entanglements is
expected, impacting both the melting temperature and the crystallization process. The peak
melting temperature (Tm) during the second heating cycle is also shown in Figure 15. Prior to
48 h of irradiation, the Tr, remained stable at approximately 163 °C. However, after 96, 192,
and 384 h under UV-C exposure, the temperature decreased by 7 to 16 °C. Unlike crosslinked
chains, where T, tends to increase, branched chains impact the free volume between polymer
chains, enhancing the mobility of smaller molecules resulting from chain scission and
subsequently reducing Tr. This trend is also observed in the T;;; (°C) values provided in Table
7. Therefore, chain branching probably prevails over crosslinking, especially with prolonged
exposure to UV-C, potentially leading to a decrease in crystallinity and the peak melting

temperature.

3.1.3 Chemical and Morphological Alterations for the Samples

Figure 16a shows the FTIR spectra of PP exposed to UV-C for 0, 96, 192, and 384 h,
while Figure 16b presents methyl (MI) and carbonyl (CI) indices as a function of UV-C
exposure time. The vibration type and assignment for pristine PP are provided in the Appendix,
Chapter 3, Supplementary Material (Table A2). It was used the methyl peak at 1456 cm™!,
which corresponds to asymmetric bending in the plane of the C—H bond in CH3 moieties
(Rouillon et al., 2016) for the MI, and the carbonyl peak, assigned to around 1710 cm™ /1735
cm ! (Almond et al., 2020; Qi et al., 2014; Rouillon et al., 2016), was used for CI. The main
chain’s stretching of the C—C bond (at 1170 cm™!) was used as an invariant peak (Fang et al.,
2012), all peaks used are highlighted in Figure 16a. This peak exhibits a shoulder at 1153 cm ™!,
which is assigned to the CH3 wagging of the regular head-to-tail sequence of isotactic

polypropylene (McDonald & Ward, 1961; Nishikida & Coates, 2003). The indices were

calculated based on the area of the deconvoluted peak using the Voigt function.
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Figure 16. (a) FTIR spectra for PP exposure to 0, 96, 192, and 384 hours, and (b) methyl and
carbonyl indices for all samples.

The results depicted in Figure 16b demonstrate that the carbonyl peak, used to calculate
CI, only becomes detectable after 96 h of exposure to UV-C, as observed in Figure A4 in the
Appendix, Chapter 3, Supplementary Material. Thus, using it to assess the early stages of
photodegradation under UV-C may lead to inaccuracies in predicting the life span of PP
devices. Concurrently, MI exhibits a noticeable decrease after less than 10 h of UV-C exposure,
indicating a significantly higher sensitivity to detecting early stages of photodegradation
compared to CI. This sensitivity was also observed by Roullion et al. (Rouillon et al., 2016),
who examined the photodegradation of PP exposed to both UV-A and UV-B. They attributed
this phenomenon to the release of volatile products containing CH3 moieties (such as acetone
and acetic acid), which were detected at 25 h of irradiation (Figure 16). The results obtained
in the present study indicate that volatile compounds with CH3 moieties are initially generated
when PP is exposed to UV-C, followed by carbonyl. This finding validates the use of FTIR-
ATR to study the photodegradation of PP under UV-C.

Figure 17a shows images of the droplets of water with 6, 12, 96, 192, and 384 h of UV-

C exposure. Figure 17b shows the changes in the contact angle and surface energy for the
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samples before and after 6, 12, 96, 192, and 384 h of UV-C exposure. Figure 17¢ shows SEM
images for the samples before and after 384 h of exposure.

The contact angles formed by drops of water, shown in Figures 17a,b, decreased while
the surface energy increased as a function of UV-C time exposure. The increase in surface
energy, probably, indicates that the photooxidation changes the surface chemistry, impacting
the hydrophilicity and wettability (Carlsson et al., 1976; Grause et al., 2020; Rabello & White,
1997). The contact angle technique detected changes at early stages, from 6 h on, in wettability
and surface energy. The results from Figure 17b agree with the findings in the literature
regarding polymer photodegradation.

The surface morphology of the sample can significantly influence the contact angle
formed by water droplets; thus, a regular and smooth surface is crucial to validating the results
from this analysis. The images obtained by SEM (Figure 17¢) showed no cracks and no
changes in the topography of sample 384; the same morphology was observed for samples
with 12 h, 96 h, and 192 h of UV-C photodegradation, as shown in Figure A5 provided in the
Appendix, Chapter 3, Supplementary Material. The cross-section is also provided in the
Appendix, Chapter 3, Supplementary Material (Figure A6).



57

(a)

o
3]

(b) 100E

-3 © ©

o o &)

Pl EPRPUPEPRPIN PRI
T T T
B N %]
o [l t=}

Surface energy (mN/m)

Water contact angle (°)

@
o
PRI PR
T
W
t=}

75 T T T T T T
0 6 12 9 192 384

Time (h)

nN
o

Figure 17. (a) images of the droplets of water with 6, 12, 96, 192, and 384 h of UV-C
exposure; (b) contact angle and surface energy for samples with 0, 6, 12, 96, 192, and 384 h
of irradiation by UV-C; (c) SEM with magnifications 20,000 for samples with 0 h and 384
h of exposure time.

Photodegradation, as is well known, can change the polymer’s topography through the
formation of cracks on the photodegraded surface (Curcio et al., 2018; de S. M. de Freitas et
al., 2022; Fechine & Demarquette, 2008; Rabello & White, 1997). This process normally
begins with microvoids, which sequentially form cracks on the surface of the polymer due to
the reduction in the sample’s volume induced by chemo-crystallization (de S. M. de Freitas et
al., 2022). Results regarding the effect of UV-C on crystallization are detailed in the section
Effect of UV-C Light on Molecular Mobility and Microstructure. As the cracks propagate, the
surface area exposed to UV radiation increases, accelerating photo-oxidation. This leads to the
formation of an affected surface layer that gradually penetrates deeper into the bulk of the

material, layer by layer, resulting in cracks that are easily observed by SEM (Rabello & White,
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1997). Figure A7, in the Supplementary section, shows photographs of the films taken after 0,
192, and 384 h of UV-C exposure. Over time, surface cracks became more evident, and the

samples gradually became more brittle.

3.14 UV-C Photodegradation Pathway in Polypropylene

Figure 18 shows the proposed pathway for UV-C photodegradation based on the
experimental evidence presented in this work. This pathway can be elucidated through eight
stages occurring during two intervals (before and after 96 h of exposure), as indicated by the

gray and red arrows.
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Figure 18. Proposed pathway of photodegradation of polypropylene under UV-C.

During the initial 96 h of exposure to UV-C (254 nm), polypropylene absorbs photons,
leading to homolytic cleavage of the hydrogen-carbon bond (stage 1), resulting in the
formation of a tertiary carbon radical (Norman S. Allen et al., 1985). Subsequently, this radical
species undergoes an attack by an oxygen molecule, leading to chain cleavage of

polypropylene and the formation of a carbonyl group (stage 2). The carbonyl group formation



59

has been previously described by Allen ef al. (Norman S. Allen et al., 1985) and Rabek (Rabek,
1995), and can be observed in the infrared spectrum and the carbonyl index after 96 h of
exposure (Figure 16a,b). Additionally, in this step, form volatile products, acetic acid and
acetone, both containing CH3 groups. Subsequently, these carbonyl products may undergo a
photocatalytic reaction governed by a Norrish mechanism type (Norman S. Allen et al., 1985),
wherein the oxidized products absorb more photons and the carbonyl group cleavage occurs,
leading to the formation of more radicals (stage 3), which can recombine into low molar mass
species (stage 4). The proposed stage (4) was experimentally confirmed by rheological
analyses, where a significant decrease in the complex viscosity is observed up to 96 h. The
changes in the surface wettability and surface energy observed by the contact angle formed by
drops of water, observed with 6 h of UV-C photodegradation, can be a result of PP oxidation,
as shown in stages (2) and (6).

Between 96 and 384 h of UV-C exposure, two possible pathways may be hypothesized:

. The low molar mass chains formed in the previous stage (4) undergo homolytic
bond cleavage upon photon energy absorption, leading to the formation of new radicals (stage
5), which are quickly attacked by molecular oxygen, resulting in the production of other
oxidized species (stage 6). At this point, other polypropylene species contribute to the
photocatalytic cycle, undergoing hydrogen abstraction by free radical molecules formed in
stage (stage 7).

. With the increase in the number of reactive species, i.e., free radicals, from
stages (5) and (3), a slight increase in molar mass is observed, between 192 h and 384 h, after
the abrupt decrease, between 0 and 96 h. We propose that these species begin recombining,
forming branched chains of high molar mass (stage 8). This observation is supported by the
increase in complex viscosity (Figure 12) and 'H-TD-Low Field NMR (Figure 13), presented
in the section Rheological and 'TH DO-TDNMR analyses for the samples, as well as the
decrease in the crystallinity degree, and in the section Effect of UV-C light on the molecular
mobility and microstructure, and also by the increase in the CH vibration shown in the Raman

spectroscopy analysis in Figure A8 in the Appendix, Chapter 3, Supplementary Material.
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3.2 Conclusions

In this work, the photodegradation of polypropylene under UV-C radiation was studied,
focusing on the processes occurring during both shorter and more extended periods of
exposure. The rheological analysis revealed a decrease in complex viscosity up to 96 h of
exposure, followed by an increase in molar mass and a broadening of the molar mass
distribution. In time sweep mode, the samples exhibited unexpected rheological behavior,
deviating from what is typically observed in UV-A and UV-B photodegradation of PP, which
generally shows a decrease in complex viscosity but maintains time sweep stability. The PP
sample exposed to 384 h of UV-C showed instability during the time sweep mode, along with
an unusual increase in the complex viscosity. The fraction of unconstrained molecular
segments (fq) and the corresponding relaxation time (72) increased for samples exposed for 384
h, supporting the hypothesis of branching formation during long-term exposure. Chemical
changes were monitored using FTIR-ATR, contact angle measurements, and surface energy
analysis. The methyl index, contact angle, and surface energy proved reliable for detecting
polypropylene’s early stages of UV-C-induced photodegradation. Although the carbonyl index
is widely used to assess polypropylene photodegradation, this study found it less sensitive than
the methyl index in detecting early changes. While the formation of cracks is typically
observed in such studies, SEM images in this case showed no crack formation, possibly due to
the maximum degree of crystallinity in the studied PP.

Data from 'H-TD-NMR suggested that the observed increase in viscosity after 384 h
of UV-C exposure may be attributed to chain branching rather than crosslinking. This
hypothesis was further supported by DSC analysis.

Finally, these findings underscore the high energy of UV-C radiation and help us
propose a reaction pathway for polypropylene photodegradation at this wavelength: chain
scission at shorter exposure times and chain branching at longer exposure times. This study
yielded significant findings, particularly in addressing the early onset of degradation, a highly
critical aspect for specific applications, most notably in the medical field. Moreover, it

highlighted the analytical techniques that are most sensitive in identifying such initial changes.



CHAPTER 4

POLYPROPYLENE UV-C PHOTOPROTECTION: MITIGATING UV-C
DEGRADATION IN POLYPROPYLENE USING HYBRID TIO:/FEW-LAYER
GRAPHENE/PHOTOSTABILIZERS SYSTEMS

This chapter aimed to answer the second sub-objective presented in this thesis,
“Develop and evaluate photostabilization strategies for PP using titanium dioxide (TiO>),
Irganox B215, and few-layered graphene (FLG), and determine the effects of these stabilizers
on the materials’ physicochemical and rheological properties after UV-C exposure, including
possible synergistic effects between stabilizers, to minimize the electron-hole ROS formation
from TiO>".

The morphology, stabilizer distribution, and dispersion were evaluated by SEM-EDS.
Rheological measurements and FTIR-ATR were employed as responses for the DoE. To
evaluate the radical formation, EPR was used. The main goals were to maximize UV-C
protection, minimize reactive oxygen species formed by TiO;’s parallel reactions, and assess
whether the mixing of radical scavengers, such as FLG and Irganox B215, can provide a
synergistic effect enhancing UV-C photoprotection.

The results of this chapter and the appendix corresponding to the supplementary
information were published in the Journal ACS Omega, Special edition — Chemistry in Brazil:
Advancing through Open Science, under the title Mitigating UV-C Degradation in
Polypropylene Using Hybrid TiO/Few-Layer Graphene/Photostabilizer Systems, and DOI
number — 10.1021/acsomega.5c08936.

4.1 Results and Discussion

4.1.1 Morphological Characterization of the Composite Samples by SEM-EDS

Figure 19 shows the SEM and SEM-EDS images for the mixture of 3% (by mass) TiO>

with 2% FLG, as well as the sample containing 3% TiO». It is well known that the dispersion
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and distribution of stabilizers/additives within the polymer matrix play a crucial role in
determining the composite's properties, particularly in relation to photoprotection (Karimi et
al., 2023). As shown in Figures 19a and 19b, both TiO> and FLG are well distributed within
the PP matrix. However, the interfacial adhesion between the stabilizers and the polymer
appears to be weak. SEM-EDS image (Figure 19¢) also indicates that the TiO> stabilizer has
poor dispersion within the polymer matrix. The same trend was observed for the sample
containing 3% TiO2, as shown in Figures 19¢, 19d, and 19f. To improve the adhesion and
compatibilization, surface functionalization on TiO> by silane can be used (J. G. Gao et al.,
2022). However, to minimize the influence of any functionalization in TiOz’s surface on the
effect of FLG or B215 in radical scavenging, not only PP radicals, but also TiO2’s electron-
hole parallel reactions, this study focused on exploring these mixtures without any surface

modification.
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Figure 19. SEM images of PP composite samples without UV-C exposure for the mixture of
3% TiO; with 2% FLG, with a magnification of (a) 10 kx and (b) 30 kx; for 3% TiO; with a
magnification of (¢) 10 kx and (d) 110 kx. SEM-EDS images for (e) 3%Ti102+2%FLG and
() 3%TiO; samples.
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4.1.2 Effect of the Mixture of FLG with TiO2 and TiO:2 with B21S5 in Polypropylene
Matrix in FTIR and Rheology

The responses used to build the Design of Experiments (DoE) models are presented in
Figures 20 and 22, where Figure 21a shows a typical FTIR transmittance spectrum for neat PP
without any UV-C exposure. At the same time, Figure 20b displays the spectra for composites
containing Ti02 and FLG, measured at 0 hours and after 96 hours of UV-C exposure. The inset
highlights the effect of UV-C exposure on the peak at 1456 cm™!, which corresponds to the
asymmetric bending of C—H bonds in methyl groups (Norman S. Allen et al., 1985; Rabek,
1995; Rouillon et al., 2016). A decrease in the intensity of this peak is observed across all
samples after UV-C exposure, regardless of the additive used. Figure 20c illustrates the methyl
index (MI) for all samples before and after UV-C exposure.
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Figure 20. (a) Typical FTIR spectra for neat PP without UV-C exposure, (b) FTIR spectra
for PP samples with 3% TiO2, 3% TiOz + 2% FLG, 3% TiO> + 1% B215, 2% FLG, and 1%
FLG before and after 96 hours of UV-C irradiation, (c) methyl index for neat PP prior and
after 96 hours of UV-C exposure and for all samples after 96 hours of UV-C exposure.

Table 5 summarizes the viscosity and MI of TiO2 + FLG samples, and Table 6 those of
TiO2 + B215 samples. The sample with 3% TiO2 + 1% B215 presented the highest MI among
all samples analyzed, suggesting that adding B215 was more effective in protecting PP against
the release of volatiles containing —CH3 moieties (Rouillon et al., 2016). For being a small
molecule, B215 has a high dispersion within the polymer matrix during the extrusion. In the

case of sample PP 3% TiO2 + 2% FLG, the effect observed may be attributed to the 2D



66

structure of FLG and its high surface area, which acts as a physical barrier within the polymer
matrix, creating tortuous pathways that hinder the diffusion of small molecules (Karimi et al.,
2020; Yoo et al., 2014), limiting the release of volatiles. Overall, UV-C exposure resulted in a
decrease in MI values for all samples after 96 hours. As shown in Figure 20c, the addition of
FLG to TiO; had a small influence on the evolution of MI during UV-C photodegradation; the
same behavior was observed in the samples containing Irganox B215, i.e., the variable that

influences MI the most is the %m/m of TiO> in both cases.

The carbonyl group is a result of PP photodegradation. The presence of these groups
enhances PP's UV sensitivity, leading to further photodegradation reactions through Norrish

type I and II reactions (Figure 21) (Norman S. Allen et al., 1985).
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Figure 21. (a) Norrish Type I and (b) Norrish Type II mechanisms.

In a previous study (Gimenez et al., 2025), the carbonyl peak only became detectable
after 96 hours of UV-C exposure. Therefore, the MI proposed by Roullion ef al. (Rouillon et
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al., 2016) is a reliable method not only for assessing the early stages of photodegradation but
also for this specific exposure timeframe. This is evidenced by the decrease in the methyl peak,
resulting from the release of volatile compounds containing —CH3 groups: after 25 hours of
irradiation for UV-A and UV-B, as observed by Roullion et al.(Rouillon et al., 2016), and in
less than 10 hours for UV-C (Gimenez et al., 2025).

Figure 22 displays the complex viscosity as a function of the angular frequency of
experiments 1, 4, 5 (CP), and 6, outlined in Tables 5 and 6, after 96 hours of photodegradation,
as well as for neat PP before and after UV-C exposure. Figure 22a shows the results for the
TiO2 + FLG combination, while Figure 22b presents the data for the TiO2 + B215 combination.
The results of complex viscosity for all samples, before UV-C exposure, are available in the

Appendix, Chapter 4, Supplementary Material, Figure A12.
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Figure 22. Complex Viscosity as a function of the angular frequency at 200 °C for
experiments 1, 4, 5 (CP), and 6 after 96 hours of photodegradation, where (a) shows the data
for PP composites of (a) TiO> with FLG and (b) TiO> with B215.

It is shown in Figure 22 that the reduction in complex viscosity of the composites after
96 hours of UV-C photodegradation is less pronounced in the composites than in neat PP.
Compared to samples containing only FLG or B215, mixing TiO2 with B215 or FLG resulted
in a smaller decrease in complex viscosity. However, in the samples where TiO> was mixed

with FLG, the reduction in complex viscosity, after 96 hours of UV-C photodegradation, was
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less pronounced than in the samples mixed with B215, suggesting low chain scissions in
samples containing FLG. Table A3 summarizes the percentage of reduction from the complex
viscosity curves for each composite and combination.

The observed results can be explained by the different photoprotection mechanisms of
the various additives. Figure 23 illustrates the autocatalytic photodegradation cycle of PP,
highlighting the points at which each photostabilizer acts. While Irganox B215 functions as
both a primary and secondary antioxidant, scavenging radicals generated during the PP
photodegradation process, FLG can act as a UV screener/absorber as well as a radical
scavenger (Karimi et al., 2023), contributing more to the photoprotection. TiO, primarily
functions as a UV screener/absorber, blocking light before the polymer absorbs it and becomes

an excited molecule. This outcome is also observed in the RSM obtained from the DoE.
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Figure 23. Autocatalytic photodegradation cycle and photostabilizers’ mechanism.

The UV-induced photodegradation of PP has been extensively studied in the literature
(Norman S. Allen et al., 1985; Girois et al., 1996; Rabek, 1995; Rouillon et al., 2016). This
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process involves two competing reactions: crosslinking (or branching) and chain scission. Both
reactions directly affect the polymer's molar mass and distribution, consequently influencing
its properties. Chain scission is an expected outcome of PP photodegradation, even under UV-
C exposure, leading to a loss in the pseudo-plastic behavior after 96 hours of UV-C
photodegradation, as shown in Figure 22, and is associated with a reduction in molar mass.
This reduction, in turn, leads to significant losses in the polymer’s mechanical and

physicochemical properties.

4.1.3 Few-Layered Graphene and Irganox B215 DoE

TiOz is widely used as a photostabilizer due to its action as a UV absorber or screener
to shield polymers from UV radiation (Curcio et al., 2018; Katangur et al., 2006; Mohr et al.,
2019; Zhang et al., 2018); however, it can also generate reactive oxygen species (ROS), which
can attack polymer molecules, promoting further degradation processes (N. S. Allen &
McKellar, 1978; Norman S. Allen et al., 1985; Costa et al., 2016; Rabek, 1995). Thus,
combining TiO, with a radical scavenger can be a promising alternative to enhance polymer
photostabilization.

In this context, Figure 24 shows the response surface model (RSM) generated by the
design of experiments (DoE) for each mixture of TiO2 with FLG or B215, illustrating the
Methyl Index (MI) and viscosity index responses illustrates the response surface model (RSM)
generated by the design of experiments (DoE) for each mixture of TiO, with FLG or B215,
showing the responses to the Methyl Index (MI) and viscosity retention separately. Tables A4
to A9 present the results of ANOVA for each RSM, as well as Table A10, summarizing the p-
values, F Critical, and F Calculated values for all DoE with 0=0.01 and a=0.05, can be found
in the Appendix, Chapter 4, Supplementary Material

The MI was selected as a response variable to monitor the photodegradation of PP. This
index was first proposed by Roullion ef al. (Rouillon et al., 2016) and serves as an alternative
method to track PP photodegradation under UV-A and UV-B using FTIR, replacing the
traditional carbonyl index. The authors detected volatile species containing —CH5; groups

within 25 hours of photodegradation and noted that the release of these species decreased the
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area of the peak at 1456 cm™! in the FTIR spectra. Additionally, this index has been shown to
be effective in tracking photodegradation even under UV-C exposure (Gimenez et al., 2025).

The response surface for the mixture of TiO> with FLG (Figure 6a) or with B215
(Figure 24b) on MI indicates that only the %m/m of TiO2 (v1) is responsible for impacting
this response, i.e., the %om/m of TiO> (v1) is responsible for decreasing the release of volatile
compounds during the PP UV-C photodegradation. It is worth noting that in Figure 20b, the
MI values are higher than those in Figure 24a, suggesting that adding FLG was more effective
than adding B215 for this response.

It is known that graphene can act through various polymer photostabilization
mechanisms, such as UV absorbers/screeners, physical barriers, and radical scavengers
(Karimi et al., 2020). In this case, the effect observed in Figure 24b may be attributed to the
2D structure of FLG and its high surface area, which acts as a physical barrier within the
polymer matrix, inhibiting the diffusion of low-molecular-weight compounds by creating
tortuous pathways that hinder the diffusion of small molecules, such as oxygen, and free
radicals into the polymer bulk (Karimi et al., 2020; Yoo et al., 2014). Therefore, in this case,
FLG may also be working as a physical barrier, reducing the input of Oz within the PP matrix,

slowing down photooxidation, and limiting the release of volatiles.
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Figure 24. RSM for the methyl index (MI) responses for (a) TiO>+FLG and (b) TiO>+B215
samples, as well as the viscosity index for the (c) TiO>+FLG and (d) TiO>+B215 samples.

As already known in the literature, chain scission is a typical consequence of PP

photodegradation and is directly associated with the complex viscosity (Norman S. Allen et

al., 1985; Girois et al., 1996; Rabek, 1995; Rouillon et al., 2016). To indirectly evaluate the

impact of UV-C exposure on PP chain scission, the viscosity index was used, comparing the

photodegraded sample to the non-exposed sample. Lower viscosity index values indicate that

the polymer underwent fewer chain scission reactions.
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In the case of the RSM for the viscosity index response, the mixture of TiO» with FLG
(Figure 24c) exhibited a different behavior as observed for the MI response. Both individual
variables, the %m/m of TiO; (v1) and the %m/m of FLG (v2), as well as their interaction
(v1v2), significantly influenced the viscosity index. The best results, i.e., viscosity index in
high values, were achieved when both v1 and v2 were at their highest levels (+1) in the DoE.

This result suggests that the addition of FLG to TiO2 reduced chain scission during the
photodegradation of PP under UV-C. This effect may be attributed not only to the combination
of TiO2’s photoprotection mechanism as a UV screener/absorber with FLG but also to FLG’s
distinct photoprotection mechanism, which includes acting as a UV screener/absorber and
radical scavenger, as well as a gas barrier for its high 2D surface area (Cui et al., 2016; Karimi
etal., 2020, 2023; Mistretta et al., 2019). FLG may not only scavenge radicals generated during
PP photodegradation but also capture radicals produced by TiO», showing a synergistic effect.
The mixture of TiO2 with B215 (Figure 24d) revealed that the %m/m of TiO; (v1) was the
primary variable influencing the viscosity index response. In this case, the addition of Irganox
B215 (v2) to TiO: did not significantly affect this response.

Additionally, a statistical model, shown in Figure 25, was used to evaluate the impact
of the variables, the %m/m of TiO2 (v1), and the %m/m of FLG (Figure 25a) or %m/m of
B215 (Figure 25b) (v2), as well as their interaction (v1v2), when combining both responses,
methyl index, and viscosity index in the PP photoprotection against UV-C. The responses were
combined using the desirability function (D) proposed by Derringer and Suich (Derringer &
Suich, 1980).

Figure 25a shows the global statistical protection model for the mixture of TiO> and
FLG, and Figure 25b shows the global statistical protection model for the mixture of TiO2 and
Irganox B215. It is possible to observe that adding FLG to TiOz not only led to higher values
of photoprotection than adding B215 to TiO,, but also showed that the global model is
impacted by the %m/m of FLG, suggesting a possible synergistic effect between them. As said
previously, this effect may be due to the combination of the different FLG photoprotection
mechanisms and its high 2D surface area, which provides more active sites for scavenging
radicals from PP photodegradation and TiO;’s parallel reactions under UV light than Irganox

B215. Thus, to achieve better photoprotection against UV-C, it is suggested to work with both
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%m/m of TiO2 and %em/m of FLG at the level +1 in this DoE, i.e., 3% m/m of TiO; and 2%
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Figure 25. Global model for the (a) TiO>+FLG and (b) TiO2+B215 samples.

4.14 Electron Paramagnetic Resonance (EPR)

Electron Paramagnetic Resonance (EPR) was used to evaluate the effect of FLG and

Irganox B215 as radical scavengers in the mixture with TiO2. The EPR spectra obtained from
spin-trapping with DMPO after 5 minutes of UV-C irradiation in deionized water suspensions
of FLG, TiO», Irganox B215, and the mixtures of TiO> with FLG and with Irganox B215 are
shown in Figure 26. The spectra display a characteristic 1:2:2:1 quartet signal, indicating the
presence of the DMPO-OH adduct after UV-C exposure (Konaka et al., 2001). Upon
irradiation, the signal intensity corresponding to the TiO; suspension increased, suggesting that
reactive oxygen species (ROS), i.e., -OH groups, may be generated on the TiO> surface after

exposure to UV-C (Asiva Noor Rachmayani, 1994). This signal intensity increased by around
21% when compared to the control (DMPO + H>0»).
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Figure 26. EPR spectrum obtained from spin-trapping with DMPO after 5 minutes of UV-C
irradiation in a deionized water suspension of FLG, TiO», Irganox B215, and the mixing of
Ti102 with FLG and with Irganox B215.

The absorption region of TiOz ranges from 200 nm to 400 nm, with a peak at around
345 nm, and an absorption edge of about 360 nm (K. Gao et al., 2020; Li et al., 2015). Although
the rutile TiO» exhibits a low photocatalytic activity due to its bandgap value of 3.03 eV (Li et
al., 2015), it still generates electron-hole pairs in the presence of water. These electron-hole
pairs on the TiO; surface lead to reduction and oxidation reactions (Figure 27), respectively,
generating reactive oxygen species (ROS) (Hu et al., 2020), as parallel reactions, which can

further promote photodegradative processes in polypropylene.
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Figure 27. ROS formation reactions on the TiO: surface.

The addition of radical scavengers can help mitigate the formation of reactive oxygen
species by TiO2. The EPR signal intensity (Figure 26) of Irganox B215 decreased significantly
by approximately 79% compared to the control. This behavior can be attributed to the
composition of the Irganox B215 blend, which consists of a 2:1 ratio of Irgafos 168, an
organophosphate that decomposes peroxide radicals, and Irganox 1010, an H-donor (Staffa et
al., 2017, 2020). These compounds function by scavenging -OHe radicals, decreasing the
number of free hydroxyl radicals that can form adducts with DMPO (BeiBmann et al., 2013;
De Paoli, 2009; Karimi et al., 2023).

The phosphorus atom in Irgafos 168 reacts with oxygen species, increasing its
oxidation state from +3 to +5, thereby scavenging radicals. In addition to being an H-donor,
sterically hindered phenols, such as Irganox 1010, are known to inhibit the autoxidation of
polymers by undergoing numerous further chemical reactions. After hydrogen abstraction, the
phenoxyl radical reacts with a hydroxyl radical (Beilmann et al., 2013), which can be seen in
the decrease in the EPR signal intensity (Figure 26). In PP, hydroperoxides are formed through
hydrogen abstraction by a peroxy radical from the polyolefin polymer backbone (Zweifel,
1996).
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Another radical scavenger that has gained attention as an alternative photostabilizer in
polymers is graphene and its derivatives (Goodwin, Lai, et al., 2020; Goodwin, Shen, et al.,
2020; Karimi et al., 2023; Mistretta et al., 2019; Nuraje et al., 2013; Prosheva et al., 2019; Zepp
et al., 2020). As shown in Figure 26, FLG also reduces the EPR signal intensity by around
68%, effectively scavenging radicals. Karimi ef a/. (Karimi et al., 2023) demonstrated that 57%
of the total reduction in the EPR signal intensity can be attributed to FLG’s UV
absorber/screener effect, while 43% can be due to its free radical scavenging capability.

Nevertheless, when comparing the mixture of TiO; with Irganox B215 and the mix of
TiO2 with FLG, the reduction in the EPR signal intensity (Figure 26) was greater for the TiO>
+ FLG mixture (~30%) than for the TiO, + B215 mixture (~25%). This difference may be
attributed not only to FLG’s distinct photoprotection mechanisms but also to its high 2D
surface area, which provides more active sites for scavenging radicals generated from TiO2’s
parallel reactions compared to Irganox B215. These results are in agreement with the RSM for
the mixture of TiOz with FLG or B215, shown in Figure 25.

Table 8 summarizes the influence of each stabilizer and how it impacts each response
(viscosity index and methyl index) used in this work. Even though the stabilizers had poor
adhesion and dispersion, being agglomerated, as indicated by SEM-EDS, the RSM showed
that the mixtures of TiO2 + FLG and TiO; + B215 are effective in photoprotecting PP against
UV-C. RSM data showed that TiO; is the primary variable directly affecting the evolution of
the methyl index. EPR showed that when Ti10O; absorbs UV-C radiation in the presence of water
and oxygen, it increases reactive oxygen species (ROS) levels. In the polymer matrix, this leads
to parallel reactions that may promote further PP degradation. In contrast, FLG proved
effective in reducing chain scission, as shown by the rheological analysis, and, when combined
with TiO;, showed a synergistic effect improving PP photostabilization. Irganox B215
demonstrated efficacy as a radical scavenger, as shown by EPR; however, when mixed with
TiO,, the EPR and RSM showed that it was unable to scavenge radicals generated by TiO2’s
parallel reactions. Additionally, RSM and MI showed that Irganox B215 had a minimal impact

on the evolution of the methyl index.
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Table 8. Summarized results for each stabilizer, TiO», FLG, and Irganox B215, and each
response, viscosity index, and methyl index, from DoE.

TiO2 FLG Irganox B215
High 2D surface area ) o
Increases ROS levels, . . Effective antioxidant
provides more active
Chain scission - promoting chain action against e OH
sites for radical
Viscosity index scission through ) ) radicals, minimizing
scavenging, reducing
parallel reactions. chain scission.

chain scission.

Hinders diffusion of
Strong UV-screening

FTIR-ATR - small molecules,
effect significantly ‘ S Minimal influence
Methyl Index _ . slowing photooxidation _
impacts the evolution of o . on MI evolution.
(MD) M and limiting volatile

release, affecting M1

UV screener/

Photoprotection absorber, Radical
UV screener/absorber ' Radical scavenger
Mechanism scavenger, physical
barrier
4.2 Conclusion

In this study, the influence of Few-Layered Graphene and Irganox B215 when
combined with titanium dioxide (TiOz) for UV-C photoprotection of polypropylene was
investigated. The use of two different types of photostabilizers was employed not only to
reduce radical formation caused by photodegradation but also to mitigate radicals generated
by the electron-hole reactions of TiO». To achieve this, we employed a Design of Experiments
(DoE) as a tool to (i) maximize the responses and (ii) minimize the number of experiments,
thereby optimizing the outcomes.

The surface response analysis indicated that, unlike B215, the addition of FLG had a
synergistic effect with TiO», further improving photoprotection. This may be attributed to the

combined photoprotection mechanisms of FLG, which not only act as a radical scavenger but
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also as a UV screener/absorber, thereby reducing radical formation from both the PP
photodegradation cycle and the electron-hole generation from TiO».

EPR results showed that mixing radical scavengers with TiO> reduced the OH
formation by ~30% for the FLG and ~25% for the B215 mixture, and although SEM images
showed that the stabilizers had a poor dispersion and a good distribution, the DoE showed that
the addition of FLG had a synergistic effect with TiO2, and working on the highest level (+1),
i.e., % m/m, it enhanced the PP UV-C photo protection, diminishing chain scission and

scavenging TiO> ROS, thereby enhancing UV-C resistance in PP.



CHAPTER 5

UVCYCLING AND CONTINUOUS UV-C PHOTODEGRADATION OF
POLY(ETHER SULFONE): IS THERE ANY DIFFERENCE?

Chapter 5 focused on the third sub-objective, “Assess the influence of exposure mode
on the photodegradation process for PESU, with a focus on continuous versus cyclic UV-C
exposure”. The surface modification induced by UV-C was investigated by FTIR-ATR, XPS,
contact angle formed by drops of water, and SEM images. Rheological measurements, along
with a Cole-Cole plot, were employed to investigate the effect of cyclic and continuous UV-C
exposure on PESU molar mass. Finally, tensile tests highlighted the PESU UV-sensitivity,

showing a decrease in the mechanical properties with one hour of exposure.

5.1 Results and Discussion

5.1.1 UV-C Surface Modification on PESU

Figure 26 presents the FTIR spectra of PESU photodegraded samples in a (a)
continuous exposure up to 96 hours, (b) cyclic exposure for up to 12 cycles, and the indices
for (¢) hydroxyl, ether, and carbonyl for samples exposed continuously, and (d) hydroxyl,
ether, and carbonyl areas for samples exposed in cycles. The peak assignments, and an FTIR
spectra featuring only PESU Oh and PESU 96h are found in Appendix, Chapter 5:
Supplementary Material (Figure A13 and Table A10). The peak used as a reference and
assumed to be invariant was at 622 cm™', which corresponds to the out-of-plane ring bending

(Silverstein et al., n.d.).
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Figure 28. (a) FTIR spectra for UV-C degraded PESU samples continuously up to 96 hours,
(b) FTIR spectra for UV-C degraded PESU samples in a cycle up to 12 cycles of 1 hour of
degradation, (c) hydroxyl, ether, and carbonyl indices for UV-C degraded PESU samples
continuously up to 96 hours, and (d) hydroxyl, ether, and carbonyl indices for UV-C
degraded PESU samples in a cycle up to 12 cycles of 1 hour of degradation.

The FTIR spectra shown in Figure 26a illustrate the progression of continuous UV-C

photodegradation in PESU. After 12 hours of UV-C photodegradation, the formation of a broad

peak, with two maxima, between 3370 and 2500 cm™', which corresponds to the hydroxyl

group generated from PESU photooxidation, becomes progressively evident. This band is

associated with hydroxyl groups formed through the photooxidation of PESU. Rivaton and
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Gardette (Rivaton & Gardette, 1999b) also observed two maxima in the hydroxyl peak, which
they attributed to the formation of free and hydroxyl phenolic end-groups. The authors
suggested that these changes result from C — O bond scission or an ether photo-Claisen
rearrangement. Additionally, a small peak at 1730 cm™!, corresponding to carbonyl group
formation, is also observed after 3 hours of UV-C photodegradation.

The most significant changes are observed in the sample exposed to 96 hours of
continuous UV-C photodegradation. The intensity of the peaks at 1576, 1486, and 1415 cm™,
which correspond to the asymmetrical stretch of C = C in the aromatic ring backbone (Belfer
et al., 2000; Vedovello et al., 2022), heavily changed. While the peaks at 1576 and 1486 cm™!
decreased in intensity, the peak at 1415 cm™ showed an increase, suggesting structural
modifications within the aromatic system. The progression of UV-C photodegradation also
reduced the intensity of the peak at 1234 cm™!, which is assigned to the symmetrical vibrations
of the ether bond, € — 0 — C (Vedovello et al., 2022). Additionally, UV-C also impacted the
peaks at 1148 cm and 1070 cm™, which correspond to symmetrical and asymmetrical
vibrations of § = 0 (Belfer et al., 2000), broadening the peak at 1070 cm!, indicating
alterations in the sulfone environment.

The spectra for cycle exposure are shown in Figure 26b. Except for the formation of a
hydroxyl group, between 3370 and 2500 cm™!, no significant differences were observed.
Regarding the hydroxyl peak, it is observed that the samples exposed to UV-C for 12 hours
continuously had a broader peak than the sample exposed for 12 hours in a cycle.

Figure 26 also shows the indices retrieved from FTIR spectra for (¢) hydroxyl, ether,
and carbonyl for samples exposed continuously, and (d) hydroxyl, ether, and carbonyl indices
for samples exposed in cycles at UV-C radiation. As observed by the FTIR spectra and by its
calculated index, the carbonyl peak exhibits limited sensitivity to PESU degradation,
regardless of whether exposure is continuous or cyclic. Otherwise, the photodegradation by
UV-C favors hydroxyl formation; in both exposure conditions, this behavior is reflected when
observing the indices in Figure 26¢ and d, indicating that hydroxyl formation is a more

dominant degradation pathway than carbonyl formation.
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It is also observed that the sample exposed to UV-C in cycles (Figure 26d) shows a
larger —OH peak area compared to the sample with 3 hours of continuous exposure. The same
tendency wasn’t observed for other samples.

The decrease in the area for the peak at 1234 cm™!, which is assigned to the symmetrical
vibrations of the ether bond (C — O — (), is also observed in Figure 26¢ and d. In Figure 26c,
the area decreases with the increase of UV-C exposure time, indicating cleavage in this bond
with the progression of PESU UV-C photodegradation. For the samples exposed in cycles
(Figure 26d), it is shown that the area for the ether bond, in the samples exposed for 3 and 6
hours, is smaller under cyclic photodegradation than under continuous exposure, indicating
more cleavage in the C — O bond when PESU is exposed continuously under UV-C radiation.
For the sample exposed for 12 hours, both continuously and in cycles, the indices remained
almost the same, not showing the same behavior observed for 3 and 6 hours of cycle and
continuous exposure.

Figure 27 shows the high-resolution XPS deconvolution spectra of (a) C 1s, (b) O 1s,
and (c) S 2p for PESU without UV-C exposure and (d) C 1s, (¢) O 1s, and (f) S 2p for PESU
exposed for 96 hours under UV-C radiation. Table 9 presents the binding energy assignments
and the percentage area of each peak for samples exposed to UV-C photodegradation for up to
96 hours, as well as for those exposed for 12 hours continuously and under UV-C radiation for

12 cycles.
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Figure 29. High resolution XPS deconvolution (a) C 1s, (b) O 1s, and (c) S 2p for PESU
without UV-C exposure and (d) C 1s, (e) O 1s, and (f) S 2p for PESU exposed for 96 hours
under UV-C radiation.

Overall, it is notable that after 96 hours of UV-C exposure, changes in C 1s, O 1s, and
S 2p are observed. Table 9 shows a decrease in the area corresponding to the C — C and C — S
bond, indicating cleavage, and an increase in the area corresponding to O — C = O for the C
Is spectra. Norrman ef al (Norrman et al., 2004) demonstrated that the crosslinking process
becomes more dominant at higher UV-C doses (above 200 mJ/cm?) for PESU
photodegradation; however, as observed by XPS, UV-C induced chain scission on PESU’s
surface. For the O 1s, an increase in the C — 0/0 — C = O* bond and a decrease inthe O = S
component were observed, which is consistent with the presence of atmospheric oxygen during
UV-C photodegradation (Lutondo et al., 2019; Munro & Clark, 1985; Norrman et al., 2004).

32 A decrease in S — 0

The S 2p spectra showed a ratio of 2:1 corresponding to S p'? and S p
bonding, corresponding to the sulphonate (—S05) moieties (BE = 167.82 eV) was observed as
a function of UV-C exposure time by Lutondo et al.. This effect can be related to the formation
of more sulfate (—S0,) species (169.01 eV), indicating an increase in the oxidation of the sulfur

atom. Lutondo et al. (Lutondo et al., 2019) modified the PESU surface with ozone using a
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single set of lamps that emitted both 253.7 and 184.8 nm for up to 60 minutes. They observed
that the formation of both —S05; and —S0, increased in the S — O bonding as a function of
treatment time.

Considering the degeneracies, i.e., where two or more distinct quantum states with the

same energy level are presented in the orbital, of the 2p orbital in the sulfur atom, which is an

asymmetric orbital with j values of 1/ o and 3/ 2, and an area ratio of 1:2 (Aziz & Ismail, 2017),

1/2

no changes were observed in the percentages corresponding to the S 2p-/< orbital for

sulphonate (—S03) and to the S 2p3/2 orbital for sulfate (—S0,) species, which maintained
constant with 49.47% and 50.53% respectively before and after UV-C irradiation.

Table 9. Binding energy assignments and % areas for C 1s and O 1s for the samples without
UV-C exposure, exposed for 96 hours continuously, and exposed for 12 hours in a cycle and
continuously up to 12 hours.

Cls %Atom %Atom %Atom %Atom
Binding energy PESU PESU PESU PESU 12h
Species
(eV) Oh 96h 12h cycle
C-C, aromatic
284.8 _ 90.51 85.12 84.43 84.03
ring
286.4 C-S 6.49 10.84 12.26 12.91
288.7 0-C=0 3.00 4.05 3.31 3.73
O1ls %Atom %Atom %Atom %Atom
Binding energy PESU PESU PESU PESU 12h
Species
(eV) Oh 96h 12h cycle
531.8 O=S 83.58 81.35 69.30 73.34
5333 C-0; O=C-0 16.43 18.69 30.71 26.66

Table 10 presents the O 1s/C 1s, S 2p/O 1s, and S 2p/C 1s ratios for all samples,
obtained from the survey spectra (Figure X in the appendix). As observed, after 96 hours of
UV-C irradiation, the O 1s/C 1s ratio increased, indicating enhanced oxidation of the PESU

surface as a consequence of UV-C photodegradation. A similar trend was observed for the
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samples exposed for 12 hours and for those subjected to the 12-hour irradiation cycle. The S
2p/O 1s and S 2p/C 1s ratios also changed upon UV-C exposure, demonstrating that UV-C
irradiation promotes an increase in the amount of sulfur atoms at the material surface after

photodegradation. This result is consistent with the FTIR observations.

Table 10. O 1s/C 1s, S 2p/O 1s, and S 2p/C 1s ratios for PESU samples exposed to Oh, 96h,
12h, and 12h cycle under UV-C.

Sample O 1s/C 1s S 2p/O 1s S 2p/C 1s
PESU 0h 0.18 0.11 0.02
PESU 96h 0.64 0.25 0.16
PESU 12h 0.34 0.22 0.08
PESU 12h 0.37 0.19 0.07
cycle

Figure 28 shows the high-resolution XPS deconvolution spectra (a) C 1s, (b) O 1s, and
(c) S 2p for PESU exposed continuously to UV-C radiation for 12 hours, and (d) C 1s, (e) O
Is, and (f) S 2p for PESU exposed to UV-C radiation in 12 cycles.

The C 1s spectra showed the same behavior for both UV-C exposure modes: a decrease
in the area corresponding to the € — C and C — S bond, indicating cleavage, and an increase
in the area corresponding to O — C = 0. The same behavior was also observed in both cases
for O 1s spectra, an increase in the C — 0/0 — C = 0" bond, and a decrease in the O = S bond.

The photodegradation of polysulfones, described in the literature, begins with the
cleavage of the C — S bond, shown for all samples in this study, leading to the reduction of
sulfonyl (—=S0, — ) groups to sulfide-like (—S —) groups. This process involves the elimination
of sulfur, either as SO2 or sulfur-containing species. In the presence of oxygen, further
degradation includes the opening and oxidation of the aromatic rings, resulting in the formation
of C —0,C = 0 and O — C = O species, as observed in the XPS and FTIR-ATR results (Shin
ichi Kuroda et al., 1989; Marletta & Iacona, 1996; Munro & Clark, 1985; Norrman et al., 2004;
Norrman & Krebs, 2004; Rivaton & Gardette, 1999a, 1999b).

Chain scission and crosslinking may occur simultaneously during PESU
photodegradation. However, they exhibit a temperature dependence, with chain scission

reactions being favored at room temperature (Shin-ichi Kuroda et al., 1990; Yamashita et al.,
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1993). High doses of UV radiation can also change the PESU photodegradation pathway,

promoting, even at room temperature, crosslinking reactions (Norrman et al., 2004).
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Figure 30. High resolution XPS deconvolution (a) C 1s, (b) O 1s, and (c) S 2p for PESU
exposed for 12 hours under UV-C radiation continuously, and (d) C 1s, (e) O Is, and (f) S 2p
for PESU exposed for 12 hours under UV-C radiation in cycles.

The contact angles formed by water droplets and the corresponding surface energies
for samples exposed to 0, 1, and 3 hours of UV-C irradiation are shown in Figure 31. The
observed increase in surface energy and decrease in water contact angle with increasing UV -
C exposure time are expected results from UV photodegradation in polymers. The increase in
surface energy likely indicates photooxidation-induced changes in surface chemistry, which
affect the material’s hydrophilicity and wettability (Carlsson et al., 1976; Grause et al., 2020;
Rabello & White, 1997), and is supported by the XPS results, Table 9 and 10. Due to the
significant increase in wettability and limitations of the measurement equipment, it was not
possible to determine the contact angle for samples exposed for longer durations, beyond 6
hours. Another factor that may be increasing the polymer wettability is the increase in the

surface rugosity (Kurusu & Demarquette, 2019).
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Figure 31. Contact angle and surface energy for samples with 0, 1, and 3 hours of irradiation
by UV-C, and images of drops of water in the samples with 6 and 96 hours. Photos of the
drop of water after 6 and 96 hours of UV-C photodegradation.

The SEM images of the PESU samples are presented in Figure 32: (a) without UV-C
exposure, (b) after 96 hours, (c) after 12 hours, and (d) after 12 cycles of UV-C exposure. Since
photodegradation is primarily a surface phenomenon, changes in surface topography are
expected. The unexposed sample (Figure 32a) exhibited a flat and smooth surface. After 96
hours of continuous UV-C exposure (Figure 32b), the PESU surface displayed numerous
cracks, likely caused by chain scission, branching, or crosslinking (Shin ichi Kuroda et al.,
1989; Marletta & Iacona, 1996; Munro & Clark, 1985; Norrman et al., 2004; Norrman &
Krebs, 2004; Rivaton & Gardette, 1999a, 1999b).

Interestingly, the sample exposed for 12 continuous hours (Figure 32¢) showed a
different surface morphology, with a peeled-like appearance and structures resembling small
rods. Additional images are provided in Appendix, Chapter 5: Supplementary Material (Figure
A14) for further reference. The sample exposed to 12 cycles of UV-C irradiation (Figure 30d)
revealed a combination of surface features observed in both Figure 32b and Figure 32¢. The 1-
hour intervals between the 1-hour irradiation cycles may have contributed to an accelerated

formation of cracks on the polymer surface.
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Figure 32. SEM with magnification of 4000 x for samples with (a) 0 hours, (b) 96 hours, (c)
12 hours, and (d) 12 cycles of UV-C exposure time.

5.1.2 Impact on Mechanical Properties and Macromolecular Arrangements of UV-

C Photodegraded PESU

Tables 11 and 12 present the results of tensile stress for PESU samples exposed to
continuous UV-C for up to 96 hours, and cyclic exposure, respectively. Tensile-strain curves
can be found in the Appendix, Chapter 5, Supplementary Material (Figures A15 and A16). In
this case, the tensile stress at yield and the tensile strength are the same, and remain constant
throughout the photodegradation process, indicating that the amount of force per unit area that
PESU can withstand before it begins to deform permanently remains unchanged, even after 96

hours of continuous UV-C photodegradation. Similar behavior was observed for the tensile
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stress at break and Young’s modulus, suggesting that the photodegradation had a minimal

impact on the maximum stress PESU can withstand before breaking under tension, as well as

on its stiffness under stress.

Table 11. Mechanical properties result from tensile stress in PESU samples irradiated
continuously with UV-C up to 96 hours.

compts T g TS e Voun
(MPa) (%)
PESU 0Oh 87.4+0.15 62.70 +1.48 3328 +3.14 1.61 £0.04
PESU 1h 85.68 £2.39 60.64 +3.81 21.34+1.66 1.56 £ 0.09
PESU 3h 86.57 +£0.85 59.85+0.93 18.09 +£3.28 1.62 +0.06
PESU 6h 87.82 £0.65 61.50+£0.24 21.59+1.97 1.67 £0.05
PESU 12h 87.29 £ 0.90 62.30 £0.51 18.87 +£2.33 1.56 £ 0.07
PESU 24h 86.35 £ 0.88 59.39 £ 1.51 15.57+2.45 1.65 £ 0.08
PESU 48h 87.50+0.91 60.34 +£2.04 16.63 £ 1.28 1.65+0.04
PESU 96h 86.35 £ 0.60 60.30 £ 1.26 1535+ 1.12 1.61 +£0.11

Table 12. Mechanical properties result from tensile stress in PESU samples irradiated in
cycles with UV-C up to 12 cycles.

. Tensile stress at  Elongation Modulus
Tensile strength

Sample (MPa) break at Break Young

(MPa) (%) (GPa)
PESU 0h 87.35+0.15 62.70 + 1.48 33.28 +£3.14 1.61 +£0.04
PESU 3h cycle 87.33+£0.90 59.62 +1.83 15.44£2.49 1.65+0.05
PESU 3h 86.57 £ 0.85 59.85+0.93 18.09 +£3.27 1.62 +0.06
PESU 6h cycle 87.33+£0.90 59.62 +1.83 17.02 £ 3.77 1.65+0.05
PESU 6h 87.82 £ 0.65 61.50 £0.24 21.59+1.97 1.67 +£0.05
PESU 12h cycle 87.11 £0.40 60.89 + 1.25 17.04 £5.11 1.69+0.12
PESU 12h 87.29 £ 0.90 62.33 £ 0.51 18.87 +£2.33 1.56 £ 0.07
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The elongation at break followed a similar trend with the progression of UV-C
photodegradation, with major changes occurring after 1 hour of UV-C irradiation. The results
from cyclic exposure, presented in Table 12, showed the same tendency as observed under
continuous exposure. The decrease in the elongation at break, shown in both tables, may be
related to chain scission reactions as a result of photodegradation.

Figure 31a presents an example of a Cole-Cole plot for an ideal Maxwellian fluid, while
Figure 31b and Figure 31¢ show the Cole-Cole plots for PESU samples photodegraded by UV-
C: (b) for samples exposed continuously for up to 96 hours, and (c) for samples exposed in
cycles, up to 12 UV-C cycles. The Cole-Cole plot is commonly used in the literature to
determine whether a material exhibits ideal Maxwellian fluid behavior, i.e., a viscoelastic fluid
that displays both viscous and elastic properties, or not. The Maxwell model is applied to
describe the stress relaxation phenomenon of such fluids (Friedrich & Braun, 1992; Rolere et
al., 2017; Zheng & Zhang, 2017). In rheology, the Cole-Cole diagram is obtained from plotting

the evolution of shear loss modulus (G”') with the shear storage modulus (G’).
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Figure 33. (a) Graphic determination of parameters K', K, G, and G; from a Cole-Cole
diagram, (b) Cole-Cole plot for PESU samples exposed continuously up to 96 hours under
UV-C, and (c¢) Cole-Cole plot for PESU samples cyclically exposed to UV-C up to 12 cycles.

Based on the model proposed by Cavaille ef a/ (Cavaille et al., 1989), shown in Eq. (6),
several parameters related to the polymer macromolecular structure arrangement can be
obtained, such as h, K, and H. These parameters are associated with “defects” at the molecular
scale, 1.e., sites where the molecular motions that determine the rheology of glassy materials
begin and evolve with time: h corresponds to structural-level defects, such as entanglements
or nodes; K is related to defects at the monomeric scale, and H reflects the overall defect

concentration and average molar mass (Nait-Ali et al., 2012).
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The h parameter is given by Eq. (7):
hm
slope = - (7

As shown graphically in Figure 31b, the amplitude H remains nearly constant with the
progression of UV-C photodegradation for the samples exposed continuously up to 96 hours.
This behavior indicates a low defect concentration and no significant changes in the average
molar mass. The values of the parameter h, calculated from Eq. (7) and presented in Table 13,
showed a slight decrease, suggesting restricted diffusion of monomeric segments, indicating a
small formation of points of entanglements or crosslinks (Cavaille et al., 1989; Friedrich &
Braun, 1992; Nait-Ali et al., 2012; Rolere et al., 2017). This trend is more clearly observed in
the complex viscosity data shown in Figure 31a.

In contrast, samples exposed to UV-C in cycles, Figure 31c, show a different behavior
for the H parameter. With the increase in exposure cycles, the H value decreased, suggesting

an increase in the defect concentration and changes in the average molar mass (Nait-Ali et al.,
2012).

Table 13. h parameter values for PESU samples irradiated in cycles with UV-C up to 12
cycles, and continuously, up to 96 hours.

Cycle h parameter Continuous h parameter
PESU 3h cycle 0.94 PESU 0Oh 0.93
PESU 6h cycle 0.93 PESU 1h 0.91
PESU 12h cycle 0.90 PESU 3h 0.89

- - PESU 6h 0.92
- - PESU 12h 0.89
- - PESU 24h 0.90

- - PESU 48h 0.89
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- - PESU - 96h 0.88

5.2 Conclusion

This study aimed to answer the central question posed in this chapter: “Cycling and
Continuous Poly(ether sulfone) (PESU) UV-C Photodegradation: Is there any difference?”.
To investigate this, FTIR-ATR, XPS, surface energy and water contact angle measurements,
SEM, stress-strain testing, and rheological analysis were employed to identify differences
between the UV-C photodegradation modes. Overall, the results demonstrate that both
continuous and cyclic UV-C exposure change the behavior and properties of PESU, with
distinct effects observed depending on the degradation mode.

After 12 hours of continuous UV-C exposure, FTIR-ATR results revealed a broad peak
between 3370 and 2500 cm™, indicating the formation of hydroxyl groups. Additionally, a
small peak at 1730 cm™!, corresponding to carbonyl groups, was observed after 3 hours of UV-
C exposure. The difference in intensity between these peaks suggests that hydroxyl formation
is the predominant pathway in PESU UV-C photodegradation. The process also affected the
aromatic system and the sulfone environment. Cyclic exposure showed changes in FTIR-ATR
spectra only for the sample exposed in 3 cycles, where a larger hydroxyl peak area was
observed. Furthermore, the peak at 1234 cm™!, associated with the ether bond, proved useful
for monitoring PESU UV-C photodegradation.

The intensities of the XPS C 1s and O 1s signals increased after 96 hours, 12 hours of
continuous exposure, and after 12 cycles. The decrease in C 1s intensity may be attributed to
chain scission reactions in the polymer surface promoted by UV-C irradiation. The samples
exposed for 96 hours, and those exposed to 12 cycles under UV-C light, exhibited a similar
tendency, showing an increase in the S 2p/C 1s and S 2p/O 1s ratios, indicating an increase in
the formation of sulfate moieties.

SEM images revealed that the sample exposed to 12 hours of UV-C irradiation
presented a surface morphology featuring small rods and a peeling-like appearance. In contrast,

the sample exposed to 96 hours showed a surface covered with cracks. Interestingly, the sample
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exposed to 12 cycles exhibited a combination of both features, likely due to the 1-hour rest
intervals between 1-hour UV-C exposures.

Stress-strain testing showed that UV-C only began to significantly affect the
mechanical properties of PESU after just 1 hour of exposure. The 1-hour pauses between UV-
C exposures likely promoted chain scission, reducing the polymer's pseudoplastic behavior.
The H parameter from the Cole-Cole plot also indicated that samples exposed in cycles had an

increase in the amount of defects and changes in the average molar mass.



CHAPTER 6

UV-C INDUCED STRUCTURAL CHANGES AND THEIR IMPACT ON THE
PERFORMANCE OF POLY(ETHER) SULFONE/FEW-LAYERED GRAPHENE
AND POLY(ETHER) SULFONE/GRAPHENE OXIDE COMPOSITES

This chapter showed the results regarding the fourth and last sub-objective of this work,
“Employ graphene oxide (GO) and FLG in PESU to investigate the effects of each stabilizer
on the materials’ rheological, mechanical, and physicochemical properties after UV-C
exposure”. The effectiveness of each composite, PESU/FLG and PESU/GO, after UV-C
exposure was evaluated through rheological, mechanical, and surface characterization
techniques, including FTIR-ATR, contact angle formed by drops of water, SEM images, and
XPS. The results showed that FLG mitigates hydroxyl formation, while GO had a minimal
impact on the hydroxyl evolution with UV-C exposure. Changes in rheological and mechanical
properties are also explored in this chapter, and the adhesion, dispersion, and distribution of

GO and FLG within the PESU matrix were also evaluated by SEM images.

6.1 Results and Discussion

6.1.1 Effect of UV-C Photodegradation on PESU/FLG and PESU/GO Composite

Surfaces.

FTIR spectra for PESU/FLG composites with 1, 2, and 4% m/m, before and after 96
hours of UV-C exposure, are shown in Figure 32a, and FTIR spectra for PESU/GO composites
with 1, 2, and 4% m/m, before and after 96 hours of UV-C exposure, are shown in Figure 32b.
The peak used as reference and assumed as invariant was at 622 cm™', which corresponds to

the out-of-plane ring bending (Silverstein et al., n.d.).
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Figure 34. (a) FTIR spectra for PESU/FLG composites with 1, 2, and 4% m/m, before and
after 96 hours of UV-C exposure, (b) FTIR spectra for PESU/GO composites with 1, 2, and
4% m/m, before and after 96 hours of UV-C exposure, (c) hydroxyl, ether, and carbonyl
areas for PESU/FLG composites with 1, 2, and 4% m/m, and (d) hydroxyl, ether, and
carbonyl areas for PESU/GO composites with 1, 2, and 4% m/m.

The FTIR spectra presented in Figure 32a illustrate the effects of UV-C-induced
photodegradation on PESU/FLG composites. After 96 hours of UV-C photodegradation, a
broad band, between 3370 and 2500 cm™, assigned to the hydroxyl group (Rivaton & Gardette,
1999b), decreases progressively with an increase in FLG content. Adding FLG into PESU also
impacted the effect of UV-C on peaks 1576, 1486, and 1415 cm™!, which correspond to the

asymmetrical stretch of C = C in the aromatic ring backbone (Belfer et al., 2000; Vedovello
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et al., 2022). Although UV-C irradiation affects these peaks, suggesting structural
modifications within the aromatic system, the effect on the peak at 1415 cm™ diminished as
the FLG load increased. Furthermore, the addition of FLG has only a minor effect on the peaks
at 1148 cm™ and 1070 cm!, assigned to symmetrical and asymmetrical vibrations of S = 0
(Belfer et al., 2000), i.e., even at 4% m/m FLG content, the peak at 1070 cm™ broadens,
indicating alterations in the sulfone environment.

Figure 32b shows the PESU/GO composites FTIR spectra after 96 hours under UV-C
exposure. It is worth mentioning that adding GO to PESU had little to no effect on the increase
in the hydroxyl band intensity. However, GO influenced peaks 1576, 1486, and 1415 cm,
more than FLG, suggesting that the structural modifications within the aromatic system were
smaller than in the PESU/FLG composites. A similar tendency was observed in the peaks at
1148 cm™ and 1070 cm™'; increasing GO content resulted in minimal changes to the sulfone
environment after 96 hours of UV-C photodegradation, in contrast to the more evident
alterations observed in neat PESU and PESU/FLG composites (Figure 32a).

The indices for hydroxyl, ether, and carbonyl peaks are also shown in Figure 32 for (c)
FLG composites and (d) GO composites after 96 hours of UV-C photodegradation. The same
behavior observed in the FTIR spectra was observed in the indices for the hydroxyl peak for
FLG composites, Figure 32c, and GO composites, Figure 32d. The addition of FLG reduced
the formation of hydroxyl induced by UV-C irradiation, suggesting that FLG is effective in
suppressing hydroxyl formation in PESU. Additionally, a slight increase in the carbonyl area
at 1735 cm™! was observed in both cases.

Figure 32d shows that adding GO also affects the area of the ether peak, at 1234 cm’!
(Vedovello et al., 2022). After 96 hours of UV-C photodegradation, the decrease in the ether
peak area is directly related to the increase in GO content, indicating that GO mitigates C —
O — C bond cleavage. This behavior wasn’t observed for the FLG composites in Figure 32c.

The high-resolution XPS deconvolution spectra of (a) C 1s, (b) O Is, and (c) S 2p for
PESU/4% FLG without UV-C exposure and (d) C 1s, (e) O 1s, and (f) S 2p for PESU/4% FLG
exposed for 96 hours under UV-C radiation are shown in Figure 33. Table 14 presents the
binding energy assignments and the percentage area of each peak for neat PESU, FLG, and
GO composite samples before and after UV-C photodegradation.
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Figure 35. High resolution XPS deconvolution (a) C 1s, (b) O 1s, and (c) S 2p for PESU/4%
FLG without UV-C exposure and (d) C 1s, (e) O 1s, and (f) S 2p for PESU/4% FLG exposed
for 96 hours under UV-C radiation.

The effect of UV-C irradiation on neat PESU and PESU/4% FLG is completely
different, showing opposite tendencies for the C 1s and O 1s percentage areas, as shown in
Table 14. In neat PESU, 96 hours of UV-C photodegradation led to an increase in the area
corresponding to C 1s, likely due to branching or crosslinking reactions (Norrman et al., 2004).
In contrast, the PESU/FLG composite showed a decrease in these areas, i.e., a reduction in € —
C and O — C = O areas for the C s spectra, suggesting chain scission reactions. The C — S
area also behaved differently: in neat PESU, the C — S decreased, indicating bond cleavage,
whereas in PESU/FLG composites, it increased, implying the formation of new bonds
involving carbon bound to sulfur.

Regarding the O 1s spectra, neat PESU showed an expected increase in the € — 0/0 —
C = 0" bond and a decrease in the O = S (Lutondo et al., 2019; Munro & Clark, 1985;
Norrman et al., 2004). In contrast PESU/FLG composite showed an increase in O = S and a

decreasein C — 0/0 — C = 0", consistent with the FTIR results presented in Figure 32, further
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supporting the hypothesis that FLG may suppress hydroxyl formation on PESU UV-C

photodegradation. For S 2p, the %atom remained the same before and after UV-C
photodegradation for all samples, with 50.53% for S 2p3/? and 49.47% for S 2p*/? orbital.

Table 14. Binding energy assignments and % areas for C 1s and O 1s for the neat PESU,
PESU/4% FLG, and PESU/4% GO samples without UV-C exposure and after 96 hours of

UV-C exposure.

Cls %Atom  %Atom  %Atom % Atom % Atom % Atom
Binding
PESU PESU/4% PESU/4% PESU/4% PESU/4%
energy Species  PESU 0Oh
96h FLG Oh  FLG 96h GO Oh GO 96h
(eV)
C-C
284.8 aromatic 90.51 85.12 87.87 85.92 90.12 83.58
ring
286.4 C-S 6.49 10.84 8.66 9.11 7.51 11.71
288..7 0-C=0 3.00 4.05 3.47 4.97 2.38 4.71
O1s %Atom  %Atom  %Atom %Atom %Atom %Atom
Binding
PESU PESU/4% PESU/4% PESU/4% PESU/4%
energy Species  PESU Oh
96h FLG Oh  FLG 96h GO Oh GO 96h
(eV)
531.8 O=S 83.58 81.35 75.60 83.81 80.73 77.55
C-0;
5333 16.43 18.69 24.40 16.20 19.28 22.45
0=C-0O

As shown in Table 14, PESU/GO composite exhibits a similar behavior to PESU/FLG

in the C Is spectra, with a decrease in the C — C and O — C = O areas and an increase in the

C — S bond area, these changes are also visible in Figure 34a and d. The O 1s spectra for

PESU/GO follow the same behavior as neat PESU, showing an increase inthe C — 0/0 — C =

0" and a decrease in 0 = S, which is expected due to the presence of the atmosphere oxygen
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in the UV-C photodegradation, and to the GO reactivity (Lutondo et al., 2019; Munro & Clark,
1985; Norrman et al., 2004). This behavior is corroborated by the FTIR results in Figure 32.

Table 15. O 1s/C 1s, S 2p/O 1s, and S 2p/C 1s ratios for PESU/FLG and PESU/GO samples
exposed to Oh and 96h under UV-C.

Sample O 1s/C 1s S 2p/0O 1s S 2p/C 1s
PESU 0h 0,18 0,11 0,02
PESU/4% FLG 0h 0,20 0,16 0,03
PESU/4% FLG 96h 0,44 0,18 0,08
PESU/4% GO 0Oh 0,20 0,14 0,03
PESU/4% GO 96h 0,40 0,17 0,07

Table 15 presents the O 1s/C 1s, S 2p/O 1s, and S 2p/C 1s ratios for the PESU/FLG
and PESU/GO samples before and after 96 hours of UV-C exposure. It is important to note
that, after UV-C irradiation, the O 1s/C 1s, S 2p/O 1s, and S 2p/C 1s ratios increase for all
composites. However, for the PESU/GO composites, the increases in these ratios are smaller
than those observed for the PESU/FLG composites. Complementary contact angle analysis is

found in Figure A17 in the Appendix, Chapter 6, Supplementary Material.
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Figure 36. High resolution XPS deconvolution (a) C 1s, (b) O 1s, and (c) S 2p for PESU/4%
GO without UV-C exposure and (d) C 1s, (e) O 1s, and (f) S 2p for PESU/4% GO exposed
for 96 hours under UV-C radiation.

Figure 37 presents SEM images for (a) PESU/4% FLG without UV-C exposure, (b)
PESU/4% FLG with 96 hours under UV-C exposure, (c) PESU/4% GO without UV-C
exposure, and (d) PESU/4% GO with 96 hours under UV-C exposure.
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Figure 37. SEM with magnification of 500 x for (a) PESU/4% FLG without UV-C exposure,
(b) PESU/4% FLG with 96 hours under UV-C exposure, and SEM with magnification of
4000 x for (¢c) PESU/4% GO without UV-C exposure, and (d) PESU/4% GO with 96 hours
under UV-C exposure.

As shown in Figure 37a, the PESU/FLG sample exhibits a rough surface with some
defects, even prior to UV-C exposure. After 96 hours under UV-C irradiation, the resulting
surface showed a pronounced increase in roughness and defect density, along with the
appearance of fine cracks (Figure 37b). In contrast, the PESU/GO composite initially displays
a comparatively smooth surface in the absence of UV-C exposure. Nevertheless, after 96 hours

of irradiation, crack formation is also evident on its surface.

6.1.2 Impact of UV-C Irradiation on Chain Mobility and Mechanical Strength in
PESU/FLG and PESU/GO Composites

Figure 38 presents the complex viscosity as a function of angular frequency for (a) 1%

PESU/FLG, (b) 2% PESU/FLG, (c) 4% PESU/FLG composites, and (d) 1% PESU/GO, (e)
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2% PESU/GO, and (d) 4% PESU/GO composites, before and after 96 hours under UV-C

Complex Viscosity (Pas)

Complex Viscosity (Pas

irradiation.
iy b) c) e it
. 10° 4 — 104
8 8
. =
= z
K] @
Q Q
o o
2 a
> >
2 g
o a
—a—neat PESU - Oh g —a— neat PESU - Oh 5 —&— neat PESU - Oh
—r—neat PESU - 96h . ° —v— neat PESU - 96h © —v—neat PESU - 96h
—a— PESUM% FLG - 0h — A PESU/2% FLG - Oh —A— PESUM4% FLG - 0h
—v— PESUAM% FLG - 96h —+— PESU/2% FLG - 96h —v— PESU/4% FLG - 96h
T T T T T T T T T T T T T T T
0.1 1 10 100 1000 o1 1 10 100 1000 0.1 1 10 100 1000
Angular Frequency (rad/s) Angular Frequency (rad/s} Angular Freguency (rad/s)
N e) f
S — 10° 10
‘ 8 g
= L
= =
@ i
g 8
Kz n
> >
3 B
e £
S —i— neat PESU - Oh o neat PESU - Oh
—a—neat PESU - Oh &)
—v— neat PESU - 96h —v— neat PESU - 96h © —i—neat PESU - 96h
PESU/% GO - Oh —a— PESU/2% GO - 0h —4— PESU/4% GO - Oh
—1— PESUM% GO - 96h —v— PESU2% GO -96h —v— PESU/M% GO - 96h
. . T T T T T T T T T T T T T
0,1 1 10 100 1000 0.1 1 10 100 1000 0,1 1 10 100 1000
Angular Frequency (rad/s) Angular Frequency (radfs) Angular Frequency (rad/s)

Figure 38. Complex viscosity as a function of angular frequency at 345 °C for (a) 1%
PESU/FLG, (b) 2% PESU/FLG, (c) 4% PESU/FLG composites, and (d) 1% PESU/GO, (e)
2% PESU/GO, and (f) 4% PESU/GO composites, before and after 96 hours under UV-C
irradiation.

As shown in Figures 38a, b, and c, adding FLG to the PESU matrix changed the
behavior of the complex viscosity curves. It is observed that the complex viscosity increases
with the increase of FLG content and with UV-C irradiation. Samples containing FLG showed
a different behavior in frequencies ranging from 10 to 1000 rad/s; this effect is more
pronounced for all composites exposed to 96 hours of UV-C irradiation.

The increase in the complex viscosity of PESU/FLG composites can be explained by
the Yield stress, where the interactions between FLLG and PESU form a network that restrains
the molecules' movement, enhancing the shear resistance. This rise in complex viscosity was

noted by La Mantia ef al. (La Mantia et al., 2018). for PP/graphene composites.
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After 96 hours of UV-C degradation, the composite samples exhibited an increase in
the complex viscosity. The combination of UV-C irradiation and FLG may induce grafting,
crosslinking, or stronger m — 1 interactions between the matrix and the stabilizer, increasing
the complex viscosity. The grafting/crosslinking induced by UV-C between the matrix and the
stabilizer may have immobilized the chains in the particle, making them resistant to flow.

Figures 38d, e, and f show the complex viscosity as a function of frequency for
PESU/GO composites. The GO composites exhibit a different behavior compared to the
PESU/FLG composites. The increase in the GO content and the UV-C exposure showed almost
no impact on the complex viscosity. For the UV-C-exposed samples, the same explanation
applied to PESU/FLG composites is valid. However, GO has fewer available m-orbitals
(Karimi et al., 2020) for grafting/crosslinking than FLG, resulting in an increase in complex
viscosity after UV-C irradiation slightly smaller when compared to PESU/FLG composites.

Figure 39 presents the cross-section SEM images of (a) PESU/4% FLG and (b)
PESU/4% GO samples without UV-C exposure. The dispersion and distribution of stabilizers
within the polymer matrix play a crucial role in the composite's properties (Karimi et al., 2023).
As shown in Figure 39a, FLG is well distributed within the PESU matrix; a similar dispersion
is observed for the GO composite in Figure 39b. The particle size and aggregation differ
between FLG and GO; the FLG composite shows smaller and more agglomerated particles
than the GO composite. Figure 39 and d also indicate that the interfacial adhesion between the

PESU/FLG and the PESU/GO appears to be weak.
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Figure 39. Cross-section SEM with magnifications of 4000 x for samples without UV-C
exposure of (a) PESU/4% FLG, and (b) PESU/4% GO; and with magnifications of 16000 x
for (c) PESU/4% FLG, and (d) PESU/4% GO.

The results for tensile stress of PESU/FLG and PESU/GO composites before and after
96 hours under UV-C are shown in Table 16. Tensile-strain curves can be found in Appendix,
Chapter 6, Supplementary Material (Figure A18).

Overall, the addition of stabilizers to the PESU matrix did not significantly influence
Young’s Modulus for the unexposed samples, indicating that the maximum stress that the
PESU composites can withstand before going under plastic deformation remains unchanged.
The elongation at break decreases considerably with the addition of stabilizers to the PESU
matrix, which may be attributed to the weak adhesion observed in the cross-section SEM
image, Figure 39. It is also observed that the tensile stress at break increases in the composite
samples, suggesting that FLG and GO enhance the force per unit area that PESU can withstand

before permanent deformation.
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After 96 hours under UV-C exposure, both the tensile stress and elongation at break
decrease significantly due to an increase in surface defects, as shown in Figure 37, which can

cause premature failure in the composite material.

Table 16. Mechanical properties result from tensile stress in PESU/FLG and PESU/GO
composites with and without 96 hours of UV-C irradiation.

Tensile stress Elongation at Young's

Sample at break Break Modulus
(MPa) (%) (GPa)

PESU 0h 62.70 £1.48 33.28+3.14 1.61+0.04
PESU 96h 60.30 £ 1.26 15.35+1.12 1.61 +0.11
PESU 1% FLG 0h 67.50 £ 4.81 1091 £1.91 1.71 £0.07
PESU 1%FLG 96h 64.04 +£7.47 1.09+0.14 8.40+1.33
PESU 2% FLG 0h 80.98 +2.97 12.05 £ 1.05 1.76 £ 0.09
PESU 2%FLG 96h 51.12 £ 8.27 0.76 £ 0.20 9.15+0.84
PESU 4% FLG 0h 77.89 £4.32 8.63£0.91 1.73 £0.04
PESU 4%FLG 96h 72.72 £1.07 1.16 £0.17 11.59+£0.38
PESU 1% GO 0Oh 60.79 £2.49 15.75+1.05 1.65+0.08
PESU 1%GO 96h 77.56 £1.33 1.47 +0.07 9.23 +£0.38
PESU 2% GO 0Oh 65.21 £1.82 13.37 £0.68 1.63+0.04
PESU 2% GO 96h 80.98 + 1.54 1.49 +0.03 9.47 +0.82
PESU 4% GO 0Oh 81.93 £ 0.45 12.21 £ 0.88 1.65+0.04
PESU 4% GO 96h 80.29+0.93 1.51+0.04 906 +037

Young’s Modulus increases for all composites after 96 hours of UV-C exposure, rising
from 1.61 GPa for PESU to values between 8 and 11 GPa for the composites, as shown in
Table 16. The addition of FLG and GO to the PESU matrix also increased the complex
viscosity, as shown in Figure 38. This may be attributed to UV-C inducing reactivity in the -
orbitals present in FLG and GO, promoting grafting and crosslinking reactions that lead to a

more rigid network after UV-C exposure. These crosslinking increases resistance to flow,
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restricts chain mobility, and promotes more rigid behavior, thereby increasing the maximum
elastic loads PESU can withstand. At the same time, the reduced chain mobility and presence
of crosslinking make the material lose its capacity for plastic deformation, resulting in reduced

elongation at break.

6.1.3 Comparative Radical Scavenging Effect by FLG and GO Assessed via

Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) was used to evaluate the effect of FLG and
GO as radical scavengers. The EPR spectra obtained from spin-trapping with DMPO after 5

minutes of UV-C irradiation in deionized water are shown in Figure 40.

«—/\,———j\{———/\[ A~ FLG 0.2 mg/mL
GO 0.2 mg/mL
=
®
c
]
=
DMPO + H.0,
"""""""" L B BN BB BRI R R UL B

3470 3480 3490 3500 3510 3520 3530 3540 3550 3560 3570 3580
Magnetic field (G)

Figure 40. EPR spectrum obtained from spin-trapping with DMPO after 5 minutes of UV-C
irradiation in a deionized water suspension of FLG and GO.
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The characteristic 1:2:2:1 quartet signal, indicating the presence of the DMPO-OH
adduct after UV-C exposure (Konaka et al., 2001), is shown in the spectra. Upon irradiation,
the signal intensity corresponding to the FLG and GO suspension decreased, suggesting that
reactive oxygen species (ROS), i.e., -OH groups, may be scavenged by FLG and GO.
Furthermore, the reduction in the intensity of the FLG EPR signal was approximately 67%,
while in the case of GO, the reduction was around 42%. These EPR data indicate that FLG
captures more radicals than GO, suggesting that FLG possesses a higher density of available

m-orbitals.

6.2 Conclusion

In this chapter, the influence of UV-C irradiation on PESU/FLG and PESU/GO
composites was investigated. FTIR-ATR and XPS results revealed that FLG mitigated
hydroxyl formation during PESU UV-C photodegradation, affected the aromatic system and
the sulfone environment, suggesting structural modifications.

For GO composites, FTIR-ATR and XPS results showed that adding GO to PESU had
a minimal effect on the increase in the hydroxyl band intensity. However, in contrast to FLG
composites, GO composites exhibited only small structural modifications within the aromatic
system and sulfone environment after 96 hours of UV-C photodegradation. It is worth noting
that GO also mitigated the ether bond cleavage.

SEM surface images showed that the PESU/FLG sample exhibited a rough surface with
some defects even prior to UV-C exposure. After UV-C exposure, these defects increased,
resulting in a rougher surface with higher defect density, along with the appearance of fine
cracks. In contrast, the PESU/GO composite displayed a smooth surface in the absence of UV-
C exposure, and after 96 hours of irradiation, crack formation was observed. Cross-section
images also showed that, although the stabilizers were well distributed in the bulk, they
exhibited weak adhesion to the matrix.

Rheological measurements were employed to evaluate the addition of FLG to the PESU

matrix and the effects of UV-C exposure. The complex viscosity increased, indicating that



109

FLG significantly affected PESU behavior even before UV-C exposure. After 96 hours of UV-
C degradation, the composite samples exhibited an increase in the complex viscosity,
suggesting that the combination of UV-C irradiation and FLG may induce grafting,
crosslinking, or stronger m — 1 interactions between the matrix and the stabilizer.

PESU/GO composites exhibit a different behavior compared to the PESU/FLG
composites. Increasing the GO content only affected the complex viscosity, which increased
both before and after UV-C exposure. However, due to GO having fewer available m-orbitals,
as shown by EPR results, this effect was less pronounced than in FLG composites.

Tensile test results for PESU/FLG and PESU/GO composites before and after 96 hours
of UV-C exposure showed that adding the stabilizer considerably decreased the elongation at
break, likely due to the weak adhesion observed in the cross-section SEM image. After UV-C
exposure, the Young’s Modulus increased for all composites, indicating that the combination

of GO, FLG, and UV-C may have increased material stiffness.






CONCLUSION

This thesis provides insights into the effects of UV-C photodegradation on polymers
used in the medical field, specifically for polypropylene (PP) and poly (ether sulfone) (PESU),
and presents strategies to photostabilize them against this type of UV irradiation, evaluating
whether these strategies are effective.

The first aim of this research was to investigate the subtle differences in UV-C
photodegradation, assess how UV-C affects polymer properties, and elucidate details of the
reaction pathways involved. Based on these findings, different combinations of stabilizers,
such as Few-Layered Graphene (FLG), titanium dioxide (TiO2), Irganox B215 (B215), and
graphene oxide (GO), were proposed to enhance UV-C protection.

To ensure a comprehensive understanding, the study was divided into two main
sections comprising four parts. The first section focused on exploring and characterizing UV-
C photodegradation in polypropylene, followed by the development of efficient
photostabilizing strategies using combinations of titanium dioxide and Few-Layered
Graphene, and titanium dioxide and Irganox B215, to evaluate which combination offered
superior UV-C photoprotection. The second section aimed to understand the differences
between continuous and cyclic UV-C photodegradation in PESU and to evaluate the
performance of PESU/FLG and PESU/GO composites under UV-C irradiation.

In the first part, a systematic study focusing on both short- and long-term exposure was
conducted to understand UV-C photodegradation in polypropylene. Rheological analysis
revealed that the PP sample exposed to 384 hours under UV-C irradiation exhibited unexpected
rheological behavior, deviating from the typical UV-A and UV-B photodegradation, showing
instability during the time sweep mode measurements and an unusual increase in the complex
viscosity. 'H Time Domain NMR analysis indicated that the fraction of unconstrained
molecular segments increased with prolonged exposure, suggesting branching reactions rather
than crosslinking. It is worth noting that, while cracks are commonly observed in UV
photodegradation studies, SEM images showed no crack formation, likely due to the high
crystallinity degree of the PP used in this study.
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This study also assessed the efficacy of using the FTIR-ATR methyl index, proposed
by Roullion ef al., as an alternative to the carbonyl index for monitoring PP photodegradation.
For UV-C photodegradation, the methyl index proved to be more sensitive, being able to show
changes within less than 10 hours of UV-C exposure, than the carbonyl index, thus offering a
valuable tool for identifying the early stages of photodegradation.

The second part investigated the UV-C photoprotection of polypropylene using
titanium dioxide (Ti0O2), combined with either FLG or B215. Results showed that using two
different types of photostabilizers not only reduced radical formation by photodegradation but
also mitigated radicals produced by the TiO2’s electron-hole reactions. A Design of
Experiments (DoE) approach revealed that, unlike B215, adding FLG to TiO; had a synergistic
effect, further improving photoprotection through the FLG combined mechanisms of radical
scavenging and UV screening/absorption.

The third part aimed to identify the differences between cycling and continuous UV-C
photodegradation on poly (ether sulfone). The results showed that both exposure modes change
PESU behavior. XPS results showed a decrease in C 1s intensity and an increase in the O 1s
intensity. Samples exposed for 96 hours continuously and those exposed to 12 cycles exhibited
a similar tendency, including increased formation of sulfate moieties. Stress-strain testing
showed that just 1 hour of UV-C exposure is enough to significantly reduce PESU’s
mechanical performance. Cole-Cole plot was employed to understand the number of defects
UV-C may have promoted on PESU. The H parameter revealed an increase in defect density
and a more pronounced reduction in average molar mass for cyclically exposed samples.

Lastly, the fourth part investigated the influence of UV-C irradiation on PESU/FLG
and PESU/GO composites. Significant differences emerged between the composites exposed
to UV-C were observed. FLG mitigated hydroxyl formation and affected the aromatic system
and the sulfone environment, suggesting structural modifications; in contrast, GO composites
showed minimal impact in mitigating the increase in the hydroxyl band intensity, and
diminished UV-C induced structural modifications within the aromatic system and sulfone
environment after 96 hours of exposure. It is worth noting that both FLG and GO also mitigated

the ether bond cleavage.
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Rheological and tensile tests were employed to evaluate the addition of FLG and GO
to the PESU matrix and the effects of UV-C exposure. For both cases, the UV-C irradiation
led to changes in the complex viscosity. These findings suggest that UV-C may induce
grafting, crosslinking, or stronger m — 7 interactions between the matrix and the stabilizer in
both composites. It is important to highlight that EPR results indicated that, due to GO having
fewer available m-orbitals, this effect was less pronounced than in FLG composites.

This increase in grafting and crosslinking directly affected the mechanical performance
of PESU/FLG and PESU/GO composites, leading to a marked reduction in elongation at break,
and after UV-C exposure, an increase in the Young’s Modulus for all composites, suggesting
a stiffening effect as a result of the combination of UV-C irradiation and the stabilizers.

Overall, this investigation offers valuable insights into the effects of UV-C irradiation,
commonly used in medical facilities as a cleansing tool, on polymer-based materials,
specifically polypropylene and poly (ether sulfone), along with strategies to achieve better
photostabilization. Understanding the effect of UV-C on polymer material used in medical
devices and how to mitigate the UV-C photodegradation expands the range of options for
improving UV resistance in these materials, thereby increasing polymer-based material

lifespan.






RECOMMENDATIONS

Building on the findings of this thesis, future research should explore the effects of UV-
C irradiation on polypropylene (PP) and poly(ether sulfone) (PESU) through Gel Permeation
Chromatography (GPC). Although GPC mainly measures molecular hydrodynamic volume,
this approach could reveal how UV-C impacts molar mass and its distribution, offering deeper
insight into degradation pathways. Overcoming technical challenges, such as the need for
special high-temperature-resistant chromatography columns, careful solvent selection, and
also precise calibration despite the high cost of standards, will be crucial to obtaining reliable
results.

Another recommendation for future work is a detailed investigation into the cracks and
defects found in PESU. As an amorphous polymer, PESU may undergo surface changes under
UV-C that critically affect its mechanical integrity. Understanding these mechanisms could
lead to effective protective strategies, enhancing material performance in UV-C-exposed
medical environments.

Improving adhesion between the stabilizers used in this thesis and the matrix could also
be addressed in future work. Gao et al (J. G. Gao et al., 2022) showed that modifying TiO>
with silanes can enhance its adhesion on the PP matrix. For PESU, sulfonating graphene may
be a viable strategy to improve stabilizer-matrix interfacial adhesion.

Finally, regarding the Few-Layered Graphene and Graphene Oxide/PESU composites,
future work should aim to fully elucidate the mechanisms behind UV-C-induced grafting and
crosslinking. Combining Raman spectroscopy with Soxhlet extraction could provide a more
comprehensive understanding of the structural modifications responsible for the rheological

and mechanical behaviors observed in Chapter 6.
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ANNEX

CHAPTER 3: '"H TD-NMR - TECHNIQUE DETAILS

The alteration in molar mass with the photodegradation can be evaluated using a class
of "H TD-NMR experiments named 'H double-quantum time domain NMR (H DQ-TDNMR)
(Baum et al., 1985). 'H DQ-TDNMR is well known for its ability to probe structural and
dynamical features in polymer networks such as elastomers and polymer gels (Saalwéchter et
al., 2005). Notably, 'H DQ-TDNMR can bring information about the presence of chemical and
physical constraints and also about the fraction of free mobile (not constrained) chains (Chassé
etal.,2015b, 2015a). ."H DQ-TDNMR pulse sequences are designed to detect a signal intensity
related to double quantum coherences between 'H nuclei (I DQ), induced by the presence of
"H-'H dipolar magnetic coupling. This coupling arises only when there are chemical and/or
physical motional constraints within polymer chains, rendering the double quantum intensity
Ipg nonzero only in the presence of such constraints.

In a crosslinked/entanglement polymer melt, the magnitude of the *H — *H dipolar
coupling is strongly reduced by the overall motion of the chains, remaining only a residual
coupling, which is proportional to the cube of the distance between crosslink/entanglement
points. In other words, the magnitude of this residual dipolar coupling is proportional to the
density of crosslinked/entangled chains. "H DQ-TDNMR are usually performed as a function
of an experimentally set evolution period 7pq , 80 a Ipg. s. Tpq curve, usually known as DQ
build-up curves, is obtained. DQ build-up curves show an initial increase due to the creation
of the DQ coherences, followed by an exponential type of attenuation with a decay rate given
by the inverse of the transverse spin relaxation time T of the dipolar coupled spins. In addition,
the initial slope is proportional to the residual of 'H-'H dipolar coupling, so it is directly
proportional to the density of crosslinks/entanglements.

A simple adjustment in pulse phases of the 'H DQ-TDNMR experiments yield another
signal, with intensity associated with all 'H spins in the sample (Izgr). The decay of the Iz
intensity as a function of 7p is also exponential type of attenuation rate is the inverse of the

transverse spin relaxation time T> but including all segments. Thus, because dipolar coupled
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spins have shorter transverse relaxation times than non-coupled ones, at longer 7, times the
decay of the Iggp. vs.Tpg curve is only due to segments which do not experience dynamical
constraints. Essentially, the long 7p tail of the Iggp. Vs. Tpg is proportional to the amount of
polymer chains devoid of mobility constraints, encompassing network defects like pendant
chains (dangling ends), chain loops, free chains trapped within the network, and/or particulate
stabilizers in a crosslinked polymer network (Chassé et al., 2015b, 2015a). The fraction of
network defects and the T relaxation times can be quantitatively obtained by subtracting the

Irer and Ipg to eliminate the contribution of crosslinked/entangled chains and fitting the

_2'pe
extended 21tpq tail of the Irer - Ipg curve with an exponential function fze T2 , so the decay

time and amplitude of the fitting curves provide estimations of the 7> relaxation time and the
fraction of network defects.

For accurate results, the polymer chains need to exhibit high mobility, so the motion
constraints will be only due to crosslinked/entangled chains. In a semi-crystalline polymer like
PP, this means that all the experiments need to be done in the molten state.

Another TD-NMR experiment used here is known as the Dipolar Filtered Magic
Sandwich Echo (DF-MSE) (Filgueiras et al., 2017). Simply put, this experiment yields a
normalized signal intensity I,,prysg, Which accounts exclusively for molecular segments that
undergo molecular motions with rates higher than the 'H-'H magnetic dipolar coupling,
typically in the order of 50 kHz. Thus, by monitoring the I,pryse as a function of temperature
it becomes possible to directly detect the onset temperature of molecular mobility processes
through the increase in I,prysg. For instance, if we start at a temperature where molecular
motions are minimum in the sample and then increase the temperature, an upturn in intensity
is observed in the I,pryse- US- T plot when certain molecular segments become mobile. Hence,
this method can detect the onset temperature of specific segmental motions by tracking

L.prusk as a function of temperature.
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APPENDIX

CHAPTER 3 SUPPLEMENTARY MATERIAL

UVC Chamber Light source Sample holder Chamber Interior

Figure Al. Schematic illustration of the UV-C chamber employed in the work.
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Table Al. Melting Temperature and Degree of Crystallinity for the 2nd heating, and Degree

of Crystallinity for the 1st heating values.

Time Melting Temp. Degree of Crystallinity  Degree of Crystallinity -

Tm - 2nd heating - 2nd heating 1st heating

® °C) (%) (%)
0 163.25+£0.21 3736 £1.47 32.59+1.15
1 163.10+0.14 4591 £0.09 39.37+0.43
2 162.70 £0.25 43.67 +4.20 37.25+3.51
4 162.7 +0.42 41.11 £3.92 3522 +£2.36
6 162.80 = 0.30 43.15+£2.12 36.83 +1.03
12 163.40 = 0.63 3991 +£0.37 3570 +2.13
24 163.45+0.63 41.52£0.04 38.79 + 1.74
48 161.59+0.14 42.08 £0.66 3739+ 1.18
96 157.35+1.90 48.38 £3.52 42.97 £0.50
192 153.95+1.20 45.15+0.15 39.45+£0.09
384 147.01 £ 0.14 31.79+3.45 31.07+£5.79
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Figure A3. DSC thermogram for the second heating.
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Table A2. Wavenumber vibration types and assignment of FTIR peaks for polypropylene.

Wavenumber
Vibration type Assignment
(em™)
2955 Asymmetrical stretching CH3
2920 Asymmetrical stretching CH»
Stretching CHs
2869 . .
Symmetrical stretching CHz
2840 Symmetrical stretching CHz
Asymmetrical bending CHs
1456
Bending CHz
Symmetrical stretching CH;
Waggin CH:
1375 SEine
Bending CH
Stretching C-C
Stretching C-C
1170 Rocking CHs
Bending CH
1153 Wagging C-H
(shoulder) Rocking CH3
1001 Rocking CHs
Rocking CHs
976
Stretching C-C
898 - CH:
841 Rocking C-H

805 Stretching c-C
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Figure A4. FTIR spectra of all samples are highlighted in the carbonyl peak.
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]

Figure AS. SEM images with magnifications of 20,000 x for samples with 12 h, 96 h, and

192 h of exposure time.
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384h

Figure A6. Cross-section SEM with magnifications 1,205 x images for samples with Oh and

384h of exposure time.

Figure A7. PP films with 0 and after 192 and 384 hours under UV-C radiation.
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Figure A8. Raman for samples with Oh, 96h, and 384h under UV-C (decrease in CH3, CH
bands).

Micro Raman analysis was performed using a Horiba Jobin-Yvon 1HRS550
spectrometer with laser excitation at 633 nm. All spectra were collected in a backscattering
geometry using a 50X microscope objective.

Figure A8 illustrates the Raman spectrum for the samples with 0, 96, and 384 hours
under UV-C. With the increase in exposure time, we can see an increase in the CH vibration,
indicating an increase in C-H bonds. It is also possible to see a decrease in the symmetrical

vibration of CH> bonds (Fitaroni et al., 2021).

RHEOLOGICAL CONCEPTS

Rheology analysis is a technique sensitive to variations in changes in molar mass and

in the molar mass distribution. Following the equation (Dealy & Wissbrun, 1990):

No = K[MM]*
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Where, 1 is the zero shear viscosity, MM is the molar mass, and K and a are constants
and a assume values from 3.4 to 3.5, which is the slope when the curve Log (n,) X
Log (MM)reaches the “critical molar mass value entanglement”, as well as the use of the
Cox-Merz rule, which can be expressed as (Bretas & D’Avila, 2005; Dealy & Wissbrun,
1990):

) = " (w)]

When y = w, thus, we can use the zero-shear viscosity from the complex viscosity

curve to evaluate the effect of UV-C on the polymer molar mass.

The values of the cross-over point, i.e., when storage modulus G''(w) and loss
modulus G"'(w) are the same, can be used to understand changes in the molar mass and in
the molar mass distribution (Bretas & D’Avila, 2005; Cruz & Zanin, 2003; Mezger, 2021).
Horizontally, the position of this point depends on the polymer’s average molar mass, i.e.,
the crossover point moves towards regions with high frequencies for low-molar-mass
polymers. Vertically, this position on the polymer’s molar mass distribution, i.e., the cross-

over moves to low frequencies when the polymer has a high molar mass distribution.

The use of rheology to understand the effect of UV light on polymers is already
established in the literature (Myllédri et al., 2015; Rouillon et al., 2016) and is also employed
in studies to identify the effect of degradation in recycled materials (Cruz & Zanin, 2003;
Freitas et al., 2021; I. M. Oliveira et al., 2023), a method widely used.
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—— TiO, - Rutile
——ICDS: 036414

(110)
(211)

(101)

Intensity

Figure A9. XRD patterns of nano-TiOz> in the rutile phase (ICDS 036414).

Ti0; crystalline phase was identified by X-ray diffraction (XRD) using an XRD-6100
SHIMADZU, at 40 kV with Cu Ka radiation (A=1.54 A), step length of 0.02°, scan rate of
10° min!, and scan range from 10 to 80° 0.

Figure A9 shows the XRD for nano-TiO; in the rutile phase. The X-ray diffractogram
shows a pattern that matches ICDS: 036414. It is possible to verify the characteristic peaks
for TiO; in the rutile phase (110), (101), (200), (111), (210), (211), (220), (002), (310), (311),

and (320).
The rutile phase presents a bandgap of 3.03 eV, and it is known for being less efficient
than the anatase phase as a photocatalyst. It exhibits strong absorption between 260-330 nm,

with a peak at 308 nm, and a refractive index of 2.73, which is higher than that of
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polypropylene (1.503). With a particle size lower than 100 nm, it can be used as a screener

against UV radiation in polymers.

G —FLG

Intensity
O

2D

/L
L A

——T T —
1000 1200 1400 1600 2600 2800

Raman shift (cm'1)

Figure A10. Raman spectra for Few-Layered Graphene.

Micro-Raman analysis was performed using a Horiba Jobin-Yvon iHR550

spectrometer with laser excitation at 785 nm, and a wavenumber range of 90 to 3000 cm.

The order and disorder of the FLG crystalline structure were studied using micro-
Raman spectroscopy. As shown in Figure A10, the Raman spectra display three main peaks:
D, G, and 2D. The D peak corresponds to structural C—C vibrational modes, and its intensity
can be used to assess the degree of structural disorder. This band is associated with the loss
of hybridization in the carbon atom (Mbayachi et al., 2021). The G peak corresponds to the
in-plane stretching modes of sp?-hybridized carbon, resulting from a double degeneracy in

the bond (Eg), and represents the C(sp)? — C(sp)? bond (Ferrari et al., 2006; Gong, 2011;
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Malard et al., 2009). The 2D peak, also known as the G’ peak, originates from a second-order
Raman scattering process at the Dirac point (Mbayachi et al., 2021). The FLG shows an
asymmetry in the 2D peak, which is related to the number of layers in the graphene structure

(Ferrari et al., 2006).

Figure A11. SEM images with magnification of (a) 125000 k x for TiOx-rutile, and
(b) 100000 k x for FLG.

SEM images of TiOx-rutile and FLG suspensions were obtained using a Zeiss

microscope model Supra 35 at 5 kV.

Figure Alla shows SEM images for TiO: in the rutile phase. The particles present a
tendency to agglomerate. The average size of 119.0 £ 39.5 nm, measured from the SEM
images, was obtained using ImageJ. SEM image for FLG is shown in Figure A1l1b, and as

observed, the material is organized in a few layers, ranging from 6 to 10 layers.
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Figure A12. Complex viscosity for all samples without UV-C exposure.

Figure A12 presents the complex viscosity of all samples before UV-C exposure. As
shown, the addition of nanostabilizers to the PP matrix resulted in a maximum deviation of
+10% compared to neat PP. The presence of nanostabilizers in the polymer matrix can alter
the complex viscosity, either increasing, maintaining, or decreasing its value, depending on
the interactions (or lack thereof) between the polymer chains and the nanostabilizers(Helal
etal., 2018). The low changes in polymer viscosity suggest that the nanostabilizers had a low

impact on the complex viscosity of the studied system.
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Table A3. Percentage of reduction from the complex viscosity curves for each composite

and combination.

ANOVA

Sample n* (Paes) Reduction %
PP 9910982.31 -
PP 96h 73461.00 100
PP 1% FLG 96h 1730128.17 83
PP 2% FLG 96h 4576096.91 54
PP 0.5% TiO2 96h 617157.14 94
PP 0.5% Ti02+2% FLG 96h 2361628.44 76
PP 1.75% TiO2+1% FLG 96h 1912086.45 81
PP 3% TiO2 96h 2653087.06 74
PP 3% Ti02+2% FLG 96h 3525562.21 65
PP 0.5% B215 96h 266210.69 98
PP 1% B215 96h 382786.91 97
PP 0.5% TiO2 617157.14 94
PP 0.5% TiO2+1% B215 96h 567652.68 95
PP 1.75% Ti02+0.5% B215 96h 1701600.48 83
PP 3% TiO2+1% B215 96h 3610157.53 64

The value for F-Calculated and F — Lack of Fit were obtained from Equations 1 to 6.

e F-Calculated

Where:

Mean SquareRegression =

Mean Squaregegression

Fregression =

Mean Squaregyror

Sum of Squaresgegression

Degrees of Freedomgegression

Oy

2
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And

Sum of Squaresgyror

(&)

Mean Square =
q Error Degrees of Freedomgy oy

e F —Lack of Fit

Mean Squarey ¢k of Fit

Lackof Fit = Naan Squarepyre error @

Where:

Mean Square _ Sum of Squaresyack of Fit 5)
Lack of Fit Degrees of Freedom ;i of Fit

and

Sum of Squarespyre error

()

Mean Square =
q Pure error Degrees of Freedompure error

Table A4. ANOVA for the Viscosity index response for TiO2 + B215.

Source of
Sum of Squares Degrees of Freedom Mean Square  F-value

Variation
Regression 2.44 x 10 5 4.88 x 107 19.72
Residual (Error) 1.98 x 1072 8 2.48 x 10 0
Total 2.64 x 107! 13 2.03 x 102 0
Lack of Fit 1.89 x 107 6 3.14 x 1079 0.15
Pure Error 9.45 x 10 2 4.72 x 10°% 0
R? 0.92 0.96 - -
R? max 0.93 0.96 - -
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Table AS. ANOVA for the Methyl index response for TiO> + B215.

Source of Variation = Sum of Squares Degrees of Freedom Mean Square F-value

Regression 8.70 5 1.74 5.98
Residual (Error) 2.33 8 2.91 x 10 0
Total 1.10 x 107! 13 8.48 x 10! 0
Lack of Fit 1.02 6 1.70 x 107! 3.86
Pure Error 1.31 2 6.54 x 107! 0
R? 0.79 0.89 - -
R? max 0.91 0.95 - -
Table A6. ANOVA for the Global statistical model for TiO> + B215.

Source of Variation = Sum of Squares Degrees of Freedom Mean Square F-value
Regression 1.24 5 2.48 x 1071 13.12
Residual (Error) 1.51 x 100! 8 1.89 x 102 0
Total 1.39 13 1.07 x 107! 0
Lack of Fit 1.10 x 10! 6 1.83 x 102 1.13
Pure Error 4.14 x 10 2 2.07 x 10 0
R’ 0.89 0.94 - ]
R? max 0.92 0.96 - -




Table A7. ANOVA for the Viscosity index response for TiO> + FLG.
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Source of Variation = Sum of Squares Degrees of Freedom Mean Square F-value
Regression 1.92 x 107! 5 3.83 x 102 6.50
Residual (Error) 4.72 x 10 8 5.90 x 10 0
Total 239 x 10 13 1.84 x 10 0
Lack of Fit 2.52 x 10 6 4.21 x 10 2.61
Pure Error 2.19 x 102 2 1.10 x 102 0
R? 0.80 0.90 - -
R? max 0.89 0.95 - -
Table A8. ANOVA for the Methyl index response for TiO2 + FLG.
Mean F-
Source of Variation Sum of Squares Degrees of Freedom

Square value
Regression 3.53 5 7.06 x 10! 3.21
Residual (Error) 1.76 8 2.20 x 107! 0
Total 5.29 13 4.07 x 10! 0
Lack of Fit 8.35 x 107! 6. 1.39 x 107! 3.32
Pure Error 9.23 x 10! 2 4.62 x 107! 0
R? 0.67 0.82 - -
R? max 0.84 0.92 - -
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Table A9. ANOVA for the Global statistical model for TiO; + FLG.

Mean F-
Source of Variation = Sum of Squares Degrees of Freedom

Square value
Regression 9.80 x 107! 5 1.96 x 10! 7.91
Residual (Error) 1.98 x 10! 8 2.48 x 102 0
Total 1.18 13 9.06 x 102 0
Lack of Fit 1.06 x 10! 6 1.76 x 102 2.63
Pure Error 9.25 x 10 2 4.63 x 102 0
R? 0.83 0.91 - -
R? max 0.91 0.95 - -
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Table A10. ANOVA for each combination of photostabilizer, showing the F calculated and the F critical.

F F F F F

F ops cps . oos ops ., p-value
Critical Critical Regression p-value Calculated Critical Critical Lack of Fit
ANOVA (gzlcr‘;iz?zﬂ) (58) (58) Significant? (Regression) (Lackof (6,2)  (6,2) Significant? (()];;ﬂ‘)
ression) 4-0.05  a=0.01 Fitpy  a=0.05 0=0.01
Global statistical o
model for TiOs + 7.91 369 663 Y°8 gi //;’ and 4 006 2.63 1933 99.33 No 0.301
FLG °
Methyl index
response for TiO, + 3.21 3.69 6.63 No (5%) 0.070 3.32 19.33 99.33 No 0.250
FLG
Viscosity 1ndex Yes (5%).
response for TiO2 +  6.50 3.69  6.63 0.011 2.61 1933 99.33 No 0.303
V)
FLG No (1%)
Global statistical 0
model for TiO, +  13.12 369 663 ©8 S //; and 601 1.13 19.33  99.33 No 0.540
B215 °
Methyl mdc?x Yes (5%).
response for TiO» +  5.98 369 663 N0 oy 0.014 3.86 1933 99.33 No 0.220
B215 °
Viscosity index o
response for TiO, +  19.72 369 663 ©8 S //; and 6 001 0.15 19.33  99.33 No 0.867
B215 °

All ANOVAs show a non-significant Lack of Fit, meaning the models fit the data well. The Global statistical model for TiO2 + FLG and
for TiO2 + B215, the viscosity index response for TiO2 + FLG and for TiO; + B215, as well as the methyl index response for TiOz +
B215 have significant regression at 5%, with the Global statistical model for TiO2 + B215 and the Viscosity index response for TiO2 +
B215 also significant at 1%.
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Figure A13. FTIR spectra for PESU without UV-C degradation and after 96h of UV-C
degradation.



142

Table A10. Wavenumber vibration types and assignment of FTIR peaks for polyether sulfone.

Wavenumber (cm™1) Vibration type Assignment
1576, 1486,1415 Aromatic stretch C=C (aromatic)

1322, 1292 Asymmetric vibration S=0
1148 — 1068 Symmetric vibration S=0

1234 Symmetrical vibration Cc-0-C
836 Out-of-plane cn

deformations

718 Stretching C-S

550 Scissors deformation SO,
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Figure A14. SEM for PESU samples exposed for 12 hours under UV-C with magnification
of (a) 1000%, (b) 2000%, (c) 4000x, (d), (e), and (f) 8000x.
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Figure A15. Elongation at break for PESU samples exposed (a) continuously up to 96 hours

and (b) in cycles, up to 12 cycles.



144

100 100
a) b)
80 | 80

© w©

o 0o

= 60 | g 60

o (5]

i ]

= =

n [

FEEE S 3w

Z @

S ——PESUOh 5

it ——PESU 1h [ ——PESU th

20 ——PESU 3h 20 H ——PESU 3h
——— PESU 6h ——PESU 3h cycle
——PESU 12h ——PESU 6h
——PESU 24h ——PESU 6h tycle
0d —— PESU 48h 0] ——PESU 12h
—— PESU 96h ——PESU 12h cycle
: T T T . . r T T e T s T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Tensile strain (%)

Tensile strain (%)

Figure A16. Tensile-strain curves for samples exposed to UV-C (a) continuously up to 96
hours and (b) in cycles, up to 12 cycles.
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Figure A17. Contact angle and surface energy for samples with (a) 0, 1, 2, and 4 % FLG, (b)
0, 1, 2, and 4 % GO. Photos of the drop of water for PESU/FLG and PESU/GO composites
after 96 hours of UV-C photodegradation.
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The contact angles formed by drops of water and diiodomethane of the composite
samples were measured using an optical tensiometer model VCA optima, AST Products, Inc.,
goniometer. The surface energy was evaluated by the harmonic mean equation proposed (Eq.
(3)) by Wu (Wu, 1971) for polymeric surfaces.

Adding FLG to PESU had no impact on the surface energy and the contact angle;
however, when the load is 4% the contact angle increased, going from 80° to almost 100°. This
may be due to the increase in the FLG particles on the PESU surface. The addition of GO on
PESU did not affect the surface energy and the contact angle. In both cases, due to equipment
limitations, it wasn’t possible to measure the surface energy and the contact angle for the

samples after 96 hours of UV-C irradiation.
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Figure A18. Tensile-strain curves for (a) PESU/FLG, and (b) PESU/GO composites without
and with 96 hours of UV-C photodegradation.
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Figure A19. (a) UV-C lamp light emission intensity and (b) UV/Vis spectra.

UV-C light flux measured in a THORLABS PM200 / SENSOR S14 photodiode (minimal
sensitivity adjusted for 365 nm): Lamp UV-C (254 nm): [ = 60-70 W/m? @ 10cm from the

irradiation origin (only one lamp). UV/vis spectra were measured in an Agilent 8453.
ACTNOMETRY

Three milliliters of a 0.006 mol/L [K3Fe(C204)3] solution were irradiated for 3 minutes under
UV-C light. A 2 mL aliquot of the irradiated solution was transferred to a 10 mL volumetric
flask, together with 2.5 mL of an acetate buffer solution containing a solution with 0.1%
phenanthroline. The volume was brought to 10 mL with distilled water. A control solution
without UV-C irradiation was prepared in the same way. The absorbance spectra were recorded

after both solutions had been kept in the dark for 1 hour.

The light intensity can be calculated using the equation:

V, X V3 X AAbSs19nm

= =1.17 X107 °E.s tor1.3mW.cm™2
103 X V2 X f(irr) Xt X S(Fe2+) X @(Fe2+) X1

Iy

Where:
V; = irradiated volume (3 mL).

V, = irradiated aliquot added in the volumetric flask (2 mL).
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V3 = Solution total volume (10 mL).

AAbSs10nm = AADSfing; - AADbSipjtiqr (0.22421 —0.02941 = 0.19483).
f(irr) = fraction of absorbed light (1.00).
&(pe2+)= 1ron molar absorptivity.

t = time (180 s).
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