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With the rise of material science comes the increasing demand for multiple elements for
essential applications. The overexploitation of certain minerals has raised concerns about the
sustainability of these practices. Materials such as noble metals have not only limited availability
but also impose environmental and social risks upon extraction and processing. Thus, it becomes
imperative to search for more sustainable alternatives and explore their potential uses across
various fields. This dissertation will focus on iron and titanium-based nanomaterials, employing
them in diverse systems and evaluating their uses in the medical, environmental, and catalysis
fields.

First, iron oxide will be studied through the fabrication of magnetic nanoparticles (MNPS)
coated with lignin. The capping material was chosen as a sustainable and biocompatible
alternative. The relatively low toxicity of iron makes these nanoparticles a great option for
therapeutic materials, particularly for antibacterial uses. The four fabricated nanoparticles—
Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co (LCo) and Lignin@FeCo (LFeCo) —
exhibit mild antibacterial properties in the absence of light. However, when illuminated with a
near-infrared (NIR) wavelength, 810 nm, they become powerful antibacterial agents, achieving
bactericidal levels with a 6-log reduction within 5 to 30 minutes of irradiation. NIR light is
advantageous as it falls within the biological window, allowing deep tissue penetration during in
vivo applications. Combining the photothermal effect generated upon light irradiation with the
chemical production of hydroxyl radicals (*OH) via Fenton reactions resulted in even greater
bactericidal activity, achieving complete eradication (> 6 log units) within 1-5 minutes of

incubation.

Ti-based materials were also studied, specifically focusing on the semiconductor TiO2. This is a
powerful photocatalyst, but its applications are limited due to its powder form. Interested in the
potential environmental uses of these materials, which benefit from fixed-bed reactions and

supported catalysts, we produced three fibrous TiO> materials. These included TiO2 nanofibres
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(TiO2NF) and two types of TiO2 supported on glass fibres. We observed that the range of catalytic
activity towards crocin bleaching varied according to the material properties, particularly surface
area. Interestingly, their behaviour in flow systems differed from that in batch ones. We found that
TiO> deposited on glass wool (TGW) not only exhibited higher catalytic activity in flow systems

but also presented itself as a more viable alternative for application in various flow systems.

Further interested in this new material and its potential as an alternative for fixed bed
reactors, we tested it for antibacterial activity. To our surprise, the initial experiments revealed that
while TGW exhibited excellent catalytic activity in the degradation of an organic dye, its
bactericidal activity was limited. This unexpected discovery prompted the development of several
testing conditions, which ultimately resulted in little to no improvement in bacterial inactivation.
Based on these findings, we discussed the limitations of supported catalysts and explored strategies
to overcome these challenged in developing optimal candidates for water remediation under

realistic conditions.

Finally, the two elements, Ti and Fe, were combined to form a new magnetic TiO> catalyst,
produced via a simple one-pot method. This catalyst leverages the excellent photocatalytic
properties of TiO2 under UVA irradiation and the magnetic behaviour of iron, which also acts as
an electron acceptor, reducing electron-hole recombination. This role is typically fulfilled by noble
metals, which are expensive and have limited availability. The combination of these two features
produces an effective catalyst for organic reactions. The model reaction chosen was the oxidative
coupling of benzyl alcohol and nitrobenzene to synthesize Schiff bases. This reaction produces
industrially relevant molecules, especially in the synthesis of pharmaceuticals. Our catalyst
demonstrated impressive Schiff base formation rates of about 6.8 mmol/h, approximately ten times
higher than those reported in the literature. Additionally, the catalyst can be magnetically removed,

facilitating its removal after the reaction.
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Chapter 1: Introduction

1. Introduction

1.1 Open remarks

The work presented in this dissertation addresses pressing issues by proposing innovative
fabrication methodologies and applications for materials containing two earth-abundant elements,
iron and titanium. These elements offer sustainable alternatives to at-risk materials across various
fields. The following chapters will detail the synthetic methodologies, demonstrate their
effectiveness, and discuss potential limitations. This doctoral thesis is composed of two peer-
reviewed publications (Chapters 2 and 3) and two manuscripts undergoing peer review process
(Chapters 4 and 5). These chapters include the manuscripts, supporting information, and additional
commentaries and alterations to provide further insights and highlight the research context. First,
this introductory chapter will discuss some basic concepts of nanomaterials, their properties, and
their significance. This foundational understanding is crucial for appreciating the versatility and
importance of these materials in various contexts, and how the proposed materials in this thesis
can assist in these applications.

1.2 Nanomaterials

In December of 1959, Nobel laureate Richard Feynmann gave his famous lecture entitled
“There’s Plenty of Room at the Bottom”, where he discussed the creation and exploration of
technology in a smaller size.! In his talk he shared his vision to develop small machines and work
at the atomic and molecular level, seedling then the concept of a modern technology. Fifteen years
later, in 1974, the term nanotechnology was first used, by Professor Norio Taniguchi who defined
it as “the processing of separation, consolidation, and deformation of materials by one atom or
one molecule”.>® Nowadays, nanomaterials are described as materials that have at least one
dimension in the nanoscale, which ranges between 1-100 nm.*° The technologies that utilize those
materials in practical applications are called nanotechnology.® Despite the great impact of those
two lectures, explorations and development of nanotechnology only rose in the 1980s with the

invention of scanning tunnelling microscopy and atomic force microscopy.>"8 Two different tools
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used in imaging and manipulation surfaces at the atomic level bringing to life Feynman’s ideas.
Over the years several revolutionary discoveries and developments have been made with the use
and application of nanomaterials.

With the advancement in state-of-the-art technologies and the improvement of analytic
instrumentation, we can now trace the use of nanomaterials back to the ancient world. Humans
have been successfully employing nanostructures way before the concept of synthesizing materials
at the nanoscale level was established. There are records of asbestos nanofibres being used to
reinforce ceramic mixtures from 4500 years ago.® Au and Ag nanoparticles (NPs) were employed
by the Romans in dichroic glasses in the 4" century A.D.1%! Similarly, late medieval church
windows, that exhibit shining luminous red and yellow colours, are a result of the infusing of Au
and Ag NPs into glass.® The first report on the experimental synthesis of nanomaterials was made
by Michael Faraday in 1857. In his work “Experimental Relations of Gold (and other Metals) to
Light”*? Faraday prepared “ruby” gold solutions to study their interaction with light. In his
analysis, Faraday concluded that the ruby colour was a result of finely divided Au.*® Those
solutions are now known to be colloidal AuNP suspensions.t?

The previous sentence may sound intriguing because gold is not typically associated with
the red colour; rather, bulk Au is known for its characteristic golden hue. The fact that gold, and
other metals, can exhibit different colours at the nanoscale is one of the remarkable features of
nanostructures and serves to justify the keen interest in those materials.® Some of the unique
properties displayed by nanosized structures arise from the influence of electron motions on the
physical and chemical properties of a certain material. In the example of the AuNPs, their small
size relative to the wavelength of electromagnetic radiation triggers a collective oscillation of
electrons at the nanoparticle's surface, generating a Localized Surface Plasmons Resonance
(LSPR).* This phenomenon leads to strong light absorption in the visible range, which gives
strong and characteristic colours to these materials. This is also true for other plasmonic materials

such as Pd and Ag.

The motion of electrons is also significantly affected by the small sizes of nanometric

structures. In such confined spaces, the freedom for electron motion is notably restricted, leading
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to quantization.*® Thus, the allowed type of electron motion is well-defined within discrete energy
levels. The degree of confinement directly impacts the energy separation between these allowed
levels, with stronger confinement resulting in larger energy gaps.!® An important threshold
between these energy levels is the band gap, which separates the highest occupied collection of
energy levels, known as the valence band (VB) and the conduction band (CB).Y” The size of the
band gap determines the conductivity properties of materials, categorizing them as conductors,
semiconductors, and insulators. Figure 1.2.1 shows an illustrative diagram of the difference in

band-gap energy for the three materials. Within the scope of this dissertation, the focus will be on

semiconductors—materials that occupy an intermediate position between conductors and

insulators.
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Figure 1.2.1. Hlustrative diagram showing the band-gap energies (Ebg) for conductors, semiconductors, and
insulators.

Electrons can move from the valence band to the conduction band through the absorption
of energy, which can be supplied in the form of heat, an electric field or light excitation.'®° In
light absorption, photons must possess energies above the band-gap energy (Ebg) to promote the
electron (e”) from the VB to the CB. While there is no precise threshold for the band-gap energy
of a semiconductor, these materials typically exhibit band-gaps below 4 eV.22! Upon excitation,
the hot electron leaves behind a positively charged ‘hole’ (h*),!® which is often treated as a charge

carrier.
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Post-excitation, the charge carriers can follow various pathways. Initially, both carriers
may recombine, releasing the absorbed energy in the form of light or heat, a process occurring
within a time scale of 1-10 picoseconds.?? Charge carriers can also migrate toward the material’s
surface and be trapped in surface sites, usually generated by crystal defects. Trapped charge
carriers undergo recombination at a slower rate.?? Alternatively, they can undergo redox reactions
with compounds in the surrounding solution, e~ are transferred to electron acceptors, while holes
receive electrons from donors (Figure 1.2.2). The redox characteristics of semiconductors, along
with the resultant energy emission from charge carrier recombination, hold significance across

various applications, which will be described later in this manuscript.

Surface

traps

N

Figure 1.2.2. Illustration of the electronic structure of a semiconductor, showing the valance band (VB) and the
conduction band (CB), separated by the band gap (Bg). Recombination events are shown as dashed lines. When in
the surface the electrons (e”) can be transferred to electron acceptors (A), which are reduced. Holes (h*) receive
electrons from electron donors (D), which become oxidized.

Another important feature of nanosized materials is the increased surface-to-volume ratio,
leading to a higher proportion of surface atoms than bulk materials. These surface atoms exhibit
distinct behaviour due to their reduced number of neighbouring atoms.?® Consequently,
nanomaterials exhibit unique physicochemical properties distinct from their bulk counterparts,

such as higher reactivity and lower melting points. Moreover, a large surface area promotes



Chapter 1: Introduction

enhanced interactions with the surrounding environment, also influencing their reactivity.?%2*
Those properties together collaborate for the superior performance of nanomaterials compared to
their bulk counterparts in many applications, combined with the facility to tailor physical and
chemical properties by changing the size and shape of the nanostructures.®'® Therefore, the
development of advanced synthetic routes for nanomaterials becomes an essential element in

nanotechnology to exploit and utilize their unique features.

1.3 Synthesis of Nanomaterials

Following several decades of intense research efforts on the fabrication of new
nanomaterials, scientists have developed various synthetic approaches. Different approaches yield
materials with distinct structures and properties. In general, techniques for nanomaterials synthesis
can be categorized into two synthetic principles: top-down and bottom-up.

The first approach is top-down in which bulk materials are broken down into nanosized
materials.® The bulk breakdown is achieved by using advanced techniques, such as lithography,
laser ablation, etching and mechanical milling.?>" The latter is an example of a mechanical
strategy, in which a precursor powder is placed into a milling vial along with small balls. The
kinetic energy generated by the ball movement is transferred to the powder leading to breakage of
chemical bonding, reduction of particle size and modification of particle shape.?>?” Another top-
down approach is lithography, which is a physical strategy. One example is the work by Yue and
colleagues,?® where they described the synthesis of nanostructured substrates for surface-enhanced
Raman scattering (SERS). In their work, pattern gold nanostructures were formed by coating a
silicon wafer with a thin Au layer covered by a beam resist pattern. Upon exposure to a focused

electron beam, followed by etching of the pattern, the nanometric gold layer is revealed.?®
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Bottom-up methods involve the build-up of nanostructures by assembling atoms or
molecules.® Examples of these methods are sol-gel processes, chemical vapour deposition, and
chemical reduction.?4?83° Metal and metal-oxide NPs are commonly synthesized by chemical
reduction, where a metal-containing salt (M™) is reduced to its atomic form (M°), using a reducing
agent. Once the concentration MP reaches the super saturation (Css) level, marked as the green line
in Figure 1.3.1, the atoms undergo fast nucleation, forming small clusters that grow by consuming
M?, represented in orange in Figure 1.3.1. Ultimately M° concentration drops, below Css, starting
the growth of the clusters and ultimately resulting in the formation of NPs.?#273! By controlling
each of these steps, one can achieve various sizes and morphologies of nanostructures. Reduction

of a metal salt can also be achieved photochemically in the presence of a photosensitizer.
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Figure 1.3.1. Representations of nanoparticle formation via chemical reduction. On top, a plot of the La Mer model
for the generation of atoms (A), nucleation (B) and growth (C). On the bottom is an illustrative diagram of particle

formation according to the steps described by the La Mer model. M? atoms are represented by the orange circles.
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In the Scaiano group, we have explored the synthetic pathway for various nanoparticles using
electron-donating radicals photochemically generated. For instance, the photocleavage of
Irgacure-2959 under Ultraviolet A (UVA) irradiation yields ketyl radicals, which are strong

electron-donating radicals capable of reducing metal ions to zero-valent species.®>3*

Another photochemical approach is the photochemical deposition of metal NPs onto the
surface of other nanostructures. This approach enables the fabrication of co-catalysts by depositing
metals onto semiconductors under mild conditions. Upon exposure to light, semiconductors such
as TiO2, ZnO, BiCos, and WO3, generate at their surface electrons and holes with sufficient energy
to respectively reduce and oxidize metal precursors, depositing the metal NPs on the surface of the

semiconductor.®

Additionally, surface modifications can be done by adding capping agents, during or after
the synthesis of nanostructures. These modifications serve various purposes, such as stabilizing
unstable and aggregative nanoparticles within a medium, facilitating surface functionalization for
a targeted application, or aiding in nanoparticle assembly.?#*® For instance, in drug-delivery
systems, coating nanoparticles with target-specific molecules enhances their selectivity toward
targeted tissues.®” Common surface modifications are the use of thiolate surfactants or polymers,
the attachment of biological molecules such as DNA, peptides, proteins and antigens or coating
with polymer films.?* Capping agents that act on the stabilization of NPs, are called stabilizing
agents, and they prevent the formation of aggregates through several mechanisms, including steric
hindrance, electrostatic repulsion, hydration forces, and van der Waals forces.*® The selection of
an appropriate capping agent is critical as it can significantly influence the size, shape, and
interactions of nanoparticles.

Most of the techniques described pertain to 0D nanomaterials, those with all dimensions
within the nanoscale. However, 1D and 2D materials, which have one or two dimensions extended
beyond the nanoscale, are equally significant and require distinct synthetic methods. For instance,
2D materials like thin films and graphene can be produced using mechanical exfoliation, chemical

vapour deposition, solution-based chemical approach, hydrothermal and solvothermal methods.®
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Conversely, 1D nanomaterials, characterized by tubular shapes such as nanowires, nanotubes, and
nanofibres, can be synthesized through processes like vapour—liquid-solid, template methods, sol-
gel, hydrothermal methods, and electrospinning.394°

Taylor Cone

Collector

Power Supply

['!nn.

Figure 1.3.2. Schematic illustration of the electrospinning setup. A syringe is loaded with a polymer solution and
attached to a syringe pump. An electric field is generated between the needle and the metallic collector, by an external
power supply. Under the electric current, the polymer is ejected forming the Taylor cone, which is elongated, forming

long fibres. The produced nanofibres are accumulated in the collector.

Electrospinning is a commonly used technique for nanofibres fabrication, which involves
loading a polymer solution into a syringe and injecting it through a needle under the influence of
a strong electric field generated by the high-voltage power supply.** A common electrospinning
setup can be observed in Figure 1.3.2. During solution ejection, electrostatic charges build up on
the surface of the forming droplet. When these charges exceed surface tension, a cone, known as
the Taylor cone, is formed. This cone is further stretched, producing continuous ultrathin fibres as
the solvent evaporates. The jet of fibres is collected by a conductive collector connected to the
negative terminal of the power supply (Figure 1.3.2).** By employing a continuous-feeding mode,
numerous fibre copies can be produced rapidly.*?“® The success of the electrospinning depends on
the choice of solvent, solution viscosity and applied voltage.** Moreover, the polymer solutions
can be supplemented with additives to tailor the properties for specific applications, some
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examples are the addition of organic compounds, metals, metal-oxide nanoparticles, or their

precursors.

1.4 Applications of Nanomaterials

Due to their unique features and combined with the ability to tailor their physicochemical
properties, nanomaterials have found widespread applications across various sectors. For instance,
modern high-resolution displays benefit from the narrow emissions bands and tunability of
quantum dots (QDs), which are small fluorescent semiconductors characterized by their high
degree of quantum confinement.45 Electronics also utilize silicon and carbon-based nanomaterials
in advanced transistor technology.**# In the energy sector, graphene shows promising potential
as supercapacitors for storing renewable energy.*® In agriculture nanoparticles like Silicon NPs
(SiNPs) serve as carriers for pesticides and carbon nanotubes have been shown to enhance seed
germination.*”~*° SiNPs also play a role in the food industry, serving as anti-cracking and
thickening agents.>*® Additionally, the cosmetic industry benefits from the optical properties of

semiconductors such as ZnO and TiO,, which are used as light-scattering agents in sunscreens.%>2

Beyond these applications, nanomaterials also have pivotal roles in biomedical,
environmental, and catalysis fields, which will be the focus of the materials fabricated in this thesis.
Therefore, we will delve deeper into the discussion of these applications.

1.4.1 Catalytic applications

Catalytic methodologies help reduce synthetic steps, enabling the realization of the
reactions that once seemed too slow or even impossible. Through these processes, it becomes
possible to reduce reaction temperatures, minimize reagent waste, and enhance the selectivity of
desired reactions, which have significant impacts on sectors like pharmaceuticals and fine
chemicals.>® Catalysts function by reducing the activation energy (Ea) necessary for a chemical
reaction to occur, often achieved by interaction with reagents, stabilization of intermediaries or by

providing an alternative reaction pathway. Thermodynamically, catalyzed reactions exhibit a

lower free energy barrier (AG ¥) compared to uncatalyzed reactions, while there is no alteration in
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the overall change in free energy (AG).>* Following product formation, catalysts are regenerated
unchanged. Catalysts are typically classified as homogeneous, where all components (reactants,
products, and catalyst) are in the same phase, or heterogeneous, where the catalyst exists in a
different phase from its reactants.>® However here we bring an interesting discussion since this
classification oversimplifies the reality, as processes can occur in multiple phases. For example,
catalytic species, such as ions, may leach from heterogeneous catalysts, and interact with the
reactants in a homogeneous phase; homogeneous catalysts can generate in situ heterogeneous
active catalytic species; and some heterogeneous catalysts may leach active species that after
catalysis are redeposited on the catalyst surface>>° Recognizing these diverse mechanisms is

crucial for accurately determining reaction pathways.

Nanomaterials (NMs) hold particular significance in catalytic applications due to their
increased surface area and abundance of reactive surface atoms, which make them great candidates
for various catalytic reactions. As is the scope of this thesis we will be talking about photocatalysts,
in special, semi-conductor photocatalysts. As previously mentioned, generated charge carriers can
undergo different fates. For instance, the heat generated at NM’s surface, after charge carrier
recombination, can be used as an alternative heat source for organic reactions.®®* Moreover, the
strong redox properties of the e”/h™ pair can be used for both redox reactions. For this, the redox
potential of the band edge as well as the Eng of the catalysts must be aligned with the required

redox potential and energy necessary for the desired reaction to occur.?2

The photogenerated h* is utilized for the oxidative transformation of organic compounds, such
as the oxidation of alcohols, benzene, and amines.®® Enhancing its efficacy involves minimizing
the formation of secondary oxidative species like O>""and *OOH. These destructive species are
formed from the reaction of Oz with the photogenerated electron. One strategy is to eliminate the
e~ using sacrificial electron acceptors (SEA), such as benzoquinone, Ag>SO4 or loaded-metal NPs.
Conversely, the photo-generated h™ can be removed by sacrificial electron donors (SED), for
successful reductive organic transformations, like electron transfer to halides, carbonyls, or nitro
compounds. This prevents the formation of "OH radicals formed from the reaction of water and

the h*.54%° Although desirable, the simultaneous utilization of photo-generated h* and e~ in bond

10
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formation reactions is challenging. It requires precise reagent selection and band-gap engineering

to simultaneously use the e~ and h*.%°

Recombination rates heavily influence the efficiency of reactions dependent on the
photogenerated charge carriers. Faster recombination reduces the likelihood of -carriers
encountering electron donors or acceptors. To mitigate this, metallic nanoparticles such as Pd, Pt,
and Au can be strategically placed on catalytic surfaces.?>%® By doing so, electrons in the

conduction band of semiconductors migrate to the metals, facilitating charge separation.??

1.4.2 Biomedical Applications

Medicine takes advantage of the large surface area of nanomaterials, stability, and optical
properties. Light-emitting nanomaterials are great alternatives for imaging applications. An
example is quantum dots (QDs), which are used as imaging agents for cell tracking and in imaged-
guided surgeries due to their great photostability, and narrow emission.®” NPs can also be
employed as nanosensors in biological systems. Their small sizes give us the ability to sense and
detect at the single-molecule scale in living systems68 Drug delivery is another important
application of nanomaterials. NPs can be functionalized to reach specific targets, besides enhanced
drug solubility, and stability.?**® Additionally, NPs facilitate trans-membrane transportation,
prolonged circulation time and enable controlled release of therapeutics. In vaccine technology,
nanomaterials proved to be a great alternative to carry immune-stimulating agents and triggering
cellular and humoral immune responses.®® The most notable example is the use of lipid
nanoparticles encapsulating mMRNA-12734 and BNT162b25 in the COVID-19 vaccines produced
by Moderna and Pfizer-BioNTech, respectively.®"°

Besides acting as great drug carriers, nanomaterials possess therapeutic properties
themselves. For example, nanoparticles (NPs), such as AgNPs exhibit anti-infective activities, by
preventing the binding of HIV to host cells.’*"2 Studies have also demonstrated that NPs can act
as anti-angiogenic agents by inhibiting heparin-binding proteins or cell proliferation, thus
preventing the formation of new blood vessels that could support cancerous cells.”> "

However, the most remarkable health application of nanomaterials lies in combating

bacterial infections. The antibacterial mechanisms of NPs are the subject of an ongoing discussion,

11
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similar to the debate about homogenous and heterogenous catalysts, on whether the activity is
generated by the NP per se, by leached ions, or a combination of both. It is known that
nanomaterials can directly interact with the bacterial cell wall acting as a focal and continuous
source of ions.”"® Once inside the cells, certain ions like Ag* and Cu?* can bind to thiol groups in
proteins, thereby, disrupting essential cellular functions.”™’” They can also induce oxidative stress
by reacting with molecular oxygen, water, or other cellular components, generating reactive
oxygen species (ROS).”""® For instance, one of the main radicals produced, *OH, is known to
initiate hydrogen abstraction from amino acid side chains, which can lead to side chain
functionalization, protein cross-linking or fragmentation.”® Hydrogen can also be abstracted from
allylic hydrogen forming a carbon-centred radical that can rapidly propagate resulting in a chain
reaction.”® As a result, NPs can cause generalized injury to cellular structures in the bacterial
cytoplasm besides depleting ATP and inhibiting DNA synthesis.”®® Furthermore, aside from ion
release, the nanostructures themselves have demonstrated antibacterial effects as membrane
disruptors, forming pits in cell walls, and accumulating both, internally and externally,

contributing further to their antibacterial effects.”®8!
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Figure 1.4.1. Diagram illustrating the potential bactericidal effects of metallic NPs. Once in contact with the cells, NPs

can directly interact with bacterial membranes increasing permeability and causing membrane dysfunction. Inside the cell,
they can trigger oxidative stress via ROS production, disrupting cellular functions and damaging DNA and RNA,

culminating in cell death. Image adapted from reference,® under the Creative Commons license (CC-BY 4.0)
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Alternatively, NMs can also act as therapeutic agents due to their interaction with light. Certain
materials like AuNPs, Au nanorods (AuNRs), FesO4NPs and carbon nanotubes, exhibit great light-
to-heat conversion capabilities.®?3* When these materials absorb light, they rapidly convert it into
heat through non-radiative decay, a process utilized in photothermal therapy (PTT) for treating
infectious diseases and cancer.3*5 The localized heat generated at the surface of the nanomaterial
can impede pathogens' growth, disrupt cellular membranes, and denature proteins, ultimately
causing cell (or pathogen death).8>87 Additionally, nanostructures can serve as photosensitizing
agents in photodynamic therapy (PDT). Upon activation by light at specific wavelengths,
photosensitizers generate reactive oxygen species (ROS) like singlet oxygen (*O2), superoxide
anion (O2™), and hydroxyl radicals ("OH) at cancer or infectious sites, damaging membranes,
altering cellular functions, and inducing apoptotic responses.®8%° Traditional photosensitizers are
often organic molecules, such as phthalocyanine, and metalloporphyrin. However, in 2014, the
research group of Dr. Hwang, demonstrated that Au nanorods (AuNRs) can generate singlet
oxygen under NIR (915 nm) excitation leading to the destruction of B16F0 melanoma tumours.90
Since then, various nanomaterials including silver AgNPs, SiNPs, QDs, and upconversion
nanoparticles (UCNPs) have been explored as effective photosensitizers in cancer therapy,®® and

as antibacterial agents.%-%

1.4.3 Environmental applications

Due to industrial processes coupled with inadequate waste management, environmental
pollution has emerged as a significant threat to public health and ecological sustainability. Daily,
large quantities of hazardous materials are discharged into water, air, and soil, including
agrochemicals, dyes, antibiotics, VOCs, and heavy metals.®*% Furthermore, the depletion of
potable water sources exacerbates the challenge of providing safe water to numerous communities.
94,997 Nanotechnology presents promising solutions for sustainable environmental management
and protection in this pressing scenario. NMs can function as nanosensors, to monitor water and
soil pollutant remediation processes, simplifying the need for complex analytical tools.%® They

serve as adsorbers or are integrated into filtration systems for contaminants removal. For instance,
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electrospun nanofibres, leveraging their large surface area, demonstrate remarkable efficacy in
capturing airborne particulate matter.%

Our focus will be the catalytic features of NPs for environmental remediation. More
specifically, NMs are great catalysts for the advanced oxidation process (AOP), which is an
important route to degrade contaminants via hydroxyl radical ("fOH) generation. These radicals
initiate a series of oxidation reactions potentially leading to the complete mineralization of organic
compounds into CO, and H;0.%° AOP utilizes various approaches such as cavitation,

photocatalysis, and Fenton chemistry.*®

Fe’" + H,0, —» "OH+ OH + Fe*" (Equation 1)
Fe** + Hy0, —» Fe*'+H'+HOO*® (Equation 2)

Scheme 1.4.1. Main equations for iron-catalysed Fenton reaction.

Fenton reactions are a series of chemical reactions catalyzed by Fe-based compounds,
which, in the presence of H>O yield "OH. In a typical Fenton reaction mechanism ferrous ion
(Fe?*) is oxidized by H,0O, forming a ferric ion (Fe*"), hydroxyl radical, and a hydroxyl anion
(Scheme 1.4.1, eq. 1). Fe** is reduced by the same H.0, recovering Fe** (Scheme 1.4.1, eq. 2).%°
Traditionally, iron salts are used as Fenton catalysts, posing challenges in catalyst recovery and
reusability. However, heterogeneous nanomaterials containing Fe offer a viable alternative.

When previously discussing the photocatalytic properties of semiconductors (Section
1.4.1) we described their role in molecule building, inversely, nanocatalysts can also break down
harmful compounds into harmless products. The photogenerated e /h* pairs can directly interact
with the target contaminant, which due to its high redox potential has the energy to break C-C and
C-H bonds.'®% Alternatively, the charge carriers with enough energy can react with e~ donors or
acceptors, such as O, and H20, forming secondary ROS.?? Those species have the energy to react

with several organic substances, leading to bond breakage (Figure 1.4.2). The pollutants are then
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degraded into less harmful intermediaries, and if given enough time and energy can be completely

mineralized into CO» and H20.

Pollutant

(0]
€ 2
o/ 0,
Pollutant—

€9

fh?\ Pollutant*
N
H* +'OH
H.0

VB

Pollutant

Figure 1.4.2 Diagram of the potential photocatalytic degradation routes of pollutants using semiconductors
nanomaterials. Upon light excitation, excited electrons are generated, and they can be transferred to adsorbed
pollutants producing reduced compounds. Electrons can also be transferred to other electron donors, in this example,
03 is reduced producing superoxide anion (O~ ). The excited e leaves behind a positively charged hole that oxidizes
adsorbed molecules, such as pollutants or other electron donors, like water, producing hydroxyl radicals ("OH) and a
proton. The produced radicals O™ * and "OH, can also react with the pollutants. Bg: Bandgap; e™: electron; h*: hole;

VB: valence band; CB: conduction band.

It is important to clarify that the same system is effective against various contaminants
beyond organic molecules. Hydroxyl radicals ("OH), for instance, have great antibacterial
properties, killing several microorganisms, which are the key reasons behind waster-boiling
advisories across the country.®” Additionally, this system can be employed to oxidize heavy metals,

converting them into less harmful oxidative states or insoluble precipitates.1%%01

1.5 Choice of elements

Now it is clear that nanotechnology is a fascinating and wide field with promising

applications that impact several aspects of our lives. However, the implementation of
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nanomaterials-based technologies often overlooks the criticality of the elements involved. Several
elements have supply risks and environmental implications associated with their extraction and
refinement casting doubt on their long-term sustainability.1%? Criticality of metallic elements
evaluate not only their earth-abundance, but also their demand, and the associated environmental,
social, and political risks. For instance, minerals from conflict zones help perpetuate the
uncertainty in the region, and their extraction is often associated with the exploitation of forced
labour, unsafety, and abuse of local communities.’%%1% Environmental risks include the high
energy demands, potential pollutant emissions, eutrophication risks and human toxicity concerns
associated with the minerals’ extraction and refinement.'® Recognizing the criticality of elements
highlights the need to find alternatives for overly exploited elements. In 2015, Graedel and
collaborators published periodic tables classifying the chemical elements according to their
criticality,’%? which can be seen in Figure 1.5.1 A-C. Upon closer examination of the periodic
tables and considering the intrinsic toxicity of the elements, it became clear that titanium and iron
consistently emerge as low-risk elements, making them excellent candidates to explore their

potential across various applications.
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Figure 1.5.1. Periodic table representing the critically of 62 metals according to (A) supply risk, (B) environmental implications,
and (C) vulnerability to supply restriction. Adapted from reference!®? with permission from Proceedings of the National Academy
of Sciences (PNAS)

1.5.1 Iron

Iron is the most abundant element on Earth in terms of mass, constituting a significant
portion of both the planet's outer and inner cores. Pure metallic iron is rarely found in the
lithosphere due to its propensity to oxidize readily in the presence of oxygen and moisture. Iron’s
incomplete D orbital configuration ([Ar] 3d® 4s?) is one of the contributors for its ferromagnetic
properties. Exhibiting a range of oxidation states, iron's most prevalent forms are ferrous (Fe?")
and ferric (Fe3").1%
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Iron oxides are the predominant form of iron found in nature. This term encompasses
oxides, hydroxides, and oxyhydroxides containing Fe (I1) and/or Fe (I11) cations along with OH-
and/or O~ anions.® Among the most common oxides is ferrous oxide (FeO), known as grayback
ore, characterized by its cubic crystal structure. Ferric oxide (Fe203), is known as rust, thus having
a reddish colour. Fe2Osz exists in different crystalline morphologies such as a-Fe;O3 (hematite), -
Fe203, y-Fe203 (maghemite), and e-Fe2O3. Despite sharing the same chemical composition, being
Fe20s3, all ferric oxides have unique crystalline structures. Additionally, iron oxide can manifest as

ferrous ferric oxide (FesO4), or magnetite, a dark material formed by Fe (I1) and Fe (111).1%°

Magnetite and maghemite are the iron oxides most utilized in nanotechnology. Magnetite
features a cubic inverse spinel crystal structure, spinels are described by the formula AB2O4, where
A represents Fe?* and B represents Fe*, occupying tetrahedral or octahedral cation sites,
respectively, while oxygen fills the anion sites (Figure 1.5.2 A).1°"1% Magnetite is sensitive to
oxidation, transforming into maghemite, which shares a similar cubic spinel structure. However,
in maghemite, most of the iron exists in the trivalent state, resulting in cation vacancy sites in some
of the octahedral positions (Figure 1.5.2 B).}%” Despite a few structural differences, both, FesO4
and y-Fe20O3 exhibit similar magnetic properties, a topic to be explored further in the subsequent

section.
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Figure 1.5.2. Crystal structure of (A) magnetite (Fe3O4), and (B) maghemite (y-Fe;O3). In magnetite, Fe?" ions (green
spheres) occupy the tetrahedral interstices, each bound to four O* ions (orange spheres). Fe*" ions (blue spheres)
occupy the octahedral positions, each bound to six O2" ions. In maghemite, Fe3*ions (blue spheres) can be surrounded
by either six or four O* ions. Crystal structures were drawn with the VESTA software, %2 using data from the Materials
Project for Fe,O3; (mp-565814) and for Fes04 (Mp-19306) from database version v2023.11.1.1%

1.5.2 Iron oxide nanoparticles

One of the most interesting properties of nanosized iron oxides is their distinctive magnetic
behaviour. While bulk magnetite exhibits ferromagnetic properties, at the nanoscale, it transitions
to a superparamagnetic material. To comprehend this shift in magnetic behaviour it is essential to
explore some fundamental concepts of magnetism. First, the magnetic effect arises from the
movement of particles possessing mass and electric charge, such as electrons, holes, protons, and
ions, implying that all materials exhibit some level of magnetism.'% How materials behave to an
external magnetic field will depend on how those particles align under its influence. In bulk
materials, the particles can aggregate and align in the same direction, forming multiple domains,'%
which can be seen in the multi-domain structure in Figure 1.5.3. Typically, due to varying
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alignment directions of each domain, the magnetic orientations cancel each other out. However,
in ferromagnetic materials, their crystalline structures allow for coupled interaction between
domains, all having magnetic moments of equal magnitude, thus allowing for permanent
magnetization.!*® Ferromagnetic materials are characterized by their high coercivity, which is the
resistance of the material to changes in magnetization, thus having permeant magnetization, even

after the external magnetic field is removed.

Single-domain Multi-domain

Superparamagnetic Ferromagnetic Ferromagnetic

®» O O
oJoJo
ISP

Diameter

Figure 1.5.3. Diagram illustrating the transition of the magnetic states with changes in particle diameter. Bulk
ferromagnetic materials consist of a multi-domain structure, which transitions to a single domain and eventually to a
superparamagnetic as the particle diameter decreases. From top to bottom, the behaviour of particles under an external
magnetic field (with strength H) is shown. Ferromagnetic materials retain their magnetization even after the magnetic
field is removed (H=0, bottom), while superparamagnetic materials lose magnetization. Green arrows represent

particles with mass and electronic charges.
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As material size decreases, it becomes increasingly challenging to form domain walls.
Below a critical size, particles become single-domain structures (Figure 1.5.3). Further reduction
in size leads to a critical particle diameter where coercivity reaches zero. In simpler terms, at room
temperature, the thermal energy for particle rearrangement surpasses the anisotropic energy for
particle alignment, consequently, the material is easily demagnetized once the magnetic field is
removed (Figure 1.5.3).19911% This behaviour characterizes superparamagnetic materials, which
appear in iron oxide nanoparticles with diameters below 20 nm.

For the synthesis of nanometric iron oxides, various methods have been established, but
the most used is coprecipitation. This approach offers the advantage of being a convenient means
to synthesize MNP in aqueous solutions without generating toxic intermediates or requiring
organic solvents. Additionally, coprecipitation can be performed at relatively low temperatures
(up to 100°C) and does not require complex precursors. In coprecipitation, stoichiometric
quantities of Fe (I11) and Fe (I1) are mixed in an agueous medium, under an inert atmosphere, to
produce FezOs, a 2:1 ratio of Fe** to Fe?" must be used. Subsequently, a base is introduced to raise
the pH level. At higher pH levels, the stable iron ions combine and precipitate out of the solution,
forming solid FesO4 (Scheme 1.5.1).19819 By adjusting the pH to lower values, changing iron ions
stoichiometry, or conducting the precipitation under air one obtains other iron oxides.

Additionally, post-synthetic calcination can modify the crystalline structure of the final material.

Fe?" + 2Fe’" + 80OH™ — Fe;0, () + 4H,0 (Equation 1)

Scheme 1.5.1. General chemical balanced equation for the co-precipitation method using Fe?* and Fe®* in alkaline

environment.

Despite its simplicity, the synthesis of MNP presents challenges related to achieving
monodispersed size and shape, controlling crystallinity, preventing agglomeration, and ensuring
long-term stability. To exert control over the resulting product, various parameters must be

carefully adjusted, including the speed of base addition, temperature, concentration of reagents,
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pH, and reaction time. Furthermore, stabilizing agents, such as surfactants and polymers, are often

incorporated to prevent particle aggregation. 1%

1.5.3 Titanium

Titanium is the 9" most abundant element in Earth's crust. Pure bulk Ti has a silver colour,
and it is known for its strength and low density, properties that find applications in aircraft and
submarine manufacture, as a pure metal or an alloy. Titanium alloys, like Ti-6Al-4V, also due to
their low toxicity, and high resistivity are ideal candidates for joint replacements and tooth
implants.!!! Titanium easily interacts with oxygen, generating titanium (1V) dioxide (TiO), that
different from pure metal, and presents a white colour. Similar to pure titanium, TiO> also have
important commercial applications, being used as white pigments in house paint, plastic, and food

colouring.

Titanium dioxide exists in three primary crystal forms: anatase, rutile, and brookite.
Anatase is the most active form due to its high surface energy and abundance of active sites. When
heated, anatase undergoes an irreversible transformation to rutile, which is the most thermostable
crystalline structure. Brookite is characterized by its orthorhombic crystal structure (Figure 1.5.4
B) and it has less applications than the other two structures due to its challenging synthetic process,
as it often appears as a by-product during precipitation in acidic conditions, rarely forming a pure
crystal structure.!'? Both anatase and rutile exhibit tetragonal structures with titanium atoms
arranged in octahedral coordination (Figure 1.5.4 A and C). In anatase, each Ti octahedra shares
four edges, forming zigzag chains parallel to the [221] plane (Figure 1.5.4 A).123 In rutile, the
octahedra share only two edges, forming long octahedral chains along the [001] plane (c-axis)
(Figure 1.5.4 C).1!* The transition from anatase to rutile involves the rotation of half of the titanium

octahedra, resulting in a structural rearrangement.*®
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Figure 1.5.4. Representation of the crystal structure of anatase (A), brookite (B) and rutile (C) TiO,. TiOs octahedra are
represented by purple and yellow octahedra. Red spheres represent O% ions. The highlighted yellow octahedra show 4
edge sharing forming zig-zag chains in anatase (A), the edge and corner sharing in brookite (B) and the edge sharing along
the c-axis, interlinked by corner sharing in rutile (B). Image reproduced with permission from reference!*® Copyright 2010,

Elsevier

1.5.4 Titanium dioxide nanoparticles

Nanometric TiO2 is a well-known semiconductor recognized for its pivotal role in
photocatalysis. Its significance as a photocatalyst rises from its large band-gap energy, measured
at 3.2 eV and 3.0 eV, for anatase and rutile respectively. This characteristic enables photoexcitation
in the UV spectrum (< 400 nm). Its large band gap means that the produced e /h* pair has sufficient
energy for several redox processes, that can be used in synthetic organic chemistry, pollutant
degradation, and energy generation.?? Despite its remarkable potential, the photocatalytic efficacy
of TiO2 photocatalysts often encounters limitations due to the rapid recombination of
photogenerated charge carriers, which primarily occur through non-radiative decay. To circumvent
this challenge and optimize the utilization of charge carriers, TiO2 NPs are commonly decorated
with metal nanoparticles, serving as electron traps.

The synthesis of nanometric TiO2 is primarily accomplished through the sol-gel
process.**’This can be performed using either an alcohol-based method, which employs a metal
alkoxide as a precursor, or an aqueous-based route, which uses an inorganic metal salt.!'811° Metal
alkoxides are highly polar due to their metal-oxygen bonds. When water is added, these bonds

undergo simultaneous hydrolysis and polycondensation reactions, leading to the formation of a gel
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matrix with a continuous lattice structure, such as M-O-M or M-H-M.!® Complexing agents can
be employed to control the hydrolysis and condensation steps by enhancing the precursor’s
stability in the presence of water. For example, the acetate ions, in acetic acid, can act as a chelating
agent, coordinating with titanium leading to more stable bonds. As a result, the speed of gel
formation can be controlled.*?® Once the gel is formed, it can be molded into various shapes such
as fine particles, thin films, fibres, or membranes. The final crystalline material is obtained by
drying the gel under heat or supercritical conditions.

i 50 M

Figure 1.5.5. Representative TEM image of commercial P25 nanoparticles. Scale Bar = 50 nm.

TiO> is frequently commercially available as the nanopowder Degussa P25. This material
consists of nanoparticles with diameters ranging from 10 to 50 nm (Figure 1.5.5), composed of
anatase and rutile crystallites, typically in ratios of 70:30 or 80:20.12! The polycrystalline structure
of P25 enhances its photocatalytic activity due to the smaller band gap and crystal size of rutile,
as well as the higher charge separation induced by the different crystal phases. Consequently, P25
gained recognition as a benchmark photocatalyst.1?%12! Despite its excellent photocatalytic
properties, P25's powder form presents challenges for scaling up, due to its laborious separation

process. Addressing these challenges by developing new formats and compositions of TiO> to
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facilitate separation is one of the objectives of this thesis and will be discussed in subsequent

chapters.

1.6 Objectives

This thesis seeks to expand the understanding and improve the application potential of iron-
and titanium-based nanomaterials, with a focus on their roles in medical, environmental, and
catalytic fields. Noble metals are traditionally preferred for many of these applications, however,
they are increasingly recognized as critical, high-risk resources, so this research aims to establish
iron and titanium nanostructures as sustainable and viable alternatives. The primary objectives of

this work are as follows:

1) To develop and optimize environmentally friendly fabrication methods for iron- and
titanium-based nanomaterials. Emphasis will be placed on one-pot synthesis methods
wherever possible, aiming for cost-effectiveness and reduced environmental impact.

2) To quantify the light-driven activity of these nanomaterials for targeted applications,
such as antimicrobial effects against specific microorganisms, degradation of organic
pollutants, or catalysis in the synthesis of novel molecules. This includes assessing
efficiency under varied light sources and intensities to establish their suitability for
practical applications.

3) To evaluate the performance of these nanomaterials in their intended application
settings, focusing on stability, toxicity, and reusability. This includes assessing their
biocompatibility for medical applications, resilience under operational conditions for
environmental uses, and durability for repeated catalytic cycles.
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2. Exploring The Antibacterial Properties of Lignin-Coated Magnetic

Nanoparticles Synthesized in a One-Pot Process

This chapter has been adapted from Photochemistry and Photobiology, 2023, 99 (2), 706-715
with permission from Wiley Online Library. To allow for consistent formatting and clarity, some

changes have been made.

2.1 Preamble to Chapter 2

The following chapter describes the development and characterization of four distinct magnetic
nanoparticles (MNPs) utilizing lignin as a capping agent, alongside their applications as potent
antibacterial agents. These MNPs exhibited bactericidal responses during extended incubation
periods of 16 hours, under dark incubation. However, upon exposure to the near-infrared
wavelengths, their antibiotic activity increased to remarkable levels, reaching up to 99.9999%
efficacy within a few minutes of treatment. Further enhancements in the bactericidal performance
were achieved by incubating bacterial cells and nanoparticles with H.O> which augmented +OH
production, consequently reducing necessary incubation times to as short as 1-5 min. Magnetic
NPs coated with lignin emerge as promising alternatives for fighting infectious diseases given

efficiency, manipulability, and biocompatibility.

Our initial efforts to explore earth-abundant elements started with the development of iron
oxide NPs coated with lignin. In the early stages of my graduate studies, | was dedicated to
learning and testing various synthetic approaches for MNPs. Driven both by personal and by our
group’s interest we sought to explore the potential health-related applications of the novel
materials. Although the synthesis of iron oxides was proven to be relativity straightforward, our
initial antibacterial tests revealed that while iron oxide presented a safer alternative, its efficacy
against bacterial cells was somewhat compromised. To address this limitation, | then turned my
attention to the optimization of the synthetic approach for bimetallic NPs, leveraging the safety

and magnetic behaviour of iron oxides while incorporating metals with superior bactericidal
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efficiency. To stabilize the nanostructures, we chose to use lignin, a natural byproduct of the pulp
industry. Lignin was employed instead of commonly used capping agents like PVP, PEG, oleic
acid, or citric acid. Not only does lignin offer a more sustainable alternative, but it also supports
ongoing efforts within Canadian industries to add value to this abundant commodity. Expanding
applications for lignin could further strengthen Canada’s economy by promoting sustainable

innovation.

We successfully fabricated hybrids Fe and Ag, as well as Fe and Co with a one-pot synthetic
route. These hybrids retained the magnetic properties of Fe while presenting improved antibiotic
properties. We also synthesized CoNPs, due to their known antimicrobial activity and magnetic
behaviour. Through the implementation of light treatment and Chemo-Dynamic Therapy, we

achieved more than 4-log units’ bacterial reduction, under short incubation times.

This work culminated in my first publication, which we were honoured to be invited to publish
on Photochemistry and Photobiology as part of the special issue celebrating the 50 Anniversary

of the American Society for Photobiology.

2.2 Post-print version of Manuscript

First published in: Photochemistry and Photobiology, 2023, 99 (2), 706-715

ABSTRACT

Given the current serious problems with antibiotic resistance, the discovery of novel,
unconventional antibacterial drugs are not just important, but also urgent. In this contribution, we
report on the synthesis and testing of several composite nanomaterials that may find applications
as therapeutic drugs or surface disinfectants. These materials are based on magnetic nanostructures
coated with lignin, for example, lignin@FeCo. The magnetic properties of these nanocomposites
facilitate removal or localization, while the lignin shell provides biocompatibility. These
nanomaterials are mild antibacterials in the absence of light, but when illuminated become
powerful antibacterial agents with typically >6 log units bacterial reduction in 1 to 5 minutes of

irradiation. These materials are strongly absorbing, including in the very useful NIR biological
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window, which we illustrate using 810 nm LED irradiation. We also show that in the short time
required for antibacterial action, thermal changes are very small (<5°C). Further, biocompatibility
tests using fibroblasts show very limited cell damage and no enhanced adverse effect during 810
nm NIR illumination. As a surface coating for the active material, lignin provides a “trojan horse”

strategy to facilitate the antibacterial action.

INTRODUCTION

The constant emergence of antibiotic resistance and slow development of alternatives is a
major threat to global health.™? Traditional antibiotics can easily trigger the development of
resistant bacterial strains, limiting their efficiency. Therefore, efficient, and safe solutions for
infectious diseases are needed urgently to control future outbreaks. Among the strategies being
developed, the use of nano-sized structures has been shown to be a promising solution. Materials
such as silver nanoparticles (AgNP) have exceptional antimicrobial properties; however, their
colloidal form often limits some applications. In contrast, magnetic nanoparticles (MNPs) are
easily separated from solutions or guided using an external magnetic field. MNPs are used in
magnetic resonance imaging (MRI), drug delivery, and cancer treatments and have proven
effective in vivo applications.?® Yet, the use of MNPs as antimicrobial agents is still underexplored;

beyond any therapeutic uses, MNPs may find applications in antimicrobial surface treatments.

The use of iron oxide magnetic NPs alone does not have high intrinsic antibacterial
properties. Their application in combating bacterial proliferation is often associated with metal
doping or light irradiation. In the presence of near-infra-red (NIR) and infra-red light (IR), iron
oxide nanoparticles convert the absorbed energy into heat. The use of photo-generated heat to
combat infectious diseases and/or cancer cells is the basis of photothermal therapy (PTT).*° Itis a
convenient treatment since it uses wavelengths that are within the biological window, allowing
applications on deep tissues and precisely treating the desired area. However, long-time exposure

to the irradiated light may damage normal tissues.

Liu and colleagues® demonstrated that the combination of PTT with chemodynamic
therapy (CDT) has a synergic effect increasing the antibacterial potency of nanostructures.® CDT
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explores the nanoenzymatic behaviour of nanoparticles to convert hydrogen peroxide (H20>) into
toxic hydroxyl radical ("OH) through Fenton/Fenton-like reactions. When compared with natural
enzymes, nanoenzymes have higher stability, scoring better antibacterial activity. Yet the high
toxicity of "OH is due to its fast reactivity, which also makes it short-lived, limiting the bactericidal
performance. Thus, the combination of both therapies takes advantage of local heat generation and
radical production to increase cell membrane permeability and lead to cell death.

Here we synthesized MNPs in one pot using lignin as a capping agent. Lignin is produced
as a by-product of the pulp and paper industry, that is often discarded. The abundance and
underutilization of this biopolymer make it an inexpensive resource to be explored.” Lignin has
been employed in nanocomposites and has proven to increase the biodegradability and
biocompatibility of nanostructures.”® Lignin has a variety of structures depending on the biomass
source and pulping process, but in general, they are formed by a complex polyaromatic structure.®
Lignin-capped nanomaterials, in special AgNPs, have shown controlled ion release, reducing
toxicity towards human cells, but keeping effective antibacterial activities”° Despite recent efforts
on the valorization of this biopolymer, studies on nanomaterials are limited to the coating of noble

metals colloidal nanoparticles.

In this study, we investigated the use of lignin as a capping agent for several magnetic
nanoparticles synthesized under mild conditions. We further explored the antibacterial properties
of those nanoparticles against Gram-negative and Gram-positive bacteria, searching for the

optimal conditions for their applications in the fight against resistant pathogens.

MATERIALS AND METHODS

Materials:

Lignin A samples were kindly supplied by FP Innovations (Pointe-Claire, Quebec, Canada), and were

produced in Hinton, Alberta. Complete lignin characterization was previously published by our

group.t! Iron chloride Il (FeCly), iron chloride 111 (FeCls), cobalt chloride anhydrous (CoCly) (further

dried in the oven), iron nitrate (Fe(NO)s3), iron sulphate (Fe(SO)a), silver nitrate (AgNO3), trisodium

Citrate, Luria-Bertani (LB) broth, 1,2-benzopyrone (coumarin), and Dulbecco’s modified eagle’s
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medium (DMEM), penicillin-streptomycin were purchased from Sigma-Aldrich. Mueller Hinton
(MH) from BD Life Sciences. Dulbecco's phosphate-buffered saline (DPBS), Fetal Calf Serum (FCS),
Gentamicin and Trypsin-EDTA (0.25 %) were purchased from Gibco™. Unless specified the
chemicals were used as received.

Synthesis:

Lignin@Fe, in a 50mL round bottom flask 0.66 g (4.07 mM) (1.4 mM of Fe®*") of FeCl, and 0.20

g (1.59 mM) (0.7 mM of Fe?") of FeCl, were added to 20 mL of distilled water. The sample was
heated at 85°C under argon flow; after approximately 30 minutes 900 uL of a 28% solution of
NH," was slowly added, resulting in a black precipitate. Subsequently, 200 uL of Lignin A solution
(100 mg/L) was added dropwise. The samples were then kept under heating and argon flow for 30
minutes. The resulting black material was washed 3 times with distilled water at pH 10 and dried

under vacuum.

Lignin@FeAg, in a 50mL round bottom flask 1.80 g of Fe(NO3); - 9H,0 and 0.355 g of Fe(SOa)
. 7H,O were mixed in 25 mL of distilled water. The solution was heated at 85°C under an argon
flow; after approximately 30 minutes 900 pL of a 28% solution of NH," was added, resulting in a
black precipitate. To the same pot, 2 mL of 0.16M of aqueous AgNOs was added, followed by the
addition of 2 mM of Tri-sodium citrate. Lastly, 200 pL of Lignin A solution (100 mg/L) was
added dropwise and the mixture was kept under heating and argon flow for 30 minutes. The

resulting black material was washed 3 times with distilled water at pH 10 and dried under vacuum.

Lignin@FeCo, in a 50 mL round bottom flask, 0.542 g (2 mM of Fe®*") of FeCl; 0.1988 g (1 mM
of Fe**) of FeCl,, and 0.909 g CoCls (7 mM of Co?*) were mixed in 20 mL of distilled water. The
solution was heated at 85°C under an argon flow; after approximately 30 minutes, 900 pL of a
28% solution of NH,* was added, resulting in a black precipitate. Finally, 200 pL of Lignin A

solution (100 mg/L) was added dropwise and the solution was kept under heating and argon flow
for 30 minutes. The resulting black material was washed 3 times with distilled water at pH 10 and

dried under vacuum.
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Lignin@Co, in a round bottom flask 0.236 g of CoCl> (Anhydrous) (1.8 mM) was added to 100
mL of water. The solution was added to an ice bath (5°C) and purged with argon for 30 min. After
0.155g of NaBH4 (4 mM) was added under constant sonication, forming a black precipitate. Lastly,
1 mL of Lignin A solution (1 g/L) was added, and the solution was kept under sonication for an
extra 20 min.

Characterization: Transmission electron microscopy (TEM) images were collected on a
JEM2100F FETEM (JEOL) operating at 200 kV. Diffuse reflectance measurements were carried
out using an Agilent Cary 7000 UV-Vis-NIR Universal Measurement Spectrophotometer coupled
with an Agilent praying Mantis accessory. The metal composition of the materials was determined
by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES), using an Agilent Vista
Pro ICP Emission Spectrometer. Approximately 10 mg portions were accurately weighed in
triplicate and digested with aqua regia. Solutions were further diluted and measured by ICP-OES.
The following emission lines were used for quantification when applicable: Fe 238.20 nm, Ag
338.29 nm, and Co 238.89 nm. The percentage of lignin in the nanomaterials was measured using
Thermogravimetric analysis (TGA), using a Q5000 IR instrument (TA Instruments; New Castle,
DE, USA) under N2 or airflow (120 mL/min) with a heating rate of 10 °C/min (balance gas with
nitrogen 10.0 ml/min; sample gas with nitrogen 25.0 mi/min). TGA data were analyzed by using
TA Instruments Universal Analysis 2000 Version 4.5 A. Powder X-ray diffraction analysis was
carried out at room temperature on Rigaku Ultima IV powder diffractometer in Bregg Brentano
geometry, using Cu Ko radiation (A = 1.5418 A). Two theta range of 20° to 90° was covered with
0.02° step width and 0.5°/min scan speed.

Antibacterial tests:

Bacterial strains and growth conditions, the experiments were performed using Escherichia coli
CF073 (ATCC700928) and Staphylococcus aureus (ATCC25923) Stock cultures were maintained
in Tryptone soy broth (TSB) and stored at -80°C in 10 % glycerol.

Minimum Inhibitory Concentration (MIC), Minimum Inhibitory Concentration (MIC) was
determined by the broth microdilution method. The initial bacterial inoculum was prepared at a
concentration of 1.6 x 108 CFU/mL (ODeoo = 0.2) in LB broth. Using a 96 well-plate 100 pL of
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the bacterial suspension was mixed with 100 uL of MNPs solutions, at concentrations ranging
from 1000 to 31.25 mg/L. The MNP stock solution was prepared by dispersing the nanomaterials
on sterilized PBS and sonicated for 10 min. All experiments were run in triplicates. The plates
were incubated in the dark for up to 16 h at 37°C. After incubation, the drop plate method was
used to count viable cells. In brief, aliquots of each sample were properly diluted in phosphate-
buffered saline (PBS) and seeded in Mueller Hinton (MH) agar plates. Colony Forming Units
(CFU) were counted from the agar plates after 14 h of incubation at 37°C. Only samples with
colony counts ranging from 3 to 30 were counted for 10 pL drops. Biological replicates were used

to obtain statistical analysis

Bactericidal activity, antibacterial activity of MNPs was tested against E. coli and S. aureus
under dark and light conditions. Photothermal therapy (PTT), was performed using glass vials.
500 pL of the bacterial suspension, at 1.6 x 108 CFU/mL (OD600 = 0.2) in LB, was mixed with
500 pL of MNP solution, in PBS, with a final concentration of 125 mg/L. For light experiments,
the solutions were irradiated for up to 30 min using LED illuminator (Luzchem Research Inc.) at
810 nm (0.99 W/cm?). Dark experiments were run under the same conditions but protected from
light. Chemical dynamic therapy (CDT) was done under similar conditions, however 10 mM of
H>0> was added to the vials containing the bacterial cells to a final concentration of 100 uM and
nanocomposites. Viable cells were counted using the drop plate method, only samples with
colony counts ranging from 3 to 30 were counted for 10 pL drops. Technical replicates were
used to obtain statistical analysis. Antibacterial activity was expressed as log reduction;
conversion was made using the following equation:

viable cells before treatment (CFU/mL)
viable cells after treatment (CFU/mL)

Log reduction = Log,, <

Hydroxyl radical detection:

Detection of «OH radicals was done using coumarin as a probe. In the presence of *OH, coumarin
is hydroxylated into 7-hydroxycoumarin (7-HC) which has strong fluorescence at 454 nm. The
experiments were run in the same conditions as antibacterial tests, with 125 mg/L of catalysts and

10 mM of H202.0.5 mM of aqueous Coumarin solution at pH 3 was mixed with the NPs solution
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in PBS and H20. The solutions were vortexed and incubated under dark and light (810 nm, 0.99
Wi/cm?) for 1, 5, 15 or 30 min. Fluorescence spectra were obtained in a PTI instrument. The

excitation wavelength was set at 340 nm, and the emission wavelength at 454 nm.

Cell Toxicity:

Cell line and growth conditions, for the cytotoxicity assays, we used fibrosarcoma cell line
HT1080 (ATCC CCL-121™) that were generously donated by the Pratt Research Group
(University of Ottawa). Cells were maintained in liquid N2, and stored in a freezing solution
containing FCS, DMEM, and DMSO (80:10:10). After defrosting the cells were grown in T75
flasks using supplemented DMEM (10 % FCS, 1 % penicillin-streptomycin, and 0.1 %
gentamicin). Cells were incubated in a CO> incubator (Thermo Forma 370 Steri-Cycle) at 37°C
and 5 % COa.

Cell toxicity assay, the human fibroblasts were cultured in supplemented DMEM until 85-95 %
confluence, then washed with DPBS and trypsinized with 3 mL Trypsin-EDTA. Trypsinization
was stopped by adding a fresh medium to the reaction. Cells were washed by centrifugation with
DMEM, resuspended in medium, and plated in 24 well-plates at approximately 10° cells/ well after
proper cell counting in an improved Neubauer chamber. They were incubated overnight to allow
attachment and then treated with MNP. The cells were kept in the dark for 48 h at 37 °C, 5% CO,
and 95 % humidity. A solution containing 125 mg/L of MNPs in DPBS, and 50 % DMEM was
then added to each well and irradiated for 5 min using a LED-illuminator (Luzchem Research Inc.)
at 810 nm (0.99 W/cm?). After irradiation, the MNPs were removed using an external magnet and
the cells were incubated for 24h. Following incubation, the media was removed, and the cells were
washed 3x with DPBS. MTT reagent was added into the wells with media to a final concentration
of 0.5 mg/mL. Plates were incubated for 2 h to allow the reduction of tetrazolium salt to formazan
crystals in living cells. The media was substituted for DMSO, and the absorbance was measured
at 590 nm using a microplate reader (Molecular Devices™). Tests were run in 3 independent

experiments.
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Statistics:
Statistical analysis was done with R studio (version 1.4.1717). The comparison of multiple groups
was done by one-way analysis of variance (ANOVA with Tukey's Post Hoc test), p-values less

than 0.05 were considered statistically significant.

RESULTS AND DISCUSSION

Characterization

There are various published methods to fabricate magnetic nanoparticles including, sol-
gel,*? microemulsion,*>!* thermal decomposition,*>'’ and co-precipitation.82! In this work, we
selected co-precipitation and reduction-precipitation, which allowed the synthesis in one pot under
low temperatures and using a non-toxic solvent, water. The synthetized nanocomposites were,
Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co (LCo) and Lignin@FeCo (LFeCo).

To investigate the crystalline structures of the synthesized NPs we performed powder X-
ray diffraction (PXRD) measurements using Cu Ko radiation. Figure 2.2.1 shows the XRD
diffractograms of the MNPs. Lignin@Fe NPs (LFe) were the only NPs composed of a single
crystalline phase, cubic FesOs, according to the ICDD card #04-013-9808. The presence of
magnetite as the main phase is in accordance with the accepted mechanisms for the formation of
iron oxides by co-precipitation. The formation of iron oxide nanoparticles is done by the addition
of a base, forming iron hydroxide and oxyhydroxide intermediaries, followed by oxidation into
iron oxides. At pH above 8, it is expected the formation of FesO4, which is the most stable phase,

when compared with the goethite (Fe203).2223
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Figure 2.2.1 XRD patterns for the MNPs LFe (A), LFeAg (B), LFeCo (C) and LCo (D). Crystalline structures were
analyzed from the XRD diffractograms and compared with the existing profiles on the ICDD database. LFe: Fe;O4
(PDF 04-013-9808 - red), LFeAg: Ag (PDF 04-014-0266 - blue) and Fe;Os (PDF04-008-8145 - red), LCo: Co304
(PDF 04-015-4721 - red) and CoOH (PDF 04-005-7243 - blue), and LFeCo: Fe;O3 (PDF 01-072-6226 - blue) and
CoFe;04 (PDF 04-022-3956 - blue).

Lignin@FeAg NPs (LFeAg) were formed by two crystalline phases, Ag [ICDD #04-014-
0266] and Fez04 [ICDD #04-008-8145]. For this composite, the iron oxide NPs were first formed
followed by the addition of Ag precursor and Tri-Sodium citrate. The latter helps with the
reduction of Ag into AgNPs that were incorporated into the nanocomposite. XRD diffractogram
of lignin@Co (LCo), assigned the peaks to Coz0O4 [ICDD #04-015-4721]. Additionally, the broad
peak at 63° was assigned to the (111) plane of CoOH [ICDD #04-005-7243]. Different from the
other NPs the synthesis of the CoNPs relied only on the reduction of the Co precursor using a
reduction agent, NaBH4. Although the cobalt NPs synthesis was done under a nitrogen atmosphere,
once under atmospheric conditions, Co? is easily oxidized into cobalt oxides and hydroxides, even

in the presence of capping agents.?*2® Although with weaker magnetic properties, Co3Oa, also
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presents a response to an external magnetic field (Figure 2.2.2 E). To balance the magnetic
properties of iron oxides and the excellent antibacterial properties of cobalt-based nanomaterials,
we synthesized a hybrid material, Lignin@FeCo (LFeCo). Using XRD (Figure 2.2.1) we
confirmed the presence of two phases, Fe.Oz [PDF 01-072-6226] and CoFe>O4 [PDF 04-022-3956].
The presence of both phases can also be seen in the TEM images (Figure 2.2.2 D) and the presence

of two distinct populations on the size distribution (Figure 2.3.2).

The morphology of the NPs was investigated using TEM (Figure 2.2.2) and their magnetic
behaviour can be seen in Figure 2.2.2 E. Due to the magnetic nature of these materials and the
presence of organic material, the NPS tends to agglomerate. Figure 2.2.2 A-D shows the spherical
LFe, LFeAg, and LCo nanoparticles. Interestingly, the ones with lower amounts of lignin, LFe,
and LFeAg with 3.5 and 8%, respectively (Figure 2.3.3 and Table 2.2.1), also presented better
dispersibility. In fact, lower amounts of lignin during the synthesis resulted in less agglomeration,
as shown in Supporting information (Figure 2.3.1). This tendency was also demonstrated in

previously published papers using different metals.?’-8

From the TEM image of LFeCo (Figure 2.2.2 D), we note that the nanoparticles are
enclosed within a hexagon shape, which is one of the common shapes of CoFe;O4. The hexagon-
shaped nanoparticles are formed by the competition between the growth rates of different
crystallographic facets, in this case, the favourable growth of the [100] and [111] planes.®>?°%° The
shape control is a result of surface energy alterations caused by the presence of capping agents,

such as lignin.?®
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Figure 2.2.2 Representative TEM images for the synthesized magnetic nanoparticles: (A) LFe, (B) LFeAg, (C) LFeCo
and (D) LCo. Scale bars: 50 nm. (E) Photographs showing the magnetic behaviour of the MNPs in the presence of an

external magnetic field.
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Using their TEM images, we calculated the particles’ average diameter estimated from the
largest dimension of each NP. The particle sizes were different among the materials, ranging from
4.9 nm for LCO to 17.9 nm for LFeCo (Table 2.2.1). The MNPs had a wide size distribution which
is attributed to the method chosen. Although one of the most used methods for the synthesis of
magnetic NPs, co-precipitation's main challenge is to control the size and shape of the resulting
particles. Average crystallite sizes were calculated using the Scherrer equation, to be 12.6, 12.5,
17.2, and 17.6 nm, for LFe, LFeAg, LCo and LFeCo, respectively. The sizes are similar to the
particle sizes measured by TEM (Table 2.2.1), in agreement with the fact that each particle is a

crystal.

Table 2.2.1 Summary of the characterizations for MNP. Particle size was obtained from the TEM images of the
nanomaterials. Crystalline structures were analyzed from the XRD diffractograms and compared with the
existingprofiles on the ICDD database. LFe: FesO. [PDF 04-013-9808], LFeAg: Ag [PDF 04-014-0266] and Fe304
[PDF04-008-8145], LCo: C0304 [PDF 04-015-4721] and CoOH [PDF 04-005-7243] and LFeCo: Fe,O; [PDF 01-076-
4579] and CoFe;04 [PDF 04-022-3956]. Crystallite size was calculated using the Scherrer equation using data from
the XRD diffractograms. Lignin content was obtained using Thermogravimetric analysis (TGA), measured between

25-300°C under N2. Metal quantification was done using ICP-OES following Fe, Ag and Co emission line.

Crystalline i Lignin
Nanomaterial ~ Size (nm) y Crystallite 9 ICP (%)
Phases Size (nm) Content (wt %)

LFe 13.2+5.7 Fe304 126+29 3.5 Fe: 74.0
Fe: 70.0

LFeAg 114+ 4.6 Ag and Fe304 125+2.6 8.0
Ag: 12.0
LCo 158+8.0 Co0304and CoOH 17.2+5.6 10.0 Co: 56.0
173 + Fe20z and Fe: 24.0

LFeCo 176 +8.1 12.0
16.7 CoFe204 Co: 48.8

The optical properties of these nanomaterials were investigated using diffuse reflectance

between 300-1200 nm. The MNPs (Figure 2.2.3) show strong absorbance in the entire visible range
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and into the NIR region. This feature makes these NPs ideal for applications using solar light and
NIR irradiation into the biological window I (700-950 nm).

12

400 600 800 1000 1200
Wavelength (nm)

Figure 2.2.3 Diffuse Reflectance spectra (arbitrary but comparable units) of the MNP measured at room temperature
between 300-1200 nm: LFe (red), LFeAg (blue), LFeCo (black) and LCo (green).

Minimal Inhibitory Concentration (MIC)

The antimicrobial properties of the MNPs were tested by performing Minimal Inhibitory
Concentration (MIC) experiments via a microdilution assay. The MIC is defined as the minimal
concentration capable of inhibiting any bacterial growth, compared to the control. We evaluated
nanoparticles at concentrations ranging from 1000 to 31.25 mg/L. The effect of lignin alone was
also investigated, incubating the bacterial cells with the biopolymer.

Statistically, all concentrations of lignin alone presented no effect on bacterial growth, for
both species, when compared with the control (0 log reduction) (p > 0.05). Although previously

reported as antibacterial,®3132 lignin structures and properties vary according to the biomass
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sources and extraction methods as investigated by Alzagameem et.al.® and Guo etal.®! Its
capacity to inhibit bacterial growth is due to the presence of phenolic hydroxyl and methoxy
groups.®>3 Our research group has previously discussed the influence of the lignin structures on
their antibacterial activity. In fact, their structures can facilitate the interaction with the bacterial
cell wall.1® In the meanwhile, this heterogenic biopolymer also presents antioxidant properties that
may protect the bacteria against oxidative stress. %3132
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o [ 61.5 mg/L
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Log,, reduction
w

Lignin LFe LFeAg LCo LFeCo

Figure 2.2.4 Logso reduction of (A) E. coli (B) S. aureus, after treatment with MNPs or lignin A alone (31.5-1000 mg/L) for
16 hin50 % LB at 37°C and 140 rpm, under dark. Cell growth was determined by the plate counting method and log reduction
was obtained by comparing bacterial growth in presence of nanoparticles to a control incubated without the NPs. Error bars
represent standard deviations of the log reduction, n=5. (*p < 0.05, **p < 0.01, ***p < 0.001)
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The synthesized nanomaterials exhibited effective inhibitory and bactericidal activity after
16 h incubation with E. coli and S. aureus, a Gram-negative and a Gram-positive model,
respectively. In general, NPs performed better against E. coli, presumably due to the thinner
peptidoglycan cell wall of Gram-negative. LCo outperformed the other NPs (p = 0.00), having a
minimum of 7 log reductions at 31.25 mg/L. This may be due to the leaching of cobalt ions that
can interact with thiol groups of essential bacterial enzymes. Nanostructures are also known to
induce the formation of reactive oxygen species that damage DNA, lipids, and proteins.?* Hybrid
nanocomposites contained lower amounts of toxic metals, Ag and Co (Table 2.2.1), which justify

the reduced antibacterial activity of LFeCo and LFeAg in comparison to LCo.

Regarding the experiment with S. aureus, both LCo and LFeCo had great antibacterial
effects, with a minimum reduction of 2.6 log units for LFeCo and 3.4 log units for LCo. LFe and
LFeAg did present statically similar growth to the control (p > 0.05). Compared with the other
materials, iron oxide shows lower antibacterial activity, mostly due to the lower toxicity of iron
ions. In fact, the greater antibacterial activity of iron oxide nanoparticles is often obtained by

surface modifications, doping and synthesis of nanohybrids.3*%’

Based on these data we determined that concentrations higher than 31.25 mg/L were able
to inhibit E. coli growth for all NPs. As S. aureus although similar to the control, concentrations
above 125 mg/L did show some level of inhibition. For this reason, we continued the next

experiments by using NPs at concentrations of 125 mg/L.
Photothermal activity

We sought to investigate the photothermal activity of the MNPs by using NIR irradiation
(810 nm) with a power of 0.99 W/cm?2. The wavelength of choice is within the biological window,
which allows deep tissue penetration, ideal for in situ applications. Iron and cobalt-based materials
are known for their exceptional photothermal properties, being vastly studied for cancer
therapies.>*?>% The nanocomposites, LFeAg and LCo presented great photothermal properties
eventually achieving solution temperatures up to 50°C, Figure 2.2.5. It should be noted that in the
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times required for potent antibacterial activity (6 log reduction or more), temperature changes were
small, typically <5°C.

70

60 |

o

o 50}

>

©

o 40}

Q.

g —=—LFe

— 30 —=— LFeAg
—m— L FeCo
—a— [ Co

20 —— Control
0 20 40 60

Time (min)

Figure 2.2.5 Temperature changes over time of aqueous solutions of MNPs (125 mg/mL) after irradiation with 810
nm LED (0.99 W/cm?). Temperature was measured with an IR thermometer every 5 min. The control sample (green)
was pure water.

As demonstrated in Figure 2.2.6, in the presence of light, the MNPs were able to kill the
bacteria at shorter times than the MIC experiments. In times as short as 1-5 minutes, LFeCo and
LFeAg could cause up to 99.9999 % reduction for E. coli and 99.9 % for S. aureus. Following
Health Canada guidelines, a minimum of 4-log (99.99 %) removal is required for water
disinfection and 3-log reduction for surface disinfectant.3%4
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Figure 2.2.6 Bactericidal activity against E.coli (A) and S. aureus (B) after treatment with MNPs (125 mg/L) alone (
LFe, LFeAg, LCo, and LFeCo) and with MNP and NIR (810 nm - 0.99 W/cm?) irradiation (LFe + NIR, LFeAg +
NIR, LCo + NIR, and LFeCo + NIR). Treatment was done 1, 5, 15 and 30 min, and cell growth was determined by
the plate counting method. Log reduction was compared to the initial bacterial inoculum. Error bars represent standard

deviations of the log reduction, n=3. (*p < 0.05, **p < 0.01, ***p < 0.001).

A possible cause of the antibacterial effect is the local heat, that is generated as the excited

nanomaterial releases the energy absorbed upon NIR irradiation. Temperatures, above 50°C, cause
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membrane disruption, protein denaturation, and increased permeability, eventually causing
bacterial death.

Note that at longer times the log reduction achieved reaches a maximum of around 9 log
units. Those data points do not have any error bars, since in all the experiments there were no
bacteria to count. For this we use the initial bacterial concentration, ODsoo = 0.1, to estimate the
total log reduction.

The composite with the highest antibacterial activity against E. coli was LFeCo, with a 7-
log reduction in 15 min. Interestingly, this nanomaterial did not have higher temperature increases,
when compared to the other NPs, with a maximum of 45°C (but < 20 °C at 15 minutes). Trying to
understand the antibacterial mechanism of these nanostructures, we incubated E. coli at 45°C for
up to 30 min and measured the bacterial growth. As demonstrated in Figure 2.3.4, the heat alone
does not cause the massive bactericidal effect that is observed in the presence of the LFeCo.
Furthermore, the presence of light does influence the higher antibacterial rate for LFeCo and LCo
(p = 0.00). We then measured if the presence of the light would accelerate the release of toxic
ions, such as Co?*. Table 2.3.1 shows that the percentage of Co ions released for LCo is not affected
by the presence of light. Thus, the high antibacterial effect can be a combination of the heat
generated, which increases bacterial membrane permeability, leading to further permeation to the
nanomaterials or the released ions.

Chemodynamic therapy (CDT)

Exploring the full potential of our NPs we then investigated the nanoenzymatic behaviour
of these materials. A few nanomaterials, such as superparamagnetic NPs have peroxidase-like
activity, which catalyzes the one-electron reduction of H20O., generating "*OH radicals through a
Fenton-like reaction.** We first tested our lignin@MNPs’ ability to catalyze the oxidation of 1,3,5-
trimethylbenzene (TMB) in the presence of H202. TMB is translucent in its natural form, but in the
presence of "OH, it is oxidized into oxi-TMB which has a strong characteristic peak at 652 nm.
The resulting blue colour indicates the successful colorimetric reaction.

Here the nanoparticles were tested at the concentrations used for PTT assays (125 mg/ L)
and with H202 (0.1 mM). As can be seen in Figure 2.2.7-A, all tested composites could catalyze

TMB oxidation. Lignin and H>O> alone were not able to induce the formation of oxi-TMB.
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Particularly, solutions treated with LCo and LFeAg, resulted in a higher absorbance intensity for
oxi-TMB, showing better enzymatic activity of these NPs. Both nanomaterials, CoNPs and FeAg
nanohybrids were previously reported as suitable catalysts for TMB oxidation.*43

The peroxidase-like activity can be used to improve NPs' capability to kill bacteria through
oxidative stress. The hydroxyl radicals produced are strong oxidant agents that react with lipids,
DNA, and proteins. Hydrogen peroxide in the absence of MNP, with and without NIR irradiation
had low antibacterial activity. In addition, CDT treatment alone (no NIR) had less bactericidal
effect efficiency than the PTT (Figure 2.2.7-B and C) which can be due to the low stability of *OH
radicals that easily react with other molecules in the solution, such as the media constituents (LB
broth) or the lignin present in the NPs. Note that the H2O2 concentration used, 0.1 mM, is
significantly lower than that previously used for bactericidal experiments.®44
Combination of PTT and CDT

When combining the presence of NIR irradiation with H2O3, the bactericidal effect of the
NPs was enhanced by reducing the necessary time for the treatment. Similar to the previous tests,
E. coli was more sensitive to the treatments achieving total eradication with LFeAg and 6 log units
with LCo within only 1 min (Figure 2.2.7-B and Table 2.2.2). Meanwhile, the MNPs were able to
eradicate a maximum of 4.5 and 5 log units of S. aureus in 15 and 30 min using LFeAg and LCo,
respectively (Figure 2.2.7-C), indicating that the different cell wall constitution does influence the
bacteria sensibility, emphasizing the role of membrane permeabilization on the antibacterial
mechanism of the fabricated NPs.

To evaluate the proposed mechanisms, ‘OH production and ion leaching with the
combination of CDT and PTT were evaluated. The fluorescent probe, coumarin, was used to
observe the production of hydroxyl radicals. The fluorescence of 7-hydroxycoumarin (7-HC) at
454 nm was used and analyzed for the presence of this radical. Figure 2.3.5 shows the increased
production of *OH radicals over time, with higher fluorescence at 30 min. Control experiments
without H>O; yield lower concentrations of 7-HC. For iron containing NPs, LFe, LFeCo and
LFeAg, the presence of light did not interfere with the *OH radical amounts, emphasizing that the

higher antibacterial activity under light, is due to other mechanisms such as the photothermal effect
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(Figure 2.2.5) or ions leaching. As for LCo, the light treatment accelerated the formation of 7-HC,
which can be due to the heat generated.
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Figure 2.2.7 (A) Oxidation of TMB (1 mM) in the presence of the MNPs (125 mg/L) or Lignin A and 0.1 mM of
H,0,, after 20 min of reaction in PBS. In the inset, images of TMB solutions before and after reaction with MNPs.
Bactericidal activity against E. coli (A) and S. aureus (B) after treatment with MNPs (125 mg/L) and 0.1 mM of H,0,
(LFe, LFeAg, LCo, and LFeCo). And in the presence of the MNP, H,O, and NIR irradiation (810 nm) (LFe + NIR,
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LFeAg + NIR, LCo + NIR, and LFeCo + NIR). Treatments were done for up to 30 min. Bacterial viability was
determined by the plate counting method and log reduction was determined by comparing the cell viability to initial
bacterial inoculum. Error bars represent standard deviations of the log reduction, n=3. (*p < 0.05, **p < 0.01, ***p <
0.001).

Table 2.2.2 Summary of the bactericidal activity against E. coli and S. aureus after treatment with MNPs (125 mg/L)
and NIR (0.99 W/cm?) for 1 and 5 min, determined by the plate counting method. Bactericidal activity was measured
as logao reduction, by comparing cell viability after treatment with the initial bacterial inoculum. PTT treatment was
done with solely NIR irradiation in the presence of the MNPs. CDT treatment was a combination of NIR irradiation

presence of 0.1 mM H;O;,

Escherichia coli

PTT CDT
Nanomaterials | 1 min  5min 1 min 5 min
LFe 11 1.0 11 1.8
LFeAg 1.7 24 9.1 9.1
LFeCo 1.2 6.7 5.9 6.1
LCo 1.2 2.9 0.8 2.5

Staphylococcus aureus

PTT CDT
I1min 5min 1 min 5 min
LFe 0.2 1.1 0.1 0.1
LFeAg 2.1 3.4 14 3.3
LFeCo 1.3 0.8 1.6 1.3
LCo 2.0 2.0 1.2 1.2

CDT, chemodynamic therapy; LFe, Lignin@Fe; LFeAg, Lignin@FeAg;
LFeCO, Lignin@CO; MNP, magnetic nanoparticle; NIR, near-infra-red;
PTT, photothermal therapy.

Cell toxicity

To evaluate the toxicity of the nanocomposites we treated human fibroblasts with

synthesized nanomaterials. Previous experiments demonstrated that long irradiation times can be
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damaging to mammalian cells.*® The advantage of the Lignin@MNPs is that at short irradiation
times, such as 1 and 5 min, we could see effective antibacterial activity. Considering this, we
choose 5 min irradiation to evaluate the toxicity of our composites toward human cells. Using their
magnetic properties, we removed the NPs after the 5-minute irradiation (light) or dark incubation.
Cellular viability was inferred using the MTT assay, which measures cellular metabolism. Cells
treated with DPBS, and no light (dark) were assumed as 100 % viable.

1251 * B Dark
B Light
9 100 *
z
§ 75
=
T
O
50
) i
0
Control Fe LFeAg LCo LFeCo

Figure 2.2.8 Cell viability of human fibroblasts (HT1080) measurements were carried out using the MTT colorimetric
assay. Cells were treated with 125 mg/L of the nanocomposites, and 0.1 mM of H20- in the presence (red) and absence
(black) of NIR (810 nm - 0.99 W/cm?) irradiation for 5 min. Nanocomposites were removed with an external magnet

and cells were incubated for 24 h before viability tests. Error bars represent standard deviations, n=3. (*p < 0.05)
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The presence of light did not affect the viability of the cells (p > 0.05) (red bars, Figure
2.2.8) meaning that the short NIR irradiation is a safe tool to combat bacterial infections. The
composites, LFeAg and LCo, were the ones with lower cell viability with respectively, 42 %
and 50 % survival in both, dark and light, indicating the intrinsic toxicity of these materials.
Differently, in the presence of LFe, cells presented a survival rate of 87 %, similar to the
controls (p < 0.05). Cell compatibility of iron oxides is a known feature of the nanostructures,
which can make them suitable for medical applications such as MRI imaging.*¢-* However,
the antibacterial activities of LFe were limited in both PTT and CDT, with a maximum of 1.8

log reduction.

Combining the antibacterial efficiency of cobalt and the biocompatibility of iron oxides,
we synthesized the LFeCo composite. The hybrid material maintained cell viability at 70 %
while keeping an excellent antibacterial performance (Figures 2.2.6 and 2.2.7). In fact, for PTT
against E. coli, LFeCo performed better than the other composites, achieving almost 7 log
reduction in only 5 min (Table 2.2.2). For this reason, we evaluated the toxicity of these
composites using only PTT (810 nm - 0.99 W/cm?). Cellular viability remained at 80% in the
dark and 75 % in light (Figure 2.3.5), slightly higher than in the presence of H>O: (Figure
2.2.8). Further, we explored the impact of lignin as a capping agent, for FeCo NPs, on cell
viability. In the presence of lignin (LFeCo), the cellular survival remained at 75 %. However,
on FeCo NPs, with no capping agent, the survival rate drastically dropped to 21 % (Figure
2.3.5). Meaning that by using a biocompatible capping agent we were able to modulate the
toxicity of this composite. As previously mentioned, lignin is known for its antioxidant
behaviour which can protect the cells. Also, biopolymers as capping agents act to reduce the
leach of ions and the different contact of the NPs with the cell membrane.”1032

CONCLUSION

Several magnetic nanostructures coated with lignin have been prepared and their
antibacterial properties against Gram-positive and Gram-negative bacteria tested. The magnetic

properties of these nanocomposites facilitate removal or localization, while the lignin shell
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provides biocompatibility. In the dark, these nanomaterials are mild antibacterials, but when
illuminated become powerful antibacterial agents with typically >6 log units bacterial reduction
in 1 to 5 minute irradiations. These materials absorb strongly in the very useful NIR biological
window, which we illustrate using 810 nm LED irradiation. Biocompatibility tests using
fibroblasts show limited cell damage and no enhanced adverse effect during 810 nm NIR
illumination. A comparison of the data in Figures 2.2.6 and 2.2.8 suggests that LFeCo offers

the best compromise of very high antibacterial.
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1.8 Post-print Version of Supporting Information

Figure 2.3.1 Representative TEM images comparing LFeAg NPs synthesized using different initial concentrations of
lignin A: 10 mg/L (left) and 1 mg/L (right). Before the imaging, the NPs were dispersed on EtOH and sonicated for
30 min. 20 pL of the ethanolic MNPs solution was dropped on the copper side of TEM grids and air dried overnight
before being inserted on a JEM2100F FETEM (JEOL) instrument. Scale bars: 50 nm.
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Figure 2.3.2 Size distribution of the MNPs: LFe (a), LFeAg (b), LCo (c), and LFeCo (d). Particle sizes were obtained

using their TEM images. The measurements were estimated from the largest diameter of a minimum of 300 individual
particles.
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Figure 2.3.3 Thermogravimetric analysis (TGA) graphs of the MNPs, evaluating the lignin content of LFe (a), LFeAg
(b), LCo (c), and LFeCo (d). 10 mg of each sample was loaded into a Q5000 IR instrument under N, or airflow (120

mL/min) and the weight changed as the function of temperature was measured between 25-850°C with a heating rate

of 10 °C/min.
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Figure 2.3.4 Log reduction of E. coli incubated at higher temperatures. The Initial bacterial solution at 0.10Dggo Was
incubated at 45°C for 1, 5, 15, 30, and 60 min. Log reduction was calculated relative to the number of viable cells

before the experiment (CFU/mL). Error bars indicate means + standard deviations (n=3).
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Figure 2.3.5 Hydroxyl radicals detection using coumarin as a standard probe. Presence of the hydroxylated product, 7-
hydroxycoumarin was detected by following the fluorescence at 454 nm (ex 340 nm). On the left, the fluorescence of 7HC,
at 454 nm, after incubation with 125 mg/L of MNP and 0.1 mM of H20, in dark and under NIR irradiation (810 nm) for 1, 5,
15 and 30 min. On the right, fluorescence at 454 nm after incubation with 125 mg/L of MNP with and without H,0; (0.1 mM)
for 30 min in dark and under NIR irradiation (light) (810 nm)
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Table 2.3.1 The cumulative released amount of ions (iron, silver and cobalt) from the MNP solutions (125 mg/L) after
30 min irradiation with 810 nm LEDi (0.99 W/cmz) (light) or after incubation in the dark for 30 min (dark). lons in
solution were measured using ICP-OES following the Fe, Ag and Co emissions line at 238.20 nm, 338.29 nm, and

238.89 nm respectively. Percentages were calculated based on the total amount of NPs added to the solution.

Nanomaterial lron Silver Cobalt
10.7 ppm
LFe Dark PP - -
(8.5 %)
15.7 ppm
LFe light PP - -
(12.6 %)
7.4 ppm 0.2 ppm
LFeAg Dark PP PP -
(5.9 %) (0.2 %)
5.9 ppm 0.2 ppm
LFeAg Light PP P -
(4.7 %) (0.2 %)
1.0 ppm 3.6 ppm
LFeCo Dark PP - PP
(0.8 %) (3.0 %)
1.1 ppm 4.0 ppm
LFeCo Light PP - PP
(0.8 %) (3.2 %)
9.4 ppm
LCo Dark - - PP
(7.7 %)
12.1 ppm
LCo Light - - PP
(9.9 %)
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Figure 2.3.6 The cumulative released amount of ions (iron, silver and cobalt) from the MNP solutions (125 mg/L)

after 30 min irradiation with 810 nm LEDi (0.99 W/cmz) (light) or after incubation in the dark for 30 min (dark). lons
in solution were measured using ICP-OES following the Fe, Ag and Co emissions line at 238.20 nm, 338.29 nm, and

238.89 nm respectively. Amounts of released ions are expressed in parts per million (ppm).
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Figure 2.3.7 Cell viability of human fibroblasts (HT1080) treated with 125 mg/L of Lignin@FeCo (LFeCo) and
uncapped FeCo nanocomposites in the presence (red) and absence (black) of NIR (810 nm - 0.99 W/cm?) irradiation
for 5 min. Nanocomposites were removed with an external magnet and cells were incubated for 24 h prior to viability
tests. For cell viability, MTT (0.5 mg/mL) reagent was added to the treated cells. After 2 h incubation, the produced
formazan crystals were dissolved in DMSO, and the absorbance was measured at 590 nm. The viability percentage
was calculated by comparing the absorbances of treated cells to untreated controls incubated in the dark. Error bars

represent standard deviation.
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1.9 Accompaniment to Chapter 2

Here we explored four simple approaches to fabricate magnetic NPs. The synthetic approach
developed for bimetallic NPs will be further revisited in Chapter 5. Interestingly the use of lignin
was proven to be a great choice of biocompatible capping agent facilitating NPs stabilization while
reducing toxicity towards human cells. In addition, it repurposes a material that is often discarded

by pulp and paper industries. Thus, contributing to the quest for more sustainable alternatives.

The remarkable bacterial cell reduction above 3-log units in short periods for PTT and CDT
treatments highlights the exceptional bactericidal properties of those materials. Moreover, the
combination of PTT and CDT further reduces the necessary treatment duration to 1-5 min, which
is great for reducing potential damage to mammalian cells. Particularly, FeCo had great

performance across all antibacterial tests while maintaining cell viability at about 80 %.
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3. Fibrous TiO: Alternatives for Semiconductor-Based Catalysts for

Photocatalytic Water Remediation Involving Organic Contaminants

This chapter has been adapted from ACS Omega, 2023, 8, 21585-21593, with permission from
the American Chemical Society. To allow for consistent formatting and clarity, some changes

have been made.

3.1 Preamble to Chapter 3

The following chapter describes the synthesis and comparison of three fibrous TiO, catalysts
for water purification, evaluating their catalytic performance and morphological features. The
three developed fibres—TiO nanofibres (TNF), TiO2 glass wool (TGW), and TiO> glass filter
(TGF)—are highlighted as promising alternatives for water purification due to their macroscopic
dimensions, which make them ideal candidates for fixed-bed reactors compared to traditional
powder TiO2 such as P25. We developed standardized tests for both batch and continuous flow
systems, using crocin as a surrogate molecule for organic contaminants. The catalysts
demonstrated impressive catalytic performance in batch tests, achieving degradation values above
80%. Notably, in continuous flow systems, they showed significantly faster degradation rates. For
example, TGW bleached 43% of the dye within just 35 seconds of irradiation, a process that would
take at least 1 hour in our batch system. The chapter also includes a comparative analysis of these
materials in terms of synthesis convenience, affordability, and efficiency, considering their

potential for scaling up production and application.

The second element of interest, titanium (Ti), is particularly significant in its oxide form,
TiO,. This semiconductor nanomaterial is predominantly used as a powder. To broaden its
applications, we focused on fabricating new TiO2 nanostructures that facilitate separation from
solutions. My initial interest in titanium dioxide-based materials began with an opportunity to

develop metal-oxide nanofibres at Rhodes University in South Africa as part of an IDRC grant
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with groups from Kenya and South Africa. During my time at Rhodes University, | learned how
to develop and characterize semiconductor-based electro-spun nanofibres, and TiO. was
highlighted for its efficient synthesis.

Upon returning to the University of Ottawa, my interest shifted towards exploring other
macroscopic alternatives for TiO.-based catalysts for water remediation. This led to the
development of TiO> deposited on glass wool. This supporting material was previously employed
by our group for supporting noble metals and ruthenium complexes, proving to be an excellent
candidate. Additionally, with my colleagues' collaboration, we successfully developed TiO:
deposited on a glass filter. Both syntheses were surprisingly straightforward and resulted in a great

TiO> deposition on the glass materials.

We then became interested in comparing the three materials as potential candidates for
water remediation. For photocatalytic molecule degradation, dyes are great alternatives for simple
spectroscopic quantification. From prior studies from our group, we learned that traditional dyes
used as surrogate molecules were unsuitable for tests with glass-based catalysts. We quickly
identified crocin as an effective surrogate molecule, thanks to its characteristic peak in the visible
range, and lower adsorption onto glass. In the batch experiments, we utilized degradation rates
during light exposure to determine the best-performing catalysts, which were the TNFs.
Interestingly, their catalytic performances and suitability differed significantly in flow tests. We
observed that TGW adapted more easily to various flow systems, compared to the other fibrous
materials. Additionally, the glass wool's shape allowed for more contact with the solution inside

the tube, significantly enhancing TGW's degradation potential compared to the other materials.

3.2 Post-print version of Manuscript

First published in ACS Omega, 2023, 8, 21585-21593
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ABSTRACT

Water decontamination remains a challenge in several developed and developing countries.
Affordable and efficient approaches are needed urgently. In this scenario, heterogeneous
photocatalysts appear as one of the most promising alternatives. This justifies the extensive
attention that semiconductors, such as TiO2, have gained over the last decades. Several studies
have evaluated their efficiency for environmental applications; however, most of these tests rely
on the use of powder materials that have minimal to no applicability for large-scale applications.
In this work, we investigated three fibrous TiO2 photocatalysts, TiO> nanofibres (TNF), TiO2 on
glass wool (TGW), and TiOz in glass fibre filters (TGF). All materials have macroscopic structures
that can be easily separated from solutions or that can work as fixed beds under flow conditions.
We evaluated and compared their ability to bleach a surrogate dye molecule, crocin, under batch
and flow conditions. Using black light (UVA/visible), our catalysts were able to bleach a minimum
of 80% of the dye in batch experiments. Under continuous flow experiments, all catalysts could
decrease dye absorption under shorter irradiation times: TGF, TNF, and TGW could, respectively,
bleach 15, 18, and 43% of the dye with irradiation times as short as 35 s. Catalyst comparison was
based on the selection of physical and chemical criteria relevant for application on water
remediation. Their relative performance was ranked and applied to a radar. The features evaluated
here had two distinct groups, chemical performance, which related to the dye degradation, and
mechanical properties, which described their applicability in different systems. This comparative
analysis gives insights into the selection of the right flow-compatible photocatalyst for water

remediation.

INTRODUCTION

Universal access to safe water is still a major challenge for nations around the globe.
According to the United Nations, the lack of sufficient water treatment plants and sanitation is
responsible for letting more than 1.5 billion people consume unsafe water every year.! Human
activities are one of the main sources of contamination, introducing a growing number of

compounds into the water bodies. Such contaminants range from pathogens, heavy metal ions, and
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organic pollutants.!® Among the latter are pharmaceuticals, endocrine disrupters, personal care
products, dyes, phenols, and benzene compounds.!*® Addressing this challenge calls for
affordable and efficient alternatives while being safe for humans and having minimal

environmental impact.

Among the most promising alternatives for water remediation, the use of heterogeneous
catalysts is one of the most developed alternatives due to their stability, low cost, and nontoxicity.
Since the discovery of photocatalytic water splitting using TiO2, in 1972, by Honda and
Fujishima,”8 this semiconductor has gained great attention for photocatalytic uses. It is widely
used for energy purposes and environmental applications.”!! Its large band gap (3.19 eV) gives it
enough energy to perform catalytic reactions that is generally require large energy inputs, such as
water oxidation and radical formation. In particular, hydroxyl radicals and other radicals
originating from them are of great interest due to their high antimicrobial nature,'? which also finds
utilization in degrading organic materials. These two applications combined can make TiO: a

promising catalyst for water remediation.'*1

Most of the research has been performed with powder TiO», frequently commercial P25
grade which is mostly anatase phase with particles of around 25 nm in size. This is generally
suitable for small-scale batch applications and many interesting “proof-of-concept" reports are
available.'®?? For environmental applications, particularly if they involve water treatment, batch
strategies with powder catalysts are unlikely to find practical applications. For this, flow methods
are essential for suitable scale-up to be viable. Further, if illumination is required, batch systems
present additional challenges because of limited light penetration and the need for surface exposure
to incident light. In our recent research, we have found that fibrous materials, including TiO>-rich
components have excellent properties for flow catalysis, as they present a fixed bed catalyst, that
allows liquids to flow without loss of catalytic materials.?® In a typical test, the fibrous material is
not exposed to mechanical challenges, so it simply needs to be robust enough to maintain its
integrity in the presence of liquid flow, a frequently reducing environment and simultaneous

illumination.?
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Flow-suitable catalysts can be achieved by the preparation of fibrous TiO», such as

nanofibres and microfibres,>*-2

or by using a support material to deposit the TiO» photocatalyst.
The latter is a supported catalyst. The in-situ synthesis, deposition, impregnation, and precipitation
of catalytic material on inert surfaces introduces compatibility with flow systems, and thus easy
separation from solutions. Some of the supports developed include glass wool, glass beads, glass

filters, and cellulose filters.!-2!23-27-29

In our group, we are investigating the use of glass supports for titanium dioxide, due to
their inert, non-toxic, and inexpensive characteristics. In this contribution, we tested three TiO»-
rich materials. The first one consists of TiO, fibres (about 1 um diameter) produced by
electrospinning (TiO2NF). The other two materials are preceded by in-situ depositing TiO2 on
glass fibres. In one of them, the substrate is glass wool pretreated with APTES with fibres of about
10 pm of diameter (TiO2@GW), and in the other TiO2 was deposited on glass filters, a fibrous
cardboard-like material consisting of glass fibres of about 100 nm in diameter. Our tests include
bleaching of an organic dye, crocin, which is the pigment present in saffron. For illumination, we
use a 30 cm long black light (UVA/Visible ~400 nm), a safe source, that emits at the edge of the
absorption profile of TiO,. Our work involves batch studies and a bench-scale flow system to
evaluate and compare these materials aiming at future applications in large-scale flow systems.
Here we compared and discussed the performance of those materials using parameters such as
flow compatibility, availability, convenience (including synthesis), photochemical activity,

mechanical properties and reusability.

MATERIALS AND METHODS
Materials

Unless otherwise specified, all chemicals and glass wool fibres were purchased from
Sigma-Aldrich and used without further purification. Glass fibre filters were purchased from Pall

Corporation, and APTES (3-aminopropyl triethoxysilane) from Tokyo Chemical Industry Co., Ltd.
(TCI).
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Catalyst Preparation
TiO2 nanofibres (TNF)

A 10% PVP (polyvinylpyrrolidone) solution was prepared in 20 mL of ethanol (EtOH) with
vigorous stirring for 2 h. A mixture of 5 mL (60 mM) TiP (titanium isopropoxide) and 5 mL acetic
acid was made by stirring them until a transparent solution was obtained, which was then added to
the PVP/EtOH solution, followed by vigorous stirring for 8 h. This polymeric solution was loaded
into a 20 mL plastic syringe for electrospinning. Fibres were spun applying a positive voltage of
18 kV at the needle tip with respect to the collector metal (aluminum tray) with tip to collector
distance (TCD) of 12 cm. A syringe pump was used to flow the solution at a flow rate of 1 mL/h.
After the entire solution was spun, the collected material was removed from the aluminum tray

and calcined to obtain anatase TiO». The calcination was done under air, at 500°C for 2 h.

TiO2@Glass Wool (TGW)

A 10% PVP solution was prepared in 20 mL of EtOH with vigorous stirring for 2 h. A mixture
of 5 mL (60 mM) titanium isopropoxide and 5 mL acetic acid was made by stirring them until a
transparent solution was obtained, which was then added to the PVP/EtOH solution, followed by
vigorous stirring for 2 h. The TiO: precursor solution was added to a 30 cm glass tube, with 1.5 g
HCI (6 M) and APTES-treated glass wool as previously described.?* The solution was stirred using
a rotator overnight at room temperature; the slow rotation ensured adequate mixing without
mechanical stress for the fibres. After this period, the glass wool was removed and carefully
washed 3x with EtOH and 3x with distilled water and let dry in the oven at 80 °C overnight. The
dry TGW was then calcined under air using a tube furnace heated at 500 °C for 2 h followed by 5
min at 600 °C. The material was left to cool down at room temperature, washed 5x or until a clear

solution was obtained with distilled water and dried at 80 °C.

TiO2@Glass Filter (TGF)

TGF catalyst was synthesized directly onto the glass fibre filter. Glass fibres (with long fibres
about 300 nm in diameter), were cut by hand into strips (0.60 cm in width and ranging from 5.50
to 25.0 cm in length) using ceramic scissors to avoid contamination. These were weighed and

placed in an aluminum foil tray. Once in the tray, 3 to 5 mL of TiP was added on both sides of the
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filter strips to ensure saturation. Following this, the aluminum tray was filled with deionized water.
The saturated strips were left submerged in water for 15 minutes, on each side. The loaded filter
strips were then removed from the aluminum tray and placed between two sheets of aluminum
foil. Using a clothing iron, the sandwiched filter strips were ironed at medium heat (140-160 °C)
until dry. To obtain anatase TiO2, the dried glass filter strips of TiO2 supported on the glass fibre
filter paper were placed inside a tube furnace and heated at 500 °C for 2 h followed by 5 min at
600 °C. The material was left to cool down at room temperature, washed 5x or until a clear solution

was obtained with distilled water and dried at 80 °C.

Photocatalytic activity

The photocatalytic performance of the three catalysts was evaluated using a UVA/visible
black light composed of 9 LEDs with maximum emission at 400 nm (Viugreum). The irradiance
of each LED was measured at a 3 cm distance using a spectroradiometer (Luzchem, SPR-4002,

Ottawa, Canada) The energy distribution for a single LED is described in Table 2.2.1.

Table 3.2.1 Energy distribution of a single LED measured with a spectroradiometer.

Region Power W/m?
UVB Traces
UVA 12.9

Visible 5.1
Total 18.0

Characterization

SEM images were acquired using a JSM-7500F field emission scanning electron
microscope from JEOL Ltd. Elemental identification mapping was done using a Zeiss Gemini
SEM 500 equipped with an energy dispersive X-ray spectrometer (EDS) system (QUANTAX,
Bruker). Diffuse reflectance (DR) measurements were carried out in VARIAN Cary 100 UV-VIS
Spectrophotometer coupled with an integrating sphere accessory and absorption spectroscopy was

performed in a Cary-60 UV-Visible spectrophotometer. Fourier Transformed Infrared (FTIR)
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spectra were obtained on a Nicolet IS5 FTIR spectrometer equipped with an iD7 Attenuated Total
Reflectance (ATR) accessory. For each sample 64 scans were recorded with resolution of 4 cm'!.
Powder X ray diffraction analysis was carried out at room temperature on Rigaku Ultima IV
powder diffractometer in Bregg Brentano geometry, using Cu Ka radiation (A = 1.5418 A). Two
theta range of 20° to 90° was covered with 0.02° step width and 0.5°/min scan speed. The specific
surface area was measured using the Brunauer—Emmett—Teller (BET) N> isotherms collected on a
Micromeritics 3Flex adsorption analyzer at 77 K (liquid N2 bath). Prior to measurements, all
samples (0.030 — 0.050 g) were activated using a Micromeritics Smart VacPrep under a high
vacuum at 100 °C for 24 h. We aimed to study the charge separation using the photoluminescence
technique. However, the glass wool utilized has luminesce that interfered with the emission from

TiO> (Figure 3.3.13), thus we decided not to use this technique to compare the photocatalysts used.

Degradation of an organic dye

The photocatalytic activity of the fibrous TiO, materials was evaluated by following the
photodegradation of crocin (Ca4Hs4O24, see Scheme 3.3.1); we note that “degradation” does not
imply complete mineralization. The reaction vessel was maintained at ambient temperature. In a
typical experiment, aqueous solutions of crocin (5 mL, 8.1 uM) were mixed with the fibrous TiO>
catalysts in a glass vial. Since each material has different TiO> loading we weighed the materials
to obtain a final concentration of 10 mg/mL of TiO; in the solution. The solutions were stirred
constantly, using a microplate shaker. Before irradiation, the suspension was kept in the dark to
establish adsorption/desorption equilibrium. At 30 min intervals, 1 mL of the suspension was
collected, and dye absorbance was measured. The change in absorbance at 440 nm was plotted

against time.

Degradation under an inert atmosphere was run similarly to the batch experiments. Samples were
purged with Nz for 20 min prior to illumination. During the three hours of the experiment, samples

had Nz balloons attached to guarantee the inert atmosphere.

We note that methylene blue is a frequent choice for photodegradation work. However, we noted
that methylene blue absorbs strongly on glass-based materials, thus masquerading as dark

bleaching of the dye. This led to the choice of crocin as the dye for degradation studies.
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Reuse of TiO:2 catalysts

To study the reusability of the catalysts, all the experimental parameters were kept constant,
and the experiments were repeated for 5 sets using the same catalyst and fresh dye solutions. After
each photodegradation assay, the catalyst was rinsed with distilled water to remove any organic

contaminant. The catalysts were dried at 100° C overnight, before each use.

Continuous flow degradation

Flow experiments were performed in a bench-scale system. Catalysts were placed inside a 15.9
cm long tube (I.D.: 3 mm) connected through a PVC tubing (I.D.: 4 mm). Catalyst amounts were
set to obtain 8 mg of TiO» inside the tube. A total volume of 20 mL of crocin solution was fed into
the system using a syringe pump (NE-300 Just Infusion™ Syringe Pump) at 10, 30, 50, or 100
mL/h. The solution flowed in the dark until a steady state was achieved. For irradiation
experiments, the tube was placed between two UVA/Visible black lights and 3 LEDs from each
lamp were used as light sources, while the other six LEDs were covered with aluminum foil.
Residence time (the time in which the solution spends in contact with the catalyst and is exposed
to light) was determined by dividing the volume of the flow tube by the flow rate. Note that due
to the different volumes filled by the catalyst itself, the total liquid capacity inside the tube is
different for each material. The total exposure (from three LEDs) is thus three times that indicated
in Table 3.2.1. The outlet samples were examined every minute using a Cary-60 spectrometer
equipped with a flow cuvette that allows in-line monitoring. The absorbance at A= 440 nm was
recorded and compared with the initial absorbance of the crocin solution.

High-performance Liquid Chromatography (HPLC)

Analysis. To evaluate the resulting solution, from the single-pass flow experiment, we
irradiated an aqueous solution of crocin 1 mM in the presence of TGW until 90% bleaching was
observed. The treated solution was then evaluated using high-performance chromatography. HPLC
was performed on an Agilent 1260 infinity II series HPLC instrument, using a ZORBAX SB-C18
column (2.1 x 50 mm—1.8 um particle size). Acetonitrile and water were used as mobile phases

using the gradual change from 10:90 (acetonitrile:water) to 80:20 at a flow rate of 1 mL/h.
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RESULTS

Characterization

The use of photocatalysts in water remediation is generally limited by their powder
morphology, which makes it hard to separate them from solution and is not suitable for flow
reactors. Knowing the importance and effectiveness of TiO> we designed three new fibrous TiO-
materials that are compatible with flow systems. For all materials, TiO; was fabricated in situ using
Titanium isopropoxide (TiP) as a precursor followed by calcination. Titanium dioxide nanofibres
(TNF) were made up of only TiO». The two catalysts on glass supports, TiO2 on glass wool (TGW)
and on glass filter (TGF) had TiO: loading determined gravimetrically. TGW has 48 % and TGF
62 % of the semiconductor. Photographs of the materials can be found in Figure 3.3.1, all fibrous
materials have large macroscopic structures and can be easily removed from the reactions using
tweezers or stay in flow tubes without moving with the solutions. TiO2 nanofibres were made with
support polymer (PVP), which was used to give the viscosity to the precursor solution, allowing it
to be electrospun and as support for the semiconductor precursor. Before calcination, fibres had an
average diameter of 1.5 um (£ 0.3 pm) (Figure 3.3.3A), which decreased to 0.98 pm (£ 0.4 pm)

after annealing. Macroscopically, the fibres were flake-like in shape and were very light.

Using the same polymer support (PVP) and precursor solution for the nanofibres, we
loaded TiO; to the APTES-treated glass wool (9.4 = 1.8 um), giving the catalyst a fibrous support.
APTES was bonded to the glass through the silicon moieties, leaving free amino groups on the
glass surface which undergo hydrogen bonding with the available hydroxyl groups on TiO».*°
Calcination at 500 °C allows the formation of crystalline TiO, without damaging the glass. Tests
with different annealing temperatures (data not shown), demonstrated that at temperatures closer
to the GW melting point (680 °C) the semiconductor had better adherence to the support. Thus,
we selected a short time at 600 °C to avoid the conversion of anatase into the rutile form of TiO».
After synthesis, TiO> can be seen covering and connecting the glass wool fibres (Figure 3.2.1B).
Close-up photos comparing the original support, and the final material highlight the presence of a
TiO> net in the fabricated material (Figure 3.3.2). Using SEM, we can also observe that TiO»
formed a film-like coverage on the fibres (Figure 3.2.1). At breakage spots, the fibre and its coating
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are readily distinguishable. The location of the semiconductor on the glass support is further

confirmed using EDS mapping (Figure 3.3.4).

The third material, TiO2@Glass filter (TGF), used commercially available glass fibre filters
as support. Originally the glass fibres had 0.36 pm in diameter with a polydisperse size
distribution. After TiO» addition we can see that the photocatalyst was deposited between the glass
fibres on the support (Figures 3.2.1C and 3.3.5). Moreover, even after the TiO> treatment, the final
material maintained the macroscopic features of the original glass filter (Figure 3.3.1). Different
from the previous TGW, no APTES treatment was required, in this case since the intricate glass

fibres arrangement was able to retain the semiconductor.

Figure 3.2.1. Representative SEM images of fibrous TiO,: (A) TiO, nanofibres (TNF), (B) TiO2 Deposited on a glass
wool fibre (TGW), and (C) TiO deposited on glass filter fibre (TGF). All the SEM images were taken after materials

calcination at 500 °C. Scalebar: 10pum

FTIR spectra of the fibrous photocatalysts can be found in the supporting information
(Figure 3.3.7). For the materials containing glass (TGW and TGF) we can see the characteristic
bands for silicate glass, with the prominent vibration band at ~1000 cm! for the asymmetric stretch
of Si-O, the weak band at ~ 800 cm™! assigned to the Si-O bending and the band at ~ 480 cm!
corresponding to the rocking bend of Si-O-Si. Note that the vibration at ~ 1000 cm™! shifted
between the two glass materials (GW and GF). This band is the most sensitive to changes in the

structure since it is affected by the Si-O-Si bonding angle. In all samples containing TiO2 (TNF,
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TGF and TGW) we see the band corresponding to Ti-O stretching located ~ 438 cm™. In glass-

containing samples, this band is overlapped with the Si-O-Si rocking vibration from the support.
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Figure 3.2.2. (A) XRD diffractogram of the produced fibrous materials: TiO2 NF (red) TiO.@GF (blue) and
TiO.@GW (black) and the PDF card 01-073-1764 pattern for anatase TiO.. (B) Normalized diffuse reflectance of the
fibrous TiO, materials (solid line) and emission of the black light used in the experiments (dashed line). Tauc plots
are shown in Figure 3.3.8.

X-ray diffractograms reveal that all materials are composed of the anatase crystalline
phase, which is the most photocatalytic active.3"3* The position of the peaks at 20 = 25.4, 37.9,
48.1, 55.05, 55.2, and 62.9° correspond to the respective planes (101), (004), (200), (105), (211),
(204) of tetragonal anatase TiO2 (ICDD: 01-073-1754) (Figure 3.2.2A). Using the Scherrer
equation, we calculated the crystalline sizes of the photocatalysts finding 13.2 nm, 10.3 and 9.5
nm for TNF, TGW and TGF, respectively. Interestingly, TGW and TGF, which were treated at
600 °C for 5 min did not show any peak corresponding to the rutile phase, which is the most
thermally stable form. Lastly, optical properties were measured with diffuse reflectance.

As expected for anatase TiO; all three materials have strong absorbance in the UVA range
(Figure 3.2.2B) with band gaps between 3.12 and 3.22 eV (Figure 3.3.8), in agreement with typical
values for anatase TiO». The emission of the light source chosen for the experiments can also be

seen in Figure 3.2.2B (dashed line). The maximum at 400 nm matches with the absorption tail of
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the nanostructures, utilizing the photocatalyst ability of this semiconductor while emitting a safer

wavelength for users.

Part of the catalyst efficiency is defined by its surface area. To compare these catalysts, we
analyzed the N, isotherms using the Brunauer—Emmett—Teller (BET) method to obtain their
specific surface area (SSA). All materials revealed typical type I'V isotherms (according to [UPAC
classification) with a hysteresis loop (capillary condensation).>® Table 3.2.2 summarizes the results
for all the fibrous materials, before and after TiO» treatment (when applicable). The first
observation is the difference between the SSA of both glass supports alone, glass filter and glass
wool. The larger surface area of the glass fibre filters justifies the higher loading of TiO2 when
compared with TGW. Moreover, for the glass wool, the addition of APTES not only created better

adherence to TiO; but also led to some increase in the surface area of the material.

Table 3.2.2 Specific surface area (m?/g) of the fibrous catalysts and their support materials (if applicable)?.

Sample SSA (m?/g)
TNF 158+0.2
GF 202+04
TGF 25.0+£0.7
GW 6.8+0.2
APTES-GW 124+0.2
TGW 17.4+0.3

2 Obtained by BET analysis of the N, adsorption-desorption isotherms acquired at 77K

TGF had the higher surface area out of the three TiO2-rich materials with 25.02 m?/g,
followed by TGW and TNF with 17.4 and 15.8 m?/g respectively. Part of this difference is justified
by the crystallite sizes of each material, where smaller crystallite sizes lead to larger SSA.*® Among
the three materials, TGF had the smaller average crystallite sizes (9.5 nm). Another reason is the
presence and type of glass support. We can see that GF alone had already a large surface area that
was impregnated with the semi-conductor. Interestingly for both glass-supported catalysts, the
addition of TiOz increased the total surface area of the material, which is due to the higher porosity
of TiO2, when compared to the glass supports.
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Crocin degradation

While all the catalysts are flow-compatible, we developed a set of batch experiments in
small batch systems to evaluate catalyst performance. We used crocin, a carotenoid extracted from
Saffron, as a surrogate molecule. The high presence of delocalized electrons makes it strongly
absorbent in the visible range with a maximum at 440 nm (Figure 3.3.15-dashed line). Under light
irradiation (A ~ 400 nm, 18 W/m? for each of the 9 LEDs), crocin solution alone (8.1 pM in water)
bleaches slowly, ~20% during 3h of light exposure (Fig. 3.3.9), probably mediated by singlet

oxygen or cis-trans isomerization.3”-*8
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Figure 3.2.3. A) Crocin bleaching rates, in the dark (black) and un-der irradiation using a black light (red), in the presence
of the fibrous TiO»-rich materials. Crocin remaining based on the absorbance at 440 nm over time. B) Decay of crocin
absorption as a function of time in the presence of the fibrous TiO»-rich mate-rials. Insert: slope ratio and the difference
between dark and light treatment for the three fibrous catalysts. Slopes (rates) are based on the last 3 points (black heavy
line) before turning on the 400 nm light and the three points immediately after the lights are turned on (red heavy line).
All rates in units of 10 min.

The dye solution and catalysts were incubated in the dark for 3 h to allow adsorption
equilibration. Change in absorbance in the dark can be seen in Figure 3.2.3A. The dark adsorption
order followed the SSA order for all the materials (Figure 3.2.4). Catalysts were impregnated with
the yellow dye, in particular TGF which had the highest surface area (Figure 3.3.11), proving that

the bleaching in the dark is due to adsorption on the photocatalyst. Note little to no decrease in

87



Chapter 3: ACS Omega, 2023, 8, 21585-21593

absorbance was not observed when the dye was incubated with the glass support alone (Figure

3.3.10)

As the light was turned on (at 200 min), the degradation rate increased (Figure 3.2.3B), and
after 3 h of irradiation (18 W/m?), the maximum absorbance dropped 84 % in the presence of TNF,
85 % for TGW and 92 % for TGF. It is noteworthy, the higher degradation rates are related to the
materials showing absorption profiles that overlap better with the excitation wavelengths (cf7.
Figures 3.2.2B and 3.3.7). Mechanistically, irradiation on the photocatalyst generates electron-hole
pairs which can respectively, reduce and oxidize other molecules such as water, O2 and the dye
itself. TiO2-mediated organic dye degradation is a result of the redox reactions mediated by the
photo-generated electron/holes, adsorption on the catalyst and in the case of visible light
irradiation, the excitation of the dye itself. The latter was previously studied elsewhere and showed
that excited electrons generated by the dye can be transferred to the photocatalyst assisting the
degradation. However, this mechanism is less prevalent than the direct excitation on the

photocatalyst.*4

To better understand the mechanisms behind the dye bleaching we first evaluated the ‘OH
production among all catalysts. We used coumarin, which is a probe that is oxidized by hydroxyl
radicals forming 7-hydroxycoumarin (7-HC) which has strong fluorescence at 454 nm (Aex = 332
nm).*! The emission spectrum from the production of 7-HC is in the Supporting Information
(Figure 3.3.12). After 3 hours of dark incubation, the fluorescence produced by all catalysts is
approximately the same as time zero (To), showing that light is necessary to induce the formation
of hydroxyl radicals from the catalyst. Samples that were irradiated had increasing fluorescence
emission over time. The higher fluorescence from the samples treated with TGF, especially
because their degradation rates were lower than the other materials. TGF has a significantly higher
SSA (Table 3.2.1) which increases the chances of the encounter between the target molecules,
adsorbed on the catalyst, and the short-lived photogenerated holes and ‘OH. The latter tend to react
with nearby molecules with virtually no selectivity. Further, we evaluated crocin photodegradation
under anaerobic conditions. In the absence of oxygen, there is a decrease in the overall
photocatalytic activity (Figure 3.3.13). The 8.2 %, 22.3 % and 33.9 % decrease in photocatalytic
activity for TNF, TGW and TGF, respectively, emphasize that most of the bleaching is non-O-
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related. Possibly by "OH radicals and by the adsorption of the dye on the catalyst. In the absence
of oxygen, the lower bleaching values can be assigned to the decrease in OH radicals’ production

as previously described by other authors.*>* O, also acts by trapping excited electrons, thus

decreasing recombination rates, and generating oxygen-centred radicals, such as superoxide (O2™~)

or other ROS, that also act on the dye degradation.*+4¢

Reuse Experiments

Aiming at the practical application of the fibrous TiO»-rich materials, the dye discoloration
capability of the reused fibrous TiO: structures was evaluated for five catalytic cycles (Figure
3.2.4). The tests were run in the same conditions as the batch experiments under UVA/visible
irradiation. The dye bleaching was measured after 3 h by following the absorbance at 440 nm and
compared with the initial absorbance. All materials kept similar degradation capabilities, even after
5 cycles. TNF efficiency went from 61 to 65 %, TGW dropped from 89 to 78 % and TGF from 88
to 81 %. The slight decrease in degradation efficiency for TGW and TGF may reflect some TiO-
leaching from the supported materials, something that did not happen with TNF which is made of
100 % TiO-.

Continuous flow degradation

Solutions for photocatalytic water treatment are ideally processed under a continuous flow
using a fixed bed catalyst that allows for uniform light distribution, easy scale-up, fast mixing, and
faster reactions. Here we compared the performance of our three fibrous materials using crocin as
our surrogate dye. Using a single-pass approach, we evaluated the performance of the catalysts at
4 different flow rates, 10, 30, 50 and 100 mL/h. The summary of the removal efficiency in the
different flow rates can be seen in Figure 3.2.5. Overall, slower flow rates lead to higher
degradation, which is attributed to the longer residence/irradiation time (RT). A similar trend was
also observed in previous reports for the degradation of other dyes like azo compounds and methyl

orange. 47%
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Figure 3.2.4. Reusability test results of the 5 cycles of crocin bleaching, followed at 440 nm. Experiments run in batch

with an initial dye concentration of 8.1 uM, and under UVA irradiation (18 W/m?2).

Since we chose to use the same TiO2 amount for all catalysts, the volumes of each fibrous
material were different inside the tubes, changing the residence time (RT) for the catalysts
analyzed. All fibrous materials were able to be used in the flow system and were capable of
bleaching the dye in shorter times. In general, for all rates, TGW outperformed the other
photocatalysts with a maximum dye removal of 89 % at 10 mL/h. As a comparison, at 50 mL/h,
TGW bleached 43 % of the dye with 35 s of RT, which would take at least 1 hour of irradiation in
our batch system. At the same flow rate, TGF removed 15 % of the dye with an RT of 90 s, and
TNF removed 18 % of the crocin with an RT of 115 s. The longer retention time together with
better TiO> distribution, resulted in better photocatalytic activity for TGW. TNF which also had
high degradation rates in the batch experiments did not perform as well in flow. Continuous flow

systems enable better light distribution favouring materials with higher volumes, and better
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photocatalyst distribution such as TGW. On the other hand, TNF has a compact form, due to the

higher TiO2 content, not being as favoured with improvements in light distribution.

100

Hl cw
B TGF
80 B N

Dye bleaching (%)

10 30 50 100
Flow rate (mL/h)

Figure 3.2.5. Crocin bleaching (%) using TGW (black), TGF (blue) or TNF (red) in a continuous flow system. The
initial dye concentration was 8.1 uM in water and under Blacklight irradiation (A=400 nm) (18 W/m?). Bleaching is

calculated based on the absorbance on the decrease at the absorbance at 440 nm

Interested in the results from the single-pass degradation, we selected the best working
catalyst, TGW to observe the results from the degradations. After 90% bleaching at 440 nm, no
colour could be seen in the liquid. We then proceeded to observe the changes in the solution using
HPLC. In Figure 3.3.15, we can see the HPLC peaks at 400 nm for the initial solution (in black).
The conjugated structure of crocin allows for the formation of several isomers, which can be seen
in peaks 1-5. Their absorbance profile (insert) shows similar absorbance spectra. After treatment

with TGW and light, no other peak is visible proving the degradation of the molecule.
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Catalyst Comparison

The development of suitable photocatalysts for water treatment reactors is a complex
challenge that comprises catalytic performance, durability, cost-efficiency, and range of action,
among others.* In this study, we investigated and compared three fibrous TiO»-rich structures that
are suitable for flow systems. Aiming for their real-life application we selected five categories,
mechanical properties, price/synthesis convenience, dye degradation in batch and flow, as well as
compatibility with flow systems, and ranked the three catalysts from 1 to 3 for each of those

categories. The data were then plotted in a radar plot for easy visualization.

The first category is mechanical properties, which we compared to how easy it is to
manipulate those materials. For example, TNFs are made of 100 % TiO> which is a brittle material
that can be easily broken when moved between surfaces and added into the treatment tubes. In
contrast, TGF is a flexible paper that can be easily manipulated and breaks less easily. The second
aspect evaluated is how flow-compatible are those materials. This category considers how easy it
is to position them into glass flow tubes, and how stable they are inside those tubes. In this category,
TNF also scored lower than the other materials since it can be broken when transferred into the
tubes and it tends to move with the flow. Both glass-supported TiO> materials were easier to insert
into tubes and keep inside as the liquid flowed. In particular, TGW, which ranks in the first place
for this criterion, can be easily packed into the tubes, allowing the use of more catalysts, and can
take different shapes adapting to the system being used. Moving to dye degradation performance
in batch tests, we compared their performance bleaching crocin under UVA/visible (~400 nm)
irradiation. Using the data displayed in Figure 3.2.3 we can see that TNF had a higher degradation
rate under light irradiation, followed by TGW and TGF. Higher degradation rates mean that short

treatment times are necessary using the same amount of catalyst.
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Figure 3.2.6. Radar plot of the fibrous catalysts for a relative comparison according to their physical features and
chemical activity. The TiO,-rich catalysts were ranked from 1 to 3 in the five categories, based on the results from
this contribution.

Finally, we ranked the catalysts according to their synthesis convenience (availability, cost,
scalability, and safety). TNFs are synthesized using electrospinning that requires high voltages
together with flammable solvents. Although it is a low-cost technique,’! it imposes a fire hazard
that requires specialized labour and higher safety environments. For safety reasons, TNF was
placed last in this category. Moving to TGW, the synthesis is done inside a glass tube, which does
not require any special apparatus or equipment. However, glass wool must be treated with acid
(HCl), followed by APTES attachment and overnight treatment with TiO2 precursors. Compared
to the other methods, it takes longer to obtain the final material. However, it is important to
emphasize that the synthesis of TGW can be easily scaled up. Lastly, TGF came in first for this
category as there is no preparation of the supporting material. The high surface area of the

commercial glass fibres filter allows for effective TiO2 deposition. Moreover, the material can be
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cut and shaped in the desired size and TiO: precursors are added using a clothing iron, proving to
be a simpler and inexpensive solution. Note that calcination treatment was not used as a

comparison since all the materials undergo similar processes.

Based on the radar plot (Figure 3.2.6), the catalysts were divided into two main categories,
chemical descriptors, which are related to their catalytic activity, with TGW and TNF shown in the
upper level of the right and bottom quadrants. On the other hand, there are physical descriptors,
which are associated with the mechanical and synthetic aspects. In this case, TGF was placed in
the upper level of the left and upper quadrants. The exception is TGW which took the upper level
of flow compatibility, which makes it a great candidate for flow applications, due to its high

performance and compatibility with continuous flow reactors.

CONCLUSION

The photochemical treatment of contaminated waters requires the discovery of safe,
durable and cost-efficient catalysts that can operate in the UVA or visible regions. The materials
reported here operate at the edge of these spectral regions, are fully compatible with flow methods
and can be prepared from readily available materials. Among the materials tested here, glass wool
is the recommended support for flow-related applications, although glass filter materials offer
some advantages relating to mechanical and synthetic properties, for example, no APTES
treatment is required. The dye crocin serves as an excellent screening material, although ultimately
the complete photodegradation of drug contaminants and the potential killing of bacteria will need
to be evaluated. Overall, the three new photocatalysts studied offer a major advantage over the

powder catalysts frequently used.

94



1)

)

@)

(4)

®)

(6)

()

(8)

9)

(10)

(11)

(12)

Chapter 3: ACS Omega, 2023, 8, 21585-21593

REFERENCES

WHO; UNICEF; World Bank. State of the World’s Drinking Water: An Urgent Call to action to
Accelerate Progress on Ensuring Safe Drinking Water for All.; Geneva, 2022.

Ding, Q.; Li, C.; Wang, H.; Xu, C.; Kuang, H. Electrochemical Detection of Heavy Metal lons in Water.
Chem. Commun 2021, 57, 7215.

Chakraborti, D.; Rahman, M. M.; Paul, K.; Chowdhury, U. K.; Sengupta, M. K.; Lodh, D.; Chanda, C. R;;
Saha, K. C.; Mukherjee, S. C. Arsenic Calamity in the Indian Subcontinent: What Lessons Have Been
Learned? Talanta 2002, 58 (1), 3-22.

Menon, N. G.; George, L.; Tatiparti, S. S. V.; Mukherji, S. Efficacy and Reusability of Mixed-Phase
Ti02-ZnO Nanocomposites for the Removal of Estrogenic Effects of 17p-Estradiol and 17a-
Ethinylestradiol from Water. J Environ Manage. 2021, 288, 112340.

Sun, J.; Luo, Q.; Wang, D.; Wang, Z. Occurrences of Pharmaceuticals in Drinking Water Sources of
Major River Watersheds, China. Ecotoxicol. Env. Safety 2015, 117, 132-140.

Ternes, T. A.; Meisenheimer, M.; McDowell, D.; Sacher, F.; Brauch, H. J.; Haist-Gulde, B.; Preuss, G.;
Wilme, U.; Zulei-Seibert, N. Removal of Pharmaceuticals during Drinking Water Treatment. Environ.
Sci.Technol. 2002, 36 (17), 3855-3863.

Kamat, P. V.; Sivula, K. Celebrating 50 Years of Photocatalytic Hydrogen Generation. ACS Energy Lett.
2022, 7, 3149-3150.

Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at a Semiconductor Electrode. Nature
1972, 238 (5358), 37-38.

Ge, M.; Cao, C.; Huang, J.; Li, S.; Chen, Z.; Zhang, K.-Q.; Al-Deyab, S. S.; Lai, Y. A Review of One-
Dimensional TiO, Nanostructured Materials for Environmental and Energy Applications. J. Mater. Chem.
A 2016, 4 (18), 6772-6801.

Tang, Z.-R.; Li, F.; Zhang, Y.; Fu, X.; Xu, Y.-J. Composites of Titanate Nanotube and Carbon Nanotube
as Photocatalyst with High Mineralization Ratio for Gas-Phase Degradation of Volatile Aromatic
Pollutant. J. Phys. Chem. C 2011, 115 (16), 7880-7886.

Jothi Prakash, C. G. ; P. R. TiO2-Based Devices for Energy-Related Applications. In Titanium Dioxide
(Tioz) and Its Applications; 2021; pp 241-464.

Dell’Edera, M.; Lo Porto, C.; De Pasquale, I.; Petronella, F.; Curri, M. L.; Agostiano, A.; Comparelli, R.
Photocatalytic TiO.-Based Coatings for Environmental Applications. Catal. Today 2021, 380, 62-83.

95



(13)

(14)

(15)

(16)

(17

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

Chapter 3: ACS Omega, 2023, 8, 21585-21593

Mohadesi, M.; Sanavi Fard, M.; Shokri, A. The Application of Modified Nano-TiO, Photocatalyst for
Wastewater Treatment: A Review. J. Environ. Anal. Chem. 2022, 1-22.

Riaz, S.; Park, S.-J. An Overview of TiO2-Based Photocatalytic Membrane Reactors for Water and
Wastewater Treatments. J. Ind. Eng. Chem. 2020, 84, 23-41.

Horikoshi, S.; Serpone, N. Can the Photocatalyst TiO, Be Incorporated into a Wastewater Treatment
Method? Background and Prospects. Catal. Today 2020, 340, 334-346.

Yaghmaei, M.; Lanterna, A. E.; Scaiano, J. C. Nitro to Amine Reductions Using Aqueous Flow Catalysis
under Ambient Conditions. iScience 2021, 24 (12), 103472.

Tatsuma, T.; Tachibana, S. I.; Miwa, T.; Tryk, D. A.; Fujishima, A. Remote Bleaching of Methylene Blue
by UV-Irradiated TiO- in the Gas Phase. J. Phys. Chem. B 1999, 103 (38), 8034-8035.

Sun, Q.; Li, K.; Wu, S.; Han, B.; Sui, L.; Dong, L. Remarkable Improvement of TiO, for Dye
Photocatalytic Degradation by a Facile Post-Treatment. New J. Chem. 2020, 44 (5), 1942-1952.

Lee, S. Y.; Kang, D.; Jeong, S.; Do, H. T.; Kim, J. H. Photocatalytic Degradation of Rhodamine B Dye
by TiO, and Gold Nanoparticles Supported on a Floating Porous Polydimethylsiloxane Sponge under
Ultraviolet and Visible Light Irradiation. ACS Omega 2020, 5 (8), 4233-4241.

Naskar, S.; Pillay, S. A.; Chanda, M. Photocatalytic Degradation of Organic Dyes in Aqueous Solution
with TiO, Nanoparticles Immobilized on Foamed Polyethylene Sheet. J. Photochem. Photobiol. A: Chem
1998, 113 (3), 257-264.

Barton, I.; Matejec, V.; Matousek, J. Photocatalytic Activity of Nanostructured TiO, Coating on Glass
Slides and Optical Fibers for Methylene Blue or Methyl Orange Decomposition under Different Light
Excitation. J. Photochem. Photobiol. A: Chem 2016, 317, 72—80.

Oliveira, G. H.; Galante, M. T.; Martins, T. T.; dos Santos, L. F. L. S.; Ely, F.; Longo, C.; Goncalves, R.
V.; Muniz, S. R.; Nome, R. A. Real Time Single TiO, Nanoparticle Monitoring of the Photodegradation
of Methylene Blue. Solar Energy 2019, 190, 239-245.

Elhage, A.; Wang, B.; Marina, N.; Marin, M. L.; Cruz, M.; Lanterna, A. E.; Scaiano, J. C. Glass Wool: A
Novel Support for Heterogeneous Catalysis. Chem. Sci. 2018, 9 (33), 6844-6852.

Lu, Y.; Ou, X.; Wang, W.; Fan, J.; Lv, K. Fabrication of TiO2 Nanofiber Assembly from Nanosheets
(TiO2-NFs-NSs) by Electrospinning-Hydrothermal Method for Improved Photoreactivity. Chin. J. Catal.
2020, 41 (1), 209-218.

Mapukata, S.; Hainer, A. S.; Lanterna, A. E.; Scaiano, J. C.; Nyokong, T. Decorated Titania Fibers as
Photocatalysts for Hydrogen Generation and Organic Matter Degradation. J. Photochem. Photobiol. A:
Chem 2020, 388, 112185.

96



(26)

(27)

(28)

(29)

(30)

31)

(32)

(33)

(34)

(35)

(36)

37)

Chapter 3: ACS Omega, 2023, 8, 21585-21593

Lou, L.; Kendall, R. J.; Ramkumar, S. Comparison of Hydrophilic PVA/TiO, and Hydrophobic
PVDF/TiO2 Microfiber Webs on the Dye Pollutant Photo-Catalyzation. J. Environ. Chem. Eng. 2020, 8
(5), 103914.

Shen, C.; Wang, Y. J.; Xu, J. H.; Luo, G. S. Facile Synthesis and Photocatalytic Properties of TiO>
Nanoparticles Supported on Porous Glass Beads. Chem. Eng. J. 2012, 209, 478-485.

Uddin, M. J.; Cesano, F.; Bonino, F.; Bordiga, S.; Spoto, G.; Scarano, D.; Zecchina, A. Photoactive TiO;
Films on Cellulose Fibres: Synthesis and Characterization. J. Photochem. Photobiol. A: Chem. 2007,
189 (2-3), 286-294.

Lan, L.; Daly, H.; Jiao, Y.; Yan, Y.; Hardacre, C.; Fan, X. Comparative Study of the Effect of TiO;
Support Composition and Pt Loading on the Performance of Pt/TiO2 Photocatalysts for Catalytic
Photoreforming of Cellulose. Int. J. Hydrogen Energy. 2021, 46 (60), 31054-31066.

Meroni, D.; Presti, L. Lo; Liberto, G. Di; Ceotto, M.; Acres, R. G.; Prince, K. C.; Bellani, R.; Soliveri, G.;
Ardizzone, S. A Close Look at the Structure of the TiO,-APTES Interface in Hybrid Nanomaterials and
Its Degradation Pathway: An Experimental and Theoretical Study. J. Phys. Chem. C 2016, 121 (1), 430—
440.

Chen, X.; Hosseini, S. N.; van Huis, M. A. Heating-Induced Transformation of Anatase TiO, Nanorods
into Rock-Salt TiO, Nanoparticles: Implications for Photocatalytic and Gas-Sensing Applications. ACS
Appl. Nano Mat. 2022, 5 (1), 1600-1606.

Riegal, G.; Bolton, J. R. Photocatalytic Efficiency Variability in TiO; Particles. J. Phys. Chem. 1995, 99
(12), 4215-4224.

Baiju, K. V.; Shukla, S.; Sandhya, K. S.; James, J.; Warrier, K. G. K. Photocatalytic Activity of Sol—Gel-
Derived Nanocrystalline Titania. J. Phys. Chem. C 2007, 111 (21), 7612-7622.

L. Kavan; M.Grétzel; S. E. Gilbert; C. Klemenz; H. J. Scheel. Electrochemical and Photoelectrochemical
Investigation of Single-Crystal Anatase. J. Am. Chem. Soc. 1996, 118 (29), 6719-6723.

Thommes, M.; Kaneko, K.; Neimark, A. V.; Olivier, J. P.; Rodriguez-Reinoso, F.; Rouquerol, J.; Sing, K.
S. W. Physisorption of Gases, with Special Reference to the Evaluation of Surface Area and Pore Size
Distribution (IUPAC Technical Report). Pure Appl. Chem. 2015, 87 (9-10), 1051-1069.

Ko¢i, K.; Obalova, L.; Mat&jova, L.; Placha, D.; Lacny, Z.; Jirkovsky, J.; Solcova, O. Effect of TiO2
Particle Size on the Photocatalytic Reduction of CO2. Appl. Catal. B Environ. 2009, 89 (3-4), 494-502.
Vickackaite, V.; Romani, A.; Pannacci, D.; Favaro, G. Photochemical and Thermal Degradation of a
Naturally Occurring Dye Used in Artistic Painting. A Chromatographic, Spectrophotometric and
Fluorimetric Study on Saffron. Int. J. Photoenergy. 2004, 06 (4), 175-183.

97



(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

Chapter 3: ACS Omega, 2023, 8, 21585-21593

Winterhalter, P.; Straubinger, M. Saffron— Renewed Interest in an Ancient Spice. Food Rev. Int. 2007,
16 (1), 39-59.

Ma, Y.; Yao, J. Photodegradation of Rhodamine B Catalyzed by TiO, Thin Films. J. Photochem.
Photobiol. A Chem. 1998, 116 (2), 167-170.

Ishibashi, K. ichi; Fujishima, A.; Watanabe, T.; Hashimoto, K. Quantum Yields of Active Oxidative
Species Formed on TiO, Photocatalyst. J. Photochem. Photobiol. A: Chem. 2000, 134 (1-2), 139-142.
Leandri, V.; Gardner, J. M.; Jonsson, M. Coumarin as a Quantitative Probe for Hydroxyl Radical
Formation in Heterogeneous Photocatalysis. J. Phys. Chem. C 2019, 123 (11), 6667-6674.

Holroyd, R. A.; Bielski, B. H. J. Photochemical Generation of Superoxide Radicals in Aqueous Solutions.
J. Am. Chem. Soc. 1978, 100 (18), 5796-5800.

Shibata, H.; Ogura, Y.; Sawa, Y.; Kono, Y. Hydroxyl Radical Generation Depending on O; or H,O by a
Photocatalyzed Reaction in an Aqueous Suspension of Titanium Dioxide. Biosci. Biotechnol. Biochem.
1998, 62 (12), 2306-2311.

Hayyan, M.; Hashim, M. A.; AlNashef, I. M. Superoxide lon: Generation and Chemical Implications.
Chem. Rev. 2016, 116 (5), 3029-3085.

Galindo, C.; Jacques, P.; Kalt, A. Photodegradation of the Aminoazobenzene Acid Orange 52 by Three
Advanced Oxidation Processes: UV/H,0,, UV/TiO; and VIS/TiO,. J. Photochem. Photobiol. 2000, 130
(1), 35-47.

Holroyd, R. A.; Bielski, B. H. J. Photochemical Generation of Superoxide Radicals in Aqueous Solutions.
J. Am. Chem. Soc. 1978, 100 (18), 5796-5800.

Mahmoodi, N. M.; Arami, M.; Limaee, N. Y.; Tabrizi, N. S. Decolorization and Aromatic Ring
Degradation Kinetics of Direct Red 80 by UV Oxidation in the Presence of Hydrogen Peroxide Utilizing
TiO2 as a Photocatalyst. Chem. Eng. J. 2005, 112 (1-3), 191-196.

Behnajady, M. A.; Modirshahla, N.; Daneshvar, N.; Rabbani, M. Photocatalytic Degradation of an Azo
Dye in a Tubular Continuous-Flow Photoreactor with Immobilized TiO 2 on Glass Plates. J. Chem. Eng.
2007, 127, 167-176.

Zhang, X.; Su, - Xiaowen; Gao, W.; Wang, F.; Liu, Z.; Zhan, J.; Liu, B.; Wang, R.; Liu, H.; Sang, Y;
Zhang, X. Photocatalytic Quartz Fiber Felts with Carbon-Connected TiO 2 Nanoparticles for Capillarity-
Driven Continuous-Flow Water Treatment Graphical Abstract. Appl. Phys. A 2018, 124, 459.

Chong, M. N.; Jin, B.; Chow, C. W. K_; Saint, C. Recent Developments in Photocatalytic Water
Treatment Technology: A Review. Water Res. 2010, 44 (10), 2997-3027.

98



Chapter 3: ACS Omega, 2023, 8, 21585-21593

(51) Cui, J.; Li, F.; Wang, Y.; Zhang, Q.; Ma, W.; Huang, C. Electrospun Nanofiber Membranes for
Wastewater Treatment Applications. Sep. Purif. Technol. 2020, 250, 117116.

3.3 Post-print Version of Supporting Information

Supporting Information

Fibrous TiO:2 alternatives for semiconductor-based catalysts for photocatalytic water

remediation involving organic contaminants

Daliane R.C. da Silva?, Sivuyisiwe Mapukata®, Sara Currie?, Alexandros A. Kitos?, Anabel E.
Lanterna®’, Tebello Nyokong® and Juan C. Scaiano?
@ Department of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa, Ontario K1N 6N5,
Canada
b Institute for Nanotechnology Innovation, Rhodes University, Grahamstown 6140, South Africa.

 Present address (AEL) School of Chemistry, University of Nottingham, University Park, Nottingham NG7 2RD,
U.K.

99



Chapter 3: ACS Omega, 2023, 8, 21585-21593

! H
Hs Hs
e R PO T Ve e e \Q/ZH

o] CH, CH, OH

Scheme 3.3.1. Crocin chemical structure

Figure 3.3.1. Photographs of the fibrous TiO2 materials. (a) TiO2 nanofibres (TNF), (b) TiO.@Glass wool (TGW),
and (c) TiO.@Glass filter (TGF).
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Figure 3.3.2. Close-up photographs of Glass wool alone, before the deposition of TiO; (left) and Glass wool after the
deposition of TiO; (right).
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Figure 3.3.3. Representative SEM images of (a) the electrospun TiO2/PVP nanofibres before calcination, (b)
commercial glass wool fibres and (c) commercial glass fibres filter before pre-treatment and addition of TiO;

precursors.
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Figure 3.3.4. EDS mapping of TGW. SEM image used for the analysis (a) and elemental mapping
showing Ti (b) and Si (c) distribution on TGW. EDS mapping overlap of Ti and Si components (d).
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Figure 3.3.5 EDS mapping of TGF. SEM image used for the analysis (a) and elemental mapping showing Ti (b) and
Si (c) distribution on TGF. EDS mapping overlap of Ti and Si components (d).
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Figure 3.3.6. EDS mapping of TNF. SEM image used for the analysis (a) and elemental mapping showing Titanium
(b) and Silica (c) and Oxygen (d).
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Figure 3.3.7. ATR FTIR spectra of the three fibrous materials (TNF, TGF and TGW) and their supports, glass filter

(GF) and glass wool (GW). Solid samples were dried under vacuum before the measurements. Notice the presence of
the Ti-O and Si-O signals, with the latter missing for TNF as expected.
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Figure 3.3.8. Tauc plots showing the determination of the band gaps for the three materials studied. The plots are based on the
diffuse reflectance data shown in Figure 3.2.2B.
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Figure 3.3.9. Decay of crocin absorbance as a function of time when irradiated with black light (A ~ 400 nm, 18 W/m?
for the single LED used) for 180 min (red). The dark control experiment is shown in black. Error bars show the
estimated error of 2%. Crocin concentration used was 8.1 uM in water and the change in absorbance was measured

using absorption maxima at 440 nm.
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Figure 3.3.10. Decay of crocin absorbance as a function of time when incubated with the glass support catalyst used

in this work: glass wool (GW) and glass filter (GF), under irradiation with black light (L) for 180 min or under dark

for the same time (D). Crocin concentration used was 8.1 pM in water and the change in absorbance was measured

using absorption maxima at 440 nm. Light source used had maximum emission at 400 nm, 18 W/m? for the single

LED used.
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Figure 3.3.11. Photographs of TGF after 3 h dark incubation inside an aqueous crocin solution (8.1 uM) (left), and
the same TGF piece after exposure to black light (UVA/Visible) illumination for 3 h (right).
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Figure 3.3.12. Hydroxyl radical production was evaluated using coumarin probe. Coumarin is oxidized to 7-hydroxyl

coumarin in the presence of *OH, the product has strong fluorescence at 454 nm when excited at 332 nm. Graphs show

the fluorescence spectra of aqueous solutions of coumarin irradiated in the presence of TNF (a), TGW (b) or TGF (c)

for 1, 2 and 3 hours.
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Figure 3.3.13. Crocin bleaching using the three fibrous TiO, catalysts, TNF, TGW and TGF under an inert
atmosphere, Nz (black) and under air (red). Samples were irradiated for 3 hours with a black light (A ~ 400 nm, 18
W/m? for the single LED). Crocin concentration used was 8.1 uM in water and the change in absorbance was measured

using maximum absorbance at 440 nm.
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Figure 3.3.14 Photoluminescence spectroscopy of the photocatalysts and supports excited at 300 nm. Analysis was
carried out using a Perkin-Elmer LS-50 luminescence spectrometer, and fluorescence spectra were recorded between
320 and 580 nm using a front-face attachment. APTES- Glass wool (black), Glass wool (purple), Glass filter (blue),
TiO.@ Glass wool (green), TiO, P25 nanoparticles (orange) and TiO2 nanofibres (red)
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Figure 3.3.15 Diffuse reflectance of the three fibrous materials after crocin adsorption under dark for three hours

(solid lines). Dashed line: UV-vis spectra of an aqueous solution of crocin (8.1 uM).
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Figure 3.3.16 HPLC-DAD analysis of an aqueous s solution of crocin 1 mM at 440 nm of the initial solution (black)
and after degradation with TGW (red), The conjugated structure of crocin allows for several isomers that can be seen
in peaks 1-5. The UV-vis spectra of those peaks are present in the insert, showing the similarity of the peaks. HPLC

was done using a C18 column, and a mixture of acetonitrile and water as the mobile phase.
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3.4 Accompaniment to Chapter 3

Semiconductors, particularly TiO2, have been extensively researched for water and wastewater
treatment processes.®”175178-181 Thejr exceptional ability to absorb light and generate charge carriers makes
them ideal candidates for the degradation of organic pollutants. However, the practical application of
suspended nanoparticles is limited due to issues such as catalyst agglomeration and challenges in separation
after treatment, which hinder reusability. These challenges underscore the importance of finding effective
and reliable alternatives to advance toward commercial-scale applications. Consequently, many researchers
have explored the fabrication of macroscopic or supported titanium dioxide. However, a limited number of
discussions are comparing the proposed materials, pondering catalytic performances and physicochemical

attributes, which are crucial aspects for commercialization.

This chapter describes the synthesis of three fibrous materials, TiO, nanofibres and two glass-supported
TiO, alternatives. Our work highlights the role of the support in enhancing catalytic activity, primarily due
to differences in surface area. It also emphasizes that catalytic performance varies significantly between
batch and continuous flow systems, underscoring the importance of selecting appropriate methods based
on the desired system. Furthermore, we compare the physical aspects of these materials and their synthesis
processes, often neglected in discussions of new catalysts but essential for real applications. For instance,
we found that TiO; nanofibres exhibit high catalytic activity in batch systems, but their relatively complex
fabrication, compared to other materials proposed, weighed against their selection for further studies. In
our analysis, TiO,@GW stood out for its good catalytic activity combined with excellent physical

properties.

Some of the catalysts described here and the comparative methods developed are currently being used
in our group to evaluate their potential degrading other contaminants such as estrogens and biological
pollutants. Additionally, research on the interaction of TiO.@GW with bacterial cells will be discussed in

the following chapter.
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4. Investigating the Antibacterial Performance of Supported TiO: on

Glass Wool Fibres: Challenges and Optimization Strategies

This chapter is adapted from a final manuscript currently undergoing submission. The final

published version may have small differences.

4.1 Preamble to Chapter 4

To build on the research discussed in Chapter 3, we focused on investigating the antibacterial
activity of TiO.@GW. This catalyst has demonstrated remarkable efficacy in degrading organic
compounds, and we aimed to assess its performance against a realistic contaminant:
microorganisms. The first modification from the previous tests was the working wavelength.
Initially, we hypothesized that using UVA light, which perfectly matches the TiO> absorbance
window, would optimize photocatalytic performance. However, even with a 370 nm lamp, we
observed only a 1-log unit reduction in E. coli after 6 hours of irradiation, a result inferior to
photoinactivation by UVA alone. This was unexpected, given TiO2's well-documented
antibacterial properties. Consequently, we sought to understand why our photocatalyst exhibited
lower bactericidal activity when deposited on a glass substrate, despite its proven efficiency in

degrading organic dyes.

The initial goal of this chapter was to describe our investigations to enhance the bactericidal
activity and determine optimal conditions for using supported TiO> as disinfection agents. As we
tested different methodologies, explored other materials and reviewed literature, we noted
common reports on the reduced photocatalytic ability of supported semiconductors. Recognizing
the importance of this issue for the implementation of metal oxide in water remediation, we aimed
to contribute to the development of efficient and reliable systems. For this, here we also discussed
the factors limiting the photocatalytic performance of these materials and suggested modifications

based on our results to improve these systems.
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4.2 Pre-submission Version of Manuscript

This manuscript is currently in the process of submission.

ABSTRACT

Improving clean water availability for many communities around the globe remains a significant
challenge. Metal-oxide nanostructures, such as TiO2 nanomaterials, have gained considerable
attention due to their effective photocatalytic bacterial inactivation, generating toxic radicals
without releasing harmful metals or compounds into the water. Practical applications of TiO> rely
on immobilizing it on inert supports to avoid the need for extra separation steps. However, reports
describing the bactericidal potential of supported metal oxides often overlook the limitations of
these systems, which may suffer from poor optical properties and limited mass transfer.
Additionally, the performance of such systems is highly dependent on water conditions and
bacterial composition. This study investigates the antibacterial activity of TiO.@Glass Wool
(TGW) against Escherichia coli. Using techniques such as plate counting and fluorescence lifetime
imaging (FLIM), we assessed the antibacterial performance of this material and the interaction
between bacteria and TGW. Initial experiments revealed only a 1-log unit reduction in cell count
after 6 hours of irradiation. These results highlighted the limitations of supported catalytic systems.
Despite efforts to improve performance by increasing catalyst concentration, decreasing initial
bacterial amounts, enhancing oxygen availability, and improving sample agitation, significant
improvements were not observed. Our findings underscore the necessity of optimizing bacterial
adhesion to the catalyst, improving light absorption, and enhancing mass transport to develop
effective bactericidal-supported TiO- systems. Tailored methodologies that address these specific
challenges are crucial for achieving effective bacterial disinfection and advancing the application

of supported photocatalytic materials in decentralized water treatment technologies.

INTRODUCTION
Consumption of unsafe water remains a reality for many communities. The absence of
proper treatment forces millions of people to depend on untreated water from wells, springs, and

surface water.! In many of these communities, the primary contaminants are opportunistic
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pathogens. Ingesting contaminated water leads to waterborne disease and health issues such as
diarrhea, vomiting, and gastroenteritis.! Those issues could be prevented with the existence of
proper treatment systems. While urban areas benefit from centralized water treatment and
distribution systems, these are poorly implemented in small and rural areas. Decentralized or point-
of-use (POU) technologies could provide on-site water treatment to reduce the prevalence of
pathogens in water sources.?

The design of such systems requires the implementation of antimicrobial agents. Among
the potential options, metal and metal-oxide nanoparticles have proven to be excellent alternatives
for water disinfection. Metals like gold, silver, and copper nanoparticles have shown significant
antibiotic activity; however, the potential leaching of their ions raises concerns about health and
environmental impacts.># In contrast, titanium dioxide-based nanomaterials are considered less
harmful alternatives. Their antimicrobial activity arises from the photogeneration of hydroxyl
radicals (*OH), hydrogen peroxide (H20>), and superoxide anions O>"", which causes oxidative

stress in microorganisms leading to cell death.®

Although TiO: presents excellent photocatalytic activity, its widespread application is
primarily hindered by the fact that it is predominantly commercialized in powdered form. While
these powders perform well in batch and laboratory-scale reaction models, they pose challenges
for practical environmental applications due to the need for an additional separation step.
Consequently, the concept of immobilizing photocatalysts on inert supports has gained significant
attention, as it can help eliminate the cost associated with phase separation. ® In particular, the use

of glass materials as supports has seen increasing interest in these applications. >’

Most studies have focused on the overall performance of supported TiO2 catalysts in
eliminating bacterial contaminants from water, without addressing some critical limitations.'%1%-
15 Despite their promising antibacterial properties, supported catalyst systems often face challenges
that are rarely discussed in the context of antibacterial applications. Some of these challenges
include the attachment of bacteria to the catalyst, low light penetration, scattering from the support,
and limited mass transfer.*6-2* To advance the development and scalability of supported catalysts

for water treatment, it is essential to address these issues comprehensively.
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In this contribution, we present a comprehensive analysis of our experimental findings on
the antibacterial activity of TiO.@Glass Wool (TGW). Our initial results showed unexpected
outcomes, leading us to investigate four factors commonly discussed in optimizing photocatalytic
bacterial inactivation:

e Increased catalyst concentration
e Decreased initial bacterial amounts
e Higher oxygen availability

e Enhanced sample agitation

Even more surprising, optimization experiments did not yield higher antibacterial activity. This
prompted a discussion on the reasons for the lower activity and the key aspects to be considered
when developing fixed-bed photocatalysts for water disinfection. By understanding these
limitations and optimizing conditions, we aim to advance the design of photocatalytic materials

for water treatment applications.

MATERIALS AND METHODS
Catalyst preparation

The material was synthesized as previously published.?? In brief, to a 10% PVP in EtOH,
we added 5 mL (60 mM) titanium isopropoxide and 5 mL acetic acid. The solution was stirred
until a transparent homogenous solution was obtained. The TiO2 precursor solution was added to
a 30 cm glass tube, with 1.5 g HCI (6 M) and APTES-treated glass wool. The solution was stirred
using a rotator overnight at room temperature. After the pre-incubation, the glass wool was
removed, washed 3x with EtOH, and 3x with distilled water, and let dry at 80 °C overnight. The
dry TiO@GW (TGW) was then calcined under air using a tube furnace heated at 500 °C for 2 h
and 5 min at 600 °C. The material was left to cool down at room temperature, washed 5x or until

a clear solution was obtained with distilled water and dried at 80 °C.

Antibacterial tests:
Bacterial strains and growth conditions, the experiments were performed using Escherichia coli
06:H1 (strain CF073) (ATCC700928), an uropathogenic isolate. Stock cultures were maintained
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in LB and stored at -80°C in 10 % glycerol.

Bactericidal activity, TGW was tested in batches under dark and light conditions. The initial
bacterial suspension was prepared from an overnight culture grown in Luria-Bertani (LB) broth at
37°C, the solution was diluted in LB 5% (in PBS) until an ODeoo = 0.1. This solution was then
diluted 200x to obtain a suspension of approximately 1x10® CFU/mL. In a glass vial, 3 mL of the
bacterial suspension was added to 30 mg of the catalyst. For light experiments, the solutions were
irradiated for 24 hours with a Luzchem Expo panel fitted with four UVA bulbs (8W each), ata 3
cm distance. The environment temperature after 24 hours of irradiation reached 34°C. Dark
experiments were run under the same conditions but protected from light using tin foil. Air
experiments were done under the same conditions while bubbling air during the total incubation
time. Agitation experiments were done using a circular rotator. Sonicated samples were treated as
described and after the assigned irradiation the vials were sonicated for 3 minutes using an
ultrasonic bath (40 kHz). Viable cells were counted using the drop plate method. Only samples
with colony counts ranging from 3 to 30 were counted for 10 pL drops. Biological replicates were

used to obtain statistical analysis

Hydroxyl radical detection: Detection of “OH radicals was done using a coumarin probe. In the
presence of “OH, coumarin is hydroxylated into 7-hydroxycoumarin (7-HC) which has strong
fluorescence at 454 nm. The experiments were run in the same conditions as antibacterial tests,
with 10 mg/mL of catalysts in 5% LB. 0.25 mM of aqueous Coumarin in 5% LB solution (pH 3)
was mixed with TGW in a glass vial. The solutions were irradiated with the UVA light source for
light treatments or protected from illumination with tin foil for dark samples. Fluorescence spectra
were obtained in a Photon Technology International (PTI) fluorimeter. The excitation wavelength
was set at 340 nm, and the emission scanned between 380 nm and 660 nm.

Fluorescence Lifetime Imaging Microscopy (FLIM) Study

Sample preparation: Samples were incubated in similar conditions to the antibacterial
experiments, utilizing an initial bacterial concentration of 10® CFU/mL, and incubated for three
and 24 hours. After the incubation 400 pL of the cellular suspension and small pieces of glass

wool were taken from the vials and added to a glass bottom dish (35 mm).
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Cellular aliquots alone (ODeoo = 0.1) in 5 % LB were used as “live sample control” and the same
solution was heated to 85 °C and imaged as “dead samples control”. Bacterial growth on those
samples was also confirmed by the Colony Forming Units (CFU) counting in MH agar plates.
For the lifetime fluorescence, we chose SYTO 9 which has strong fluorescence emission when
bound to DNA.?%323 The dye was obtained from Thermo Fisher as part of the BacLight™ bacterial
viability Kits. The initial solution of 3.34 mM in DMSO was kept protected from light and stored
at -20°C until use. Immediately before use, 2 uL of the dye was mixed into the sample and
incubated at room temperature for 5 min before imaging.

Imaging: Images were taken using a Fluorescent Lifetime Imaging system (FLIM, PicoQuant
MicroTime 200). The instrument was equipped with a frequency-doubled picosecond pulse diode
laser (485 + 10 nm, 70 ps, 40 MHz, LDH-D-C-485, PicoQuant). The laser beam was collimated
and focused through a fiber-coupling unit. A beam splitter 500dcxr (Chroma) was used to reflect
the excitation light into the oil immersion total internal reflection objective (100x, NA1.45,
Olympus, PLAPO). The excitation dose (average power) was about 1.5 mW at the microscope.
The generated images had 80 pum in the x and y axes.

Image analysis: FLIM data were analyzed using SymPho Time software. Regions of interest
(ROI) were designated on each image. Fits to a multiexponential model were used with 2 and
residuals were used to indicate goodness-of-fit of one-, two- and three-component decays for each
ROL.

Statistics

Statistical analysis was done with R studio (version 4.1.2). The comparison of multiple groups
was done by one-way analysis of variance (ANOVA with Tukey's Post Hoc test), p-values less

than 0.05 were considered statistically significant.

RESULTS:

Initial antibacterial tests
We previously worked with TiO.@GW (TGW); a catalyst that proved to be highly
effective for water remediation involving organic contaminants. Beyond its impressive catalytic

activity, the glass wool support provided a versatile alternative for various reactor configurations.?2
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Our focus has since shifted to evaluating this new catalyst against more realistic contaminants,
specifically microorganisms. We chose Escherichia coli, a Gram-negative bacterium, as our
model. E. coli is not only easy to cultivate in a laboratory setting but also belongs to the coliform
group, one of the main bacterial contaminants in wastewater, and is an indicator of fecal
contamination.?®

To explore the potential antibacterial activity of our catalyst, we employed a batch system
containing 10 mg/mL of TGW, a concentration established in our previous work. The samples
were irradiated with four UVA bulbs (8 W each), whose emission matched TiO, absorbance
maxima at 370 nm. After the light treatments for 1 to 3, 6, and 24 hours, the viable bacteria
concentration was assessed. All experiments were done using diluted LB (5 %) in PBS, as the rich
composition of this media does not resemble the natural water environments. Using an initial
bacterial concentration of 1 x 10® CFU/mL, we first measured the growth pattern of the negative
control, a bacterial solution incubated under the same conditions as the treatments, but without a
catalyst and protected from light, assigned as dark control. Figure 4.3.1 illustrates the increase in
the bacterial count in the dark control, compared to the initial inoculum during the treatment
period. To account for the rise in the bacterial population, cell viability was compared to the
counted cells in the dark control.

Figure 4.2.1 shows the overall change in viable bacteria under the treatment conditions.
Bars above the x-axis correspond to a logarithmic decrease in the bacterial count compared to the
dark control, while negative bars indicate bacterial growth. Bars near zero (0 log units) represent
samples with cellular counts comparable to the control, indicating that the treatment did not affect

the microorganisms' growth pattern.
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When incubating the bacterial solution with APTES-treated glass wool in the dark (GW
Dark), in the first 6 hours, no significant difference was found compared to incubating the bacteria
alone (p>0.05), suggesting that the glass support was not harmful to the bacteria. This is in
alignment with other research utilizing glass wool, which has shown that the material is not
harmful to bacteria.?®2” Moreover, it demonstrates that APTES treatment did not impact bacterial

growth. In fact, Wang and colleagues? reported that E. coli cells could grow and multiply even
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Figure 4.2.1 Log reduction of E.coli bacterial count after incubation with 10 mg/mL APTES-Glass wool (GW) and
TiO- deposited on glass wool (TGW), in the absence of light (dark) and irradiated with four UVA bulbs (8 W each)
(Light) for 24 hours. Control light was measured in a bacterial solution exposed to the same light source but without
a catalyst. Log reduction was calculated based on the bacterial count of a control incubated protected from the light.

Error bars represent standard deviation, n= 3 (*p < 0.05, **p < 0.001, ***p =0.00).

when attached to an APTES-coated glass surface. When the samples with the glass support were
exposed to the light source, a slight, but no significant decrease in viable bacteria was observed
(GW+Light) (p>0.05).
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We then tested the material containing TiO2 on glass wool (TGW). In the absence of
illumination, we observed an initial small increase in recovered bacteria during the first 3 hours,
however for all time points, the recovered bacteria were statistically the same as the control without
treatment, with log reduction values approximately equal to zero (p>0.05). In the samples treated
with TGW + Light, there was no bactericidal activity during the first two hours. However, a
significant (p<0.05) reduction in bacterial count was noted at 3 and 6 hours, with a reduction of
1.3 and 2.3 log units, respectively. At longer times, however, the bactericidal remained at a similar
value with 1.8 log units. Long irradiation times do not always result in higher bacterial inactivation,
this is a previously observed phenomenon that can be a result of resistance development or
photocatalyst inhibition produced by the competition with organic products released from cellular
compartments.?® Although the sample with the TiO, catalyst exhibited some bactericidal activity,
the control exposed to UVA light alone (Figure 4.2.1: Control+ Light) showed the same log
reduction activity after three and six hours (p>0.05). Moreover, at longer irradiation times, the
control light sample demonstrated superior performance (p<0.001), with no bacterial cells
recovered after 24 hours of irradiation.

It was expected a bactericidal effect from the irradiation alone, as wavelength within the
UVA range photoexcites cellular chromophores which culminates in hydroxyl radicals (*OH)
production and increased formation of cyclobutane pyrimidine dimers (CPD). 3*-*2 However, the
presence of supported TiO2exposed to UVA light is reported to accelerate bacterial killing, 10122133
but this was not the case in our system. This unexpected outcome prompted us to conduct a series
of investigations under different conditions to identify the factors contributing to the suboptimal
performance of the catalyst. Based on these results we can then discuss which factors are
influencing the performance of supported TiO, materials and propose improvements for such
systems.
Does Concentration Matter? Sometimes Less Means More

First, the catalyst concentration was varied, with lower and higher concentrations set at 5
mg/mL and 20 mg/mL, respectively. Table 4.2.1 compares the effects of different catalyst
concentrations with the no catalyst sample (0 mg/mL) designated as Control + Light. Interestingly,

the sample with 5 mg/mL, achieved 1.8 log units, a larger log reduction than the 1.2 log units with

125



Chapter 4

10 mg/mL of the catalyst, however, both are statistically comparable (p>0.05). On the other hand,
increasing the concentration to 20 mg/mL resulted in a slight decrease in the antibacterial
performance of TGW down to 0.9 log units, despite the higher amounts of TiOz in this treatment.

The negative correlation between photocatalytic activity and increasing TiO2 loading has
been previously reported for both suspended and supported TiO2.”*"34 This phenomenon could be
attributed to light scattering by the catalyst, which reduces overall photon absorption.® In the case
of a supported catalyst system, the glass material may also act as a scattering center.” Light
scattering would also explain why the GW+Light treatment exhibited a lower bactericidal effect
compared to the control + Light treatment (Figure 4.2.1), as the glass could be shielding the cells.
To further demonstrate this effect, we measured the light transmitted through the reaction vial with
and without the glass support and observed a reduction in the transmitted light (Figure 4.3.2). This
confirms that the presence of the glass support can impact the optical behaviour of the
photocatalyst.

The next variation considered was the initial bacterial density. While coliform
concentrations in surface and groundwater can reach up to 10® CFU/mL in highly contaminated
areas, it is more common to find concentrations ranging from 10°to 102 CFU/mL. %6-3 We then
chose a lower initial concentration of approximately 10° CFU/mL to represent typical
contamination levels and assess any potential increase in bacterial inactivation.

The presence of high amounts of bacterial cells signifies stronger competition between
living cells and higher turbidity, contributing to light attenuation. This also increases the chances
of surface saturation with adhesion from live cells or cellular debris, all of which can compromise
photocatalytic inactivation. Despite reports suggesting higher photocatalytic disinfection rates in
solutions with lower bacterial density,'>?* our experiments revealed that decreasing the initial
concentration did not significantly alter the log unit reduction (p>0.05), achieving only a 0.9 log
reduction. It is important to note that one log unit for a smaller initial bacterial concentration
translates to a higher percentage of bacteria inactivation, thus having a higher impact on the
bacterial community. Yet, our findings indicate that an initial bacterial concentration of 10°

CFU/mL does not significantly impact the catalyst's performance.
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These results first evidenced that we were not employing a bacterial density above the
catalyst limit. Therefore, we decided to maintain a concentration of 108 CFU/mL for further tests
as it also facilitates additional imaging tests. Secondly, this suggests that the photocatalytic
generation of radicals may be compromised. For this reason, in the following section, we will

evaluate hydroxyl radicals generation in our systems.

Table 4.2.1 Log reduction of E. coli bacterial count after incubation with TiO.@Glass wool (TGW) with different
concentrations of catalyst (0-20 mg/mL) or different initial bacterial concentrations. Samples were irradiated with
UVA light for 3 hours. Log reduction was calculated based on the bacterial count of a control incubated protected

from the light. Standard deviation values are presented in parentheses.

Catalyst Concentration Initial concentration Log reduction
(mg/mL) (CFU/mL) (Logio CFU/mL)
0 1x10° 1.4 (£0.4)
5 1x10° 1.8 (£1.2)
10 1x10° 1.2 (£0.1)
20 1x10° 0.9 (£1.1)
0 2x10° 1.2 (£0.4)
10 2x10° 0.9 (£0.2)
10 2x10° 1.07 (£0.2)

2Sample incubated with APTES-GW only, no TiO-.

The Multiple Target Dispute for Hydroxyl Radicals

Given the indications that the system with the supported material may absorb less light,
combined with the fact that we are using a complex medium, LB broth, which contains various
natural molecules, that could be scavenging the produced radicals. We wanted to test whether we
were producing hydroxyl radicals as they are often considered one of the primary bactericidal
mechanisms of semiconductors.® To test this, we employed a coumarin probe which is
hydroxylated in the presence of ‘OH, forming 7-hydroxycoumarin (7-HC) which has a strong

fluorescence at 454 nm.3°

127



Chapter 4

The fluorescence emission spectra of the initial solution and the resulting fluorescent
product are shown in Figure 4.3.3. The initial solution exhibits slight fluorescence in the visible
region due to the background fluorescence of coumarin and the LB medium.*® Upon irradiation,
the emission maximum shifts to around 454 nm, indicating the production of 7-HC. Figure 4.2.2
A summarizes the changes in fluorescence for the sample containing the glass materials and the
controls. In the absence of a catalyst, minimal hydroxyl radical production occurs from the
irradiation of coumarin. Similar fluorescence readings were found for the sample containing glass
wool alone and the TGW catalyst without UVA irradiation. At all time points, the sample
containing the supported TiO> catalyst showed superior 7-HC production, peaking at 6 hours.
There was no change after 24 hours of irradiation, possibly due to the limited reagent, which was
added at a lower concentration because of its low water solubility.

Comparing the fluorescence produced by TGW in the 5% LB medium versus in distilled
water reveals a decrease in the produced hydroxyl radicals (Figure 4.2.2 B), suggesting that the
medium may be scavenging some of the radicals. This is an interesting outcome that can be
justified by the transient nature of "“OH, which reacts with many molecules at a rate close to diffuse
control.*® The rich composition of LB broth, and the high ionic strength of the dilution medium,
PBS, contribute to this effect. In the case of the buffer, the influence of the inorganic ions is
variable depending on the ion. For example, CI- has minimal impact on the photocatalytic
disinfection,***2 while PO4- strongly adorbs in TiO, occupying reactive sites and competing for
*OH.*2 This explains the reduced photocatalytic activity of our catalyst compared to the previous
results.?? Natural and wastewater conditions, however, are more similar to the ones proposed in
the antibacterial experiments, having inorganic ions and organic matter. The latter also displays
variable effects on photocatalysis, leading to enhancement via photosensitization or inhibition
through radical scavenging, depending on its composition.***> Despite having limited radical
production under those conditions, these catalysts should still generate sufficient radicals for

bacterial inactivation to be considered for realistic applications. Based on this understanding, in
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the next section, we will explore methods to enhance radical production or improve its efficiency

towards bacteria.
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Figure 4.2.2 (A) Hydroxyl radical detection using coumarin as a standard probe. The presence of the hydroxylated
product, 7-hydroxycoumarin was detected by measuring the fluorescence at 454 nm (ex: 340 nm). Coumarin solution
(0.25 mmol in 5 % LB) was irradiated with UVA light for 1, 3, 6 and 24 hours, without catalyst (Control+Light), with 10
mg/mL APTES Treated Glass wool (GW+Light), and with 10 mg/mL of TiO,+GW in presence and absence of light
(TGWH+Light) and TGW Dark. (B) Fluorescence emission spectra of coumarin solution in LB 5 % (pH 3.0) (red) and in
dH0 (grey), both samples were irradiated with UVA light irradiation for three hours with 10 mg/mL of TGW

Stirring the Pot: The Impact of Aeration and Agitation

Oxygen is an important electron acceptor for photocatalysts, decreasing the chances of
charge recombination, and generating other ROS-centered radicals.*® Low oxygen availability is
demonstrated to decrease hydroxyl radical production thus affecting photocatalytic
performance.*’#® To test whether increased aeration would enhance photocatalytic bacterial
inactivation, we conducted bacterial tests while bubbling air into the sample. After three hours of

irradiation, the bacterial inactivation was 1.38 + 0.28 log units, a value not significantly different
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from the non-aeration sample at 1.26 + 0.09 (p>0.05). In contrast, Yan and colleagues®®* found
increased bactericidal activity when samples were purged with air, attributing this to higher levels
of H20, and "OH radicals. It is worth mentioning that the dark control under aeration displayed
higher colony counts than the one in the closed system, with an increase of 1 log unit.
Consequently, the log reduction calculation for the treatment sample was adjusted to account for
the cellular increase. In a higher bacterial concentration, the same catalyst would require higher
radical production to achieve greater bacterial activity, which does not occur in this system, as the
added O does not seem to produce sufficient radicals.

We also conducted experiments with constant mixing to enhance sample aeration and
homogenization while reducing bacterial adhesion to the glass wool. To avoid damaging the glass
wool support, we used a circular rotator instead of a stirring bar. Surprisingly, when comparing
results from the static system to the system under agitation, we observed a decrease log reduction
(Figure 4.2.3) for both the TiO2-supported sample (grey) and the glass support alone (red). Thus,
even with improved homogenization, which would facilitate the interaction of the surface-
generated radicals with the target E. coli, the GW treatment did not exhibit enhanced bactericidal
activity.

The decrease in log reduction for samples under agitation could be attributed to reduced
bacterial attachment to the heterogeneous catalyst. To verify this, we conducted the reaction under
static conditions and sonicated the samples before plating to remove potentially attached bacteria.
After three minutes of sonication, we observed an increase in the number of viable bacteria, as
indicated by the negative log reduction in Figure 4.2.3. This suggests the adhesion of bacterial
cells on the catalyst. We anticipated some degree of bacterial attachment to the supported catalysts,
as bacteria in natural environments prefer to grow on surfaces, forming aggregates known as

biofilms.0-51
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Figure 4.2.3 Log reduction of E. coli bacterial count after incubation with 10 mg/mL APTES-Glass Wool (GW) (red)
and TiO,-deposited Glass Wool (TGW) (grey) under UVA irradiation for 3 hours. Agitation samples were mixed using
a circular rotator for the full duration of irradiation. Sonicating samples were irradiated under static conditions and
sonicated for three minutes before plating. Log reduction was calculated based on the bacterial count of a control

incubated in the absence of light for the same duration. Error bars represent the standard deviation. * p<0.05

Although the incubation time and solution conditions in our system may not have been
sufficient for mature biofilm formation, the supported catalyst appeared to provide a surface for
bacterial attachment. Our TiO.@GW has a 48% TiO: loading,?> meaning both titanium dioxide
and silica oxide surfaces were available for attachment, which has previously been shown to
support bacterial growth.?21952-54 Bacterial interactions with surfaces are a complex phenomenon
driven by electrostatic forces, Van der Waals, hydrophobic and hydrogen interactions.>> The
degree of these interactions depends on the composition of the bacterial cell envelope, the catalyst
surface properties, and the media composition.> For instance, E.coli and TiOz interactions vary
greatly depending on the ionic strength of the surrounding medium, the ions composing the
solution, pH and the presence of organic matter.>® Due to the high degree of variability between

systems, it is important to evaluate the interaction between the microorganisms and the catalyst

131



Chapter 4

being studied. As observed, the cellular attraction and attachment to the photocatalysts and to the

glass support influence the observed log reduction and may affect the overall bactericidal activity.

Imaging Bacterial-catalyst interaction as it happens

Interested in observing bacterial attachment to the catalyst, we utilized Fluorescence
Lifetime Microscopy (FLIM), which allowed us to observe cells and infer the environment
surrounding the fluorophore.>® We began by measuring the average lifetimes for live and dead
cells using SYTO 9, a cell-permeable dye that stains genetic material in both live and dead
cells.*5" We could not establish a clear lifetime threshold for distinguishing between live and dead
bacteria due to considerable overlap in lifetimes for both controls, as seen in Figure 4.3.4.
However, we observed an overall decrease in the average lifetime (tavg) Of samples with dead cells.
On average, the lifetime decreased from 2.8 ns in live cells to 2.3 ns in dead cells, this difference
can also be seen in the decays represented in Figure 4.3.5. This trend was consistent with other
nucleic acid-binding dyes, with the change in lifetime attributed to the fragmented and
disorganized genetic material in necrotic cells, leading to less stabilization of the dye.>®°
Additionally, utilizing a similar dye, SYTO 13, Walczysko et.al.®° reported longer lifetime on cells
in the logarithmic growth phase, due to the high RNA/DNA proportion. Samples with a high
number of dead cells were also detected by the noisy background fluorescence due to the released
cellular content in solution (Figure 4.3.6 B) and by the presence of large aggregates indicative of
accumulated cellular debris. In contrast, live cells not only had longer lifetimes but also maintained
the rod shape of E. coli, resulting in clearer images of the bacteria (Figure 4.3.6A).

We imaged the bacterial cells after incubating them for three and 24 hours, under the same
conditions described in the first experiment, (Figure 4.2.1). Representative images of the samples
are displayed in Figures 4.2.4 and 4.2.5, for 3 and 24 hours of incubation, respectively, and the
average of the calculated lifetimes is listed in Table 4.3.1. For the no catalyst controls, we observed
an increase in the number of cells in the dark, for both time points, with tayg 0f 2.6 ns and 2.4 ns
for the 3-hour and 24-hour incubations, respectively. The control incubated under irradiation
showed fewer observed cells and signs of substantial cellular death, such as a large mass of cellular

debris, after 24 hours of incubation (Figure 4.2.5). This aligns with the data presented in Figure
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4.2.1, where no viable bacteria were recovered. Additionally, the average lifetimes for the
irradiated samples were shorter than those of the controls, with tavg = 2.2 ns and 2.1 ns for 3 and
24-hour incubations, respectively. The shorter lifetimes for the light-treated samples can also be
seen in the histograms comparing the tavg for both controls in Figure 4.2.6. UVA irradiation is
known to cause growth delays.®* resulting from the suppression of RNA synthesis during stress
stimuli.®2 The reduction in fluorescence lifetimes in the irradiated samples agrees with the findings
from Walczysko et.al.,%° previously mentioned, which indicates that a lower RNA/DNA ratio

results in shorter fluorescence lifetimes.

Samples incubated with glass wool demonstrated significant interaction of E. coli cells
with the support material in both dark and light conditions (Figures 4.2.4 and 4.2.5). This is
expected, as glass is a common substrate for bacterial adhesion. Specifically, glass wool has been
used as a support for biofilm formation due to its large surface area, which facilitates the exchange
of nutrients and oxygen.?” Additionally, the silanization process enhances cell deposition, as
demonstrated by Sharma and Conrad,> E. coli cells attach more rapidly to APTES-treated surfaces
than to untreated glass surfaces. Overall, a reduction in the lifetimes of cells attached to glass wool
was observed. For instance, in samples incubated with glass wool (GW) in the dark for 3 hours,
the lifetime of cells in the solution was 2.4 ns, while cells on the GW had tavg 0f 2.2 ns. This might
suggest the presence of dead cells; however, when these samples were plated after sonication, the
log reduction was close to zero (Figure 4.2.3), indicating that most cells remained viable. Also, it
is important to note that dead bacteria, lacking metabolic activity and cellular integrity, generally

do not exhibit the same attachment behaviour as live cells.%34

Samples containing TiO. were distinguishable by the short lifetimes at the catalyst,
demonstrated as blue areas in Figures 4.2.4, 4.2.5 and Figure 4.3.7. Those values are very similar
to the instrument response function (IRF), 1= 0.4 ns, and can be seen probably due to light
scattering. Comparing irradiated and non-irradiated TiO. samples revealed a higher cell count in
the dark samples, agreeing with the finding in Figure 4.2.1. Bacterial deposition was observed
even in the semiconductor catalyst, for both dark and light treatment, consistent with findings from

other studies. 12?° However, as observed by Pablos et al.,* the extent of this interaction depends
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not only on the properties of the bacteria and catalyst but also on the solution's composition. The
fluorescent lifetime of cells attached to the material remained consistent at tayg Of 2.5 ns for both
samples. However, cells in the solution of irradiated samples showed a slight decrease in Tavg, 10

2.3 ns after three hours and 2.1 ns after 24 hours (Figure 4.2.5).

Untreated Control Glass Wool TiO, Glass wool

Dark

Light

Figure 4.2.4. Characteristic Fluorescence lifetime images (FLIM) of E. coli cells stained with SYTQO9 after 3 hours
incubation. The images depict E. coli cells in 5 % LB in PBS, either untreated or treated, after three hours in the dark or
irradiated with UVA light. Treated samples were incubated with either 10 mg/mL of APTES glass wool or TiO.@glass
wool (TGW). Different colours represent various lifetimes of the dye, excited at 485 nm. The colour bar scale ranges

from 0.8 to 3 ns. The brightness of the images was enhanced by 20% to ensure all FLIM data is clearly visible.
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Untreated Control Glass Wool TiO, Glass wool

‘ ‘ "’

Figure 4.2.5 Characteristic Fluorescence lifetime images (FLIM) of E. coli cells stained with SYTO9 after 24 hours of

Dark

Light

incubation. The images depict E. coli cells in 5 % LB in PBS, either untreated or treated, after 24 hours in the dark or
irradiated with UVA light. Treated samples were incubated with either 10 mg/mL of APTES glass wool or TiO»>@glass
wool (TGW). Different colours represent various lifetimes of the dye, excited at 485 nm. The colour bar scale ranges

from 0.8 to 3 ns. The brightness of the images was enhanced by 20% to ensure all FLIM data is clearly visible

Additionally, after a long incubation, a few spots on the TGW displayed shorter lifetimes
(tavg=1.69 ns) than the ones found in the deposited bacteria, Figure 4.3.8 (yellow arrows). These
spots did not resemble cellular shapes, possibly indicating the presence of cellular components
released from lysed cells which might contain genetic material.®3 Notably, areas containing debris
can still serve as attachment sites for viable bacteria, as demonstrated by Miwa et al., and they can
act as protective layers, shielding the cells from the catalyst's action. In fact, a decrease in the

bactericidal performance was observed after 24 hours of treatment with TGW + Light (Figure
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4.2.1). In some samples, live cells were still detected (tavg= 2.5 ns) (Figure 4.2.5), indicating that
not all microorganisms were inactivated, which aligns with the data presented in Figure 4.2.1.
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Figure 4.2.6. Histograms of fluorescence lifetime distribution on control samples (A) and on samples treated with 10 mg/mL of
TGW. In grey are samples incubated and protected from light and in red samples irradiated with UVA light (370 nm). Bacteria

concentration was set to ODgp=0.1in5 % LB.

Plausible scenario and future improvements

In this context, the catalyst surface provided a favourable environment for bacterial
adherence. Alongside an overall low catalytic activity—Ilikely due to insufficient ROS production,
limited O: availability, and light scattering from the supporting material— this resulted in
inadequate bactericidal performance against microorganisms in the solution and those in close
contact with the catalyst. In cases where bacterial inactivation occurred after prolonged irradiation,
the accumulated cellular debris seemed to further hinder catalytic activity.

From this perspective, while the catalyst was effective for dye degradation, its application
for antimicrobial activity may require improved methodologies. As pointed out by Rimzhim and
Modak,®® catalysts that are effective for organic degradation may not be suitable for bacterial
disinfection, and vice versa. This discrepancy is influenced by various factors that affect both
photocatalytic degradation and disinfection. For bactericidal applications, variables such as
bacterial adhesion, the quantity and lifetime of radicals formed, bacterial cell composition, and the
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ionic strength of the solution play crucial roles.”1221293385 Thys, troubleshooting for bacterial

disinfection also differs from that for organic degradation.

Based on the observed results, several possible improvements can be discussed. One key
factor is the bacterial adhesion to the catalyst. Here, it should be noted that the close contact of
bacteria to TiO. was demonstrated to increase oxidative damage in bacteria, which is caused by
surface-generated radicals,?%% in particular, when talking about wastewater, the excess ions and
organic matter may act as radical scavengers,® as we observed in Figure 4.3.5. On the other hand,
accumulated live cells or cellular debris on the photocatalyst surface may hinder the catalyst's
effectiveness. Some researchers have reported modulating the semiconductor’s surface to reduce
bacterial deposition, with the formation of superhydrophobic TiO2 being one of the most common
strategies.'>>3%7 Furthermore, the attachment of bacteria raises concerns about biofilm formation,
as these surfaces provide anchoring support for biofilm development. Those mature bacterial
communities display increased adhesion to surfaces, extra protection against bactericidal agents,®

and increased chances of horizontal gene transfer, potentially leading to resistance development.
68-70

Certainly, most issues related to the attachment of live bacteria and biofilm formation arise
from insufficient photocatalytic activity. A significant part of the problem stems from low light
absorbance in the system,'” which results from the limited photon penetration common in fixed
catalyst structures. 2>% This issue is exacerbated by the scattering effect from the glass support.
Improving the optical properties of the catalyst can be achieved by increasing TiO> loading on the
glass material, which would increase the radiation absorption-to-scattering ratio.” A possible
alternative is evaluating other glass-supported TiO2 materials, such as the TiO2 on glass filter fibres
that we previously fabricated, which have a higher TiO2 loading, around 62 %.2? Another effective
strategy is the use of continuous flow systems, which, with the appropriate reactor design, allow
for uniform light distribution compared to batch systems.’*’2 Additionally, immobilized catalysts
limit the mass transport of the reactant to the irradiated catalyst surface.'®%® Some researchers have
described the synthesis of differently shaped glass-supported semiconductors, to increase surface-

to-volume ratio, or the use of fluidized reactors to reduce mass transfer limitations.*®"2
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CONCLUSIONS

In conclusion, supported TiO: catalysts offer the advantage of easy removal from solutions
without additional separation steps, making them attractive for water remediation. However, our
observations using supported TiO: in glass wool (TGW) reveal challenges in antibacterial
applications. Specifically, the catalyst demonstrated low antibacterial activity, achieving only
about a 1 log unit reduction in bacterial count, comparable to disinfection using UVA alone. This
suboptimal performance is likely due to insufficient ROS production, limited O: availability, and
light scattering from the support material, all of which result in inadequate bactericidal activity.
Additionally, the protective attachment of the bacteria to the catalyst, and the accumulation of
cellular debris further hinder catalytic efficiency. These findings underscore that catalysts effective
for organic degradation may not be suitable for bacterial disinfection due to differing influencing
factors. To enhance bactericidal efficacy, optimizing bacterial adhesion to the catalyst, improving
light absorption, and enhancing mass transport are crucial. Therefore, tailored methodologies that
address these specific challenges are potential improvements for effective bacterial disinfection.
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4.3 Pre-submission Version of Supporting Information

Supporting information

Investigating the Antibacterial Performance of Supported TiO2 on Glass wool fibres:

Challenges and Optimization Strategies
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Figure 4.3.1 Viable E. coli cells count for the control sample (dark control) incubated under the same conditions
of the treatments but without catalyst and protected from light. The initial bacterial inoculum was 1x10°® CFU/mL
in 5% LB in PBS. Viables were incubated without agitation at room temperature, but due to the light exposure,
the ambient temperature close to the light source was 34 °C after 24 hours. Viable cells were determined by plate
counting colony forming units (CFU) and results were expressed as CFU/mL. Those viable bacterial counts were

utilized to calculate log reduction for the treatment samples
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Figure 4.3.2. Emission spectra of the UVA bulb used in this work. Irradiance was measured after light was

passed through the glass vial containing LB 5 % without glass wool (grey) and with 10 mg/mL of GW (red).
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Figure 4.3.3 Fluorescence emission spectra of a 0.25 mmol solution of coumarin in LB 5% (pH 3.0) before
(grey) and after UVA irradiation for 24 hours with 10 mg/mL of TiO.@glasswool (Red) and APTES-Treated
glass wool (purple). The peak at 454 nm (ex: 340 nm) is indicative of the formation of 7-hydroxycoumarin (7-
HC).
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Figure 4.3.4 Histograms of fluorescence lifetime distribution on samples containing Live E. coli (Green) and

dead bacteria (red). Bacteria concentration was set to ODge=0.1 in 5% LB. Dead cells were obtained by heating

the bacterial solution, and the absence of viable bacteria was confirmed via plate counting.
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Figure 4.3.5 Average TSCPC curves for samples containing live E. coli (green) and dead bacteria (red), and the
Instrument response function (IRF) (black). Bacteria concentration was set to ODgoo=0.1 in 5% LB. Dead cells
were obtained by heating the bacterial solution, and the absence of viable bacteria was confirmed via plate

counting.
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Figure 4.3.6 Example of FLIM images of samples containing live (A) and dead (B) E. coli cells. Bacteria
concentration was set to ODso=0.1 in 5% LB. Dead cells were obtained by heating the bacterial solution, and the

absence of viable bacteria confirmed via plate counting. Different colours represent various lifetimes of the dye,

excited at 485 nm. The colour bar scale ranges from 0.8 to 3 ns. The brightness of the images was enhanced by 20%

to ensure all FLIM data is clearly visible.
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Table 4.3.1 Average lifetime (taverage) Calculated from the ROI from the treatment images shown in the main text. The

total lifetime for each treatment was calculated as an average of 15 ROIs. Different lifetimes were calculated for cells

found in solution from the ones found in close contact with the glass wool (Or TGW).

Sample Treatment Location Taverage (NS)  Standard deviation
Time (hours)

Control Live NA Solution 2.8 0.4
Control Dead NA Solution 2.3 0.6
Initial Solution 0 Solution 2.8 0.4
Control Dark 3 Solution 2.6 0.4
Control Dark 24 Solution 2.4 0.4
Control + Light 3 Solution 2.3 0.8
Control + Light 24 Solution 2.1 0.5
Glass Wool Dark 3 Solution 2.4 0.5
Glass Wool Dark 3 Glass Wool 2.2 0.4
Glass Wool Dark 24 Solution 25 0.6
Glass Wool Dark 24 Glass Wool 2.6 0.5
Glass Wool + Light 3 Solution 2.5 0.2
Glass Wool + Light 3 Glass Wool 2.2 0.4
Glass Wool + Light 24 Solution 2.9 0.6
Glass Wool + Light 24 Glass Wool 2.0 0.6
TiO2@GW Dark 3 Solution 2.6 0.5
TiO2@GW Dark 3 Glass Wool 2.5 0.4
TiO2@GW Dark 24 Solution 2.9 0.6
TiO2@GW Dark 24 Glass Wool 2.4 0.6
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Figure 4.3.7 Representative images of TiO,@GW in 5% LB without SYTO9. (A) White light microscope and (B)

Fluorescence lifetime image (ex: 485 nm). Different colours represent various lifetimes of the dye, excited at 485 nm.

The colour bar scale ranges from 0.8 to 3 ns. The brightness of the images was enhanced by 20% to ensure all FLIM

data is clearly visible.
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Figure 4.3.8 Representative FLIM image of TiO.@GW sample irradiated with UVA light for 24 hours. Yellow
arrows show lifetimes shorter than the ones for live cells on the catalyst surface. Initial E. coli concentration was
set at 106 CFU/mL in 5% LB in PBS. Different colours represent various lifetimes of the dye, excited at 485 nm.
The colour bar scale ranges from 0.8 to 3 ns. The brightness of the images was enhanced by 20% to ensure all FLIM

data is clearly visible.
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4.4 Accompanied Chapter 4

The discussion in this chapter began with disappointing results. However, through a closer
examination of the system, we identified gaps in the testing of supported photocatalysts. Most of
the published reports tend to focus on overall photocatalytic activity without thoroughly addressing
the limitations of these systems or how to overcome them. We saw our preliminary results as an
opportunity to contribute to the field by using our experiments to highlight and discuss these
limitations.

Some of the parameters described here are now being tested and discussed within our
research group to improve our developed photocatalysts. Key aspects include testing continuous
flow systems for bacterial inactivation, increasing aeration in both batch and flow systems, and
experimenting with different supporting materials besides glass to enhance the optical properties

of our materials.
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5. Magnetic catalyst for efficient One-Pot Synthesis of Schiff Bases from

Benzyl Alcohol and Nitro Compounds under UV irradiation

This chapter is adapted from a final manuscript submitted to Catalysts. The final published

version may have small differences.

5.1 Preamble to Chapter 5

The following chapter expands on the applicability of iron and titanium nanomaterials in the
field of photocatalysis. In this chapter, a novel hybrid Fes0s@TiO2 nanomaterial was fabricated
and tested for the synthesis of Schiff bases, which are crucial chemicals for the pharmaceutical
and agricultural industries, forming the core of several important molecules. The current synthesis
of Schiff bases involves coupling carbonyl groups with primary amines. To make the process more
economical, it is desirable to use more readily available and affordable precursors. Therefore, we
explored various catalysts for the synthesis of imines using benzyl alcohol and nitrobenzene as
reagents. Comparing TiO»-based catalysts, we found that the new magnetic TiO2 was a highly
effective alternative to expensive and at-risk metals such as palladium and ruthenium which are

commonly used.

After individually investigating the properties and applications of titanium and iron-based
nanomaterials, we decided to combine those two transition metals in a hybrid nanoparticle. Based
on the knowledge previously developed from the synthesis of magnetic iron oxides and on the
properties of TiO2, we then developed a magnetic TiO, material, via a simple synthetic route, and
that resulted in a material that combines the exceptional photo reactivity of TiO2 with the magnetic
properties of Fe3zOs, creating a promising photocatalyst for organic synthesis. We tested the
catalytic property of this material on the synthesis of Schiff bases, which are essential compounds
from the synthesis of several commercial molecules. Traditionally, Schiff bases are formed from
the condensation of aldehydes (or ketones) with primary amines. However, carbonyl and amino

compounds are generally produced from the corresponding alcoholic and nitro compounds via
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transition metal-based oxidants/catalysts, often relying on heavy metals. We believed that our
developed catalyst could provide an affordable and sustainable alternative to synthesize Schiff
bases directly from alcohol and nitro compounds in one pot, further reducing the number of

required synthetic steps.

We began by testing several TiO2-based catalysts to determine if they could selectively form
the desired Schiff base. Using UVA irradiation (370 nm), we found that among the tested catalysts,
Fe304@TiO2 performed comparably to others, with the added advantage of being magnetic.
Optimizing its catalytic performance demonstrated that, at longer irradiation times, the magnetic
catalyst outperformed materials like P25. Within the first six hours of irradiation, we observed a
high production rate of 6.8 mmol h™!, significantly superior to those reported in the literature, and
after 20 hours, Schiff base production yields exceeded 99%. Through a series of optimization
reactions, we aimed to understand the catalytic mechanism. The catalytic process likely involves
the photoexcitation of TiO, with UVA, generating hot electrons that are transferred to magnetite,
enhancing the Fe**Fe?* cycling. Upon Fe®* regeneration the released electron is accepted by the
nitrobenzene accelerating the conversion to aniline conversion. The excess benzyl alcohol helped
trapping the photogenerated hole which has enough energy to oxidase the alcohol precursors into
the aldehyde product. Understanding the catalytic mechanism can help us optimize our catalytic

conditions and further implement our new green catalysts.

5.2 Submitted Manuscript

This manuscript was submitted for publication

ABSTRACT

The versatility and significance of imines (Schiff bases) make them highly attractive for
various industrial applications. Achieving high production rates using readily available and
inexpensive reagents is crucial for optimizing production. This study investigates photocatalytic
routes for the one-pot synthesis of Schiff bases using alcohol and an aromatic nitro compound as
reagents. Utilizing photoirradiation at 370 nm with TiO> loaded with various metals, we

demonstrate exceptional efficiency in the one-pot synthesis of Schiff bases under an inert
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atmosphere. Notably, our newly developed FesO4@TiO2 magnetic catalyst offers an excellent
option for synthesizing the corresponding imine (N-benzylamine), achieving a remarkable
production rate of 6.8 mmol h™* during the first 6 hours of irradiation, and reaching over 99% yield
after 20 hours. This success is attributed to a series of catalytic reactions involving the
photocatalytic oxidation of benzyl alcohol to benzaldehyde and the simultaneous in situ reduction
of nitrobenzene to aniline. Subsequent catalytic condensation of these products, facilitated by the
active sites at the TiO2-metal interface, ultimately yields the desired imine. The magnetic catalytic
system exhibits outstanding performance, representing a promising alternative for sustainable and
efficient chemical transformations. Besides this, its magnetic properties confer an advantage in

separation processes, enhancing efficiency, and substantially decreasing processing times.

INTRODUCTION

Schiff bases are condensation products of primary amines with carbonyl compounds like
aldehydes or ketones.! Its common structural feature is the azomethine (imine) group with a
general formula of RN=CR’ (R’ # H) where R and R’ can be alkyl, aryl, or heterocyclic groups
which can be substituted in various ways. The term Schiff base originates from Hugo Schiff, a
German chemist, who in 1864 reported the first synthesis of imines and introduced a new class of
organic compounds.??

These organic compounds are extensively used in different fields, and they serve multiple
purposes such as dyes, catalysts, and intermediate species in organic synthesis. They can even
work as polymer photostabilizers providing very good long-term stability for Polyvinyl Chloride
(PVC) films through UV absorption or screening, peroxide decomposition, and radical scavenging
mechanisms.* These compounds have also demonstrated diverse biological activities including
antibacterial and antifungal activities, for example, Jarrahpour et al.> confirmed a moderate activity
against tested gram-positive bacteria Staphylococcus aureus when using an azo Schiff base such
as 2-hydroxy-3-methoxy-5 (4-methoxyphenylazo)benzaldehyde, while de Souza et al.,® proved
effectiveness against Mycobacterium tuberculosis H37Rv, exhibiting a minimum inhibitory
concentration (MIC) value of 8 ug/mL when using a Schiff base such as N-(salicylidene)-2-
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hydroxyaniline. On the other hand, a wide range of Schiff bases have been evaluated as adaptable
ligands capable of coordinating a range of metal ions across various coordination geometries and
oxidation states and some metal complex derivatives of 2N-salicylidene-5-(p-nitrophenyl)-1,3,4-
thiadiazole (HL) with Co(ll), Pd(Il), Rh (I11) and Au (111) ions, respectively, showed moderate
activity against Staphylococcus aureus, Salmonella typhi, and Escherichia coli strains and a
slightly higher activity compared to the ligand HL per se.’

This versatility extends their applicability not only as effective antibacterial agents but also
as catalysts in various homogeneous, heterogeneous reactions, Heck reaction, Henry reaction,
carbonylation reaction epoxidation reactions,® among others. Therefore, it is clear that the
discovery of Schiff bases opened up opportunities across a broad spectrum of scientific disciplines.
Furthermore, in different scientific reports,®° Schiff bases can be synthesized through simple and
versatile methods, such as the condensation reaction between primary amines and carbonyl
compounds, wherein specifically, there is a nucleophilic addition of the NH2 group from the amine
(B) compound to the C=0 of the aldehyde or ketone (A), resulting in the creation of a hemiaminal!
compound (C) under reflux conditions, while simultaneously eliminating water. Subsequently,
dehydration occurs, leading to the production of an imine (compound D) as shown in Scheme
5.2.1:

O OH R
I -H,0
R/C\R + l\lle R1+NH —2> _N\
L 2 R3 R2 R3 R2 R3
A B C D

Scheme 5.2.1. Thermal Schiff Base synthesis

However, as widely acknowledged, many traditional organic transformations and syntheses
involve high temperatures and sometimes, high pressures, resulting in considerable energy
consumption and environmental harm. Consequently, it is essential to seek cleaner and more
efficient organic synthesis methods as alternatives to conventional industrial practices.

Photocatalysis has emerged as a promising technique, garnering widespread interest for its
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potential contributions to clean energy generation and environmental remediation. Photocatalytic
synthesis of imines has been explored using homogenous catalysts, for instance, Saranya et al.,*2
showed an efficient catalytic approach for the selective synthesis of imines (yields between 30-
90%) in air at room temperature using diruthenium(Il) complexes [(n6-p-cymene)Ru2Clo(u-L)]
as a catalyst, 4-methoxybenzyl alcohol and p-anisidine as starting materials. Using heterogenous
Pt@TiO,, Shiraishi et al.'® observed yields of up to 84 % for N-benzylideneaniline using Pt@TiO;
using benzyl alcohol and aniline as initial substances. As noticed from these reports, the initial
reactants are primary amines and alcohols. Specifically, the utilization of anilines as substrates
raises concerns due to their susceptibility to autooxidation.'* Although this will depend on the
chemical stability of the arylamine and other substitutions on the benzene ring. An alternative
approach involves employing nitroarenes as reactants, culminating in a one-pot synthesis of imines
via the oxidative coupling of an alcohol and a nitroarene. This method uses stable and cost-
effective reactants while reducing the required synthetic steps.

This approach was previously reported by Selvam et al.®® who observed the production of
Schiff bases from the photoirradiation (A = 300 nm) of TiO, loaded with Pd nanoparticles (2 wt%)
in an aqueous solution of benzyl alcohol and nitrobenzene at room temperature for 4h. However,
due to the strong hydrogenation ability of palladium, the products had higher selectivity towards
secondary amines.*® At this point, it is essential to recognize that even though Pd nanomaterials
are widely used as efficient catalyst materials owing to their high specific surface area, abundant
active sites, and superior catalytic activity, their continuous use raises concerns about their
environmental impact.!” Despite their valuable catalytic and optical properties, the increasing
exposure of Pd nanomaterials to the ecological environment poses challenges.’

Similarly, Wu et al.,'® reported a one-pot reaction utilizing CdxZn1xS as a catalyst. Under
visible light, the authors observed a maximum Schiff base yield of 55.2% after 4h. Nevertheless,
these reactions were done under high N2 pressure and with a large catalyst loading (6 mg/mL),
which reduces the feasibility of scaling up Schiff base production. Despite this, unlike Pd, the
utilization of Cadmium in such syntheses, while yielding decent results, raises concerns due to its
inherent toxicity, posing substantial risks to both human health and the environment.

Consequently, as highlighted by these scientific reports, the metals employed in these
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investigations not only contribute to environmental degradation but also exacerbate the precarious
status of certain metals, which are increasingly vulnerable to depletion. For example, Hayes et
al.,'® demonstrated in their study that elements such as C, Mg, Ca, Sc, Co, Ge, Sb, Cs, and Pd,
among others, have a percentage critically higher than 60% and have a supply chain that is
vulnerable to disruption. These elements serve an essential function in the manufacturing of
different products, and thus their absence would have significant consequences. Thus, it becomes
imperative to explore alternative materials.

To develop better environmentally friendly alternatives, we propose exploring the
photocatalytic activity of four TiO.-based heterogeneous catalysts for the synthesis of Schiff bases.
We chose widely used photocatalysts such as P25 and Pd@TiO, and compared their activity with
new alternatives involving first-row transition metals like Fe and Cu on TiO2 (FesOs@TiO> and
Cu@TiO2). Aiming at practical industrial applications and greener alternatives, we tested our
catalysts in a one-pot approach for the synthesis of imines, starting from nitrobenzene and benzyl
alcohol. Our initial efforts showed that FesO4@TiO, exhibits similar activity to Pd@TiO, and
TiO, catalysts. Considering the experimental results, along with concerns about element depletion
and the environmental impact of certain chemicals, iron presents itself as a viable option.
Additionally, Fe3O4 nanoparticles exhibit superparamagnetism, enabling magnetic separation in
the presence of a magnetic field. The reactions were driven using UVA irradiation, the spectral
region largely absorbed by TiO,. We also measured the time profile evolution of the reaction,
showing production rates of up to 6.8 mmol/h, which is more than ten times higher than previously

reported. These findings suggest that the reaction conditions are ideal for scaling up.

EXPERIMENTAL DETAILS

All chemicals were purchased from Sigma Aldrich and used as received unless otherwise

stated. TiO2 P25 was purchased from Univar Canada.
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Catalyst Synthesis

FesO4@TiO2: Magnetic TiO2 NPs were synthesized by in situ precipitation of FezOs on
TiO2 NPs. In brief, a 0.32 mg/mL aqueous solution of commercial P25 was added to a 3-neck
round bottom flask. To this solution, 0.056 g of Fe(NOz3); . 9H,0 and 0.032 g of Fe(SO4) - 7H,0
were added, to obtain a proportion of 2:1 of Fe (111) to Fe(ll). The solution was purged for 10 min
and then heated at 85°C and kept at this temperature for 10 min under N2 flow, to equilibrate the
temperature. To this solution, 360 uL of NH4" was added dropwise and the resulting dark solution
was kept under N2 for another 10 min. The resulting material was separated using an external
magnet washed five times with Milli-Q water and dried under vacuum.

Pd@TiO2: Based on a reported synthesis.?® Approximately 15 mg of metal precursor salt
(PdCl,) was mixed with TiO2 (~500 mg) in 150 mL of Milli-Q water and sonicated for 20 min.
The slurry was irradiated in a Luzchem photoreactor equipped with 14 UVA bulbs for 24 h with
vigorous stirring in a crystallizing Pyrex® dish with a Pyrex® cover. The slurry was centrifuged
and washed with Milli-Q water four times to remove unreacted metal precursor salt and dried
overnight in a desiccator under vacuum. The obtained powder had a dark grey color.

Cu@TiOz2: Based on a reported synthesis.?® A total of 55 mg of CuCl,-2H,O were mixed
with TiO2 (~300 mg) and 95 mg of the benzoin-type photoinitiator Irgacure-2959 in 130 mL of
Milli-Q water and purged with argon for 15 min. After this, the slurry was irradiated in a Luzchem
photoreactor equipped with 14 UVA bulbs for 24 h with vigorous stirring. The slurry was filtered
and washed with Milli-Q water at least seven times to remove unreacted metal precursor salt and
dried overnight in a desiccator under vacuum. The powder had an intense beige colour with green
tones.

Catalyst Characterization

Transmission electron microscopy (TEM) images were collected on a JEM2100F FETEM
(JEOL) operating at 200 kV. Diffuse reflectance measurements were carried out using an Agilent
Cary 7000 UV-Vis-NIR Universal Measurement Spectrophotometer coupled with an Agilent
praying Mantis accessory. The metal composition of the materials was determined by Inductively

Coupled Plasma Optical Emission Spectrometry (ICP-OES), using an Agilent Vista Pro ICP

164



Chapter 5

Emission Spectrometer. Approximately 10 mg portions were accurately weighed in triplicate and
digested with aqua regia. Solutions were further diluted and measured by ICP-OES. The following
emission lines were used for quantification when applicable: Fe 238.20 nm, Pd 340.45 nm, and Cu
327.39 nm. Powder X-ray diffraction analysis was carried out at room temperature utilizing a
Bruker D8 Endeavor Polycrystalline X-Ray Diffractometer (PXRD) in Bregg Brentano geometry,
using Cu Ka radiation (A = 1.5418 A), powered at 40 kV and 25 mA (1kW). Diffractograms were
collected by a LynxEye XE-T 1-D silicon strip detector with 192 channels, with 20 range from 20°
to 90°.

Photocatalytic activity

The photocatalytic performance of the synthetized catalysts was performed by adding 5 mL of
fresh solution of nitrobenzene (0.1 M) in benzyl alcohol in a Pyrex glass tube, loaded with 10 mg
of the catalyst. The solution was sonicated and purged for 10 min with N2. Irradiation was done
using a UVA LED (A=370 nm) with an irradiance power of 13.5 mW.cm (Figure 5.3.1.). Samples
were irradiated and stirred for up to 6 h. The catalysts were removed using a hydrophilic PTFE
syringe filter, with 0.2 pm pore size. Quantification of products was performed by mass
spectrometry in an Agilent 6890-N Gas Chromatograph with an Agilent 5973 mass selective
detector, 3,5-Di-tert-butyltoluene (4 mM in Dichloromethane as the solvent) as an external
standard. The timed events feature was used within the setpoint control of the local user interface
(OFF at 6.20 min/ON at 8.70 min) to prevent an excessive concentration of Benzyl Alcohol from
reaching the detector.
RESULTS AND DISCUSSION
Catalyst Characterization

In this work, we selected four TiO»>-based catalysts to evaluate possible photocatalytic

routes for one-pot imine synthesis. Transmission electron microscopy (TEM) was used as a
powerful tool to learn more about the nanoparticles, their morphology, and spatial distribution.
Figure 5.2.1 shows the TEM images of the catalysts, unveiling the distinctive spherical
morphology of the nanoparticles (NPs). Upon closer examination of Figure 5.2.1, it becomes
evident that the NPs were deposited onto the catalyst surface. This deposition is particularly visible
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in panel B, for Pd@TiO2, where the TEM image distinctly shows the presence of diminutive
particles decorating the TiO2 surface. The same scenario is visible for panels C and D. Previous
publications in our group,? have shown that the mean particle size of the metallic NPs is around
3.0 = 0.2 nm. Since the distinction between two metal-oxide in TEM is challenging due to the
similar electron densities, we could not measure the diameter of the FezO4 over P25. However
previous publications from our group, using the same synthetic route, produced NPs with

diameters around 12.5 + 3 nm.%

Figure 5.2.1. Representative TEM images of TiO; (A), Pd@TiO2 (B), Fes0.@TiO; (C) and Cu@TiO- (D). Red

arrows indicate representative Pd and Cu nanoparticles on P25. Scale bar: 20 nm.
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For the bimetallic nanoparticles (NPs), metal loadings were determined using inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis, as shown in Table 5.2.1.
Synthesis via photo-deposition resulted in lower metal loadings of 2% and 3% for Pd and Cu,
respectively. Iron oxide on TiO2 was synthesized by co-precipitation on the semiconductor surface,
yielding a 12% loading. The higher loading of iron oxide was intentional, aiming to explore
magnetite’s catalytic properties, and its magnetism, which facilitates catalyst removal. Indeed,
after synthesis, FesO4s@TiO. demonstrated a response to an external magnetic field, as shown in
Figure 5.3.2.

Table 5.2.1. Metal loading of the three bimetallic catalysts evaluated in this work. Metal quantification was done

using ICP-OES following Fe, Pd, and Cu emission lines.

Material Metal Loading (%6)
Fe;04@TiO; 12 wt % (+ 0.93) Fe
Pd@TiO; 2.0 wt % (+ 1.70) Pd
Cu@TiO; 3.0 Wt % (+ 1.04) Cu

Moreover, X-ray diffraction (XRD) helped us to provide insights into the crystalline
structures of the synthesized materials. For our tests, P25 was the source of titanium dioxide. P25
is formed from TiO nanoparticles, with a diameter between 10-50 nm (Figure 5.2.1A), composed
of 80 % anatase and 20 % rutile phase.?? The diffractogram of P25 (Figure 5.2.2) confirms its
crystalline structure. Peaks assigned for anatase and rutile are identified as A and R, respectively,
according to ICCD cards n° 01-083-5916 and 01-076-1940. In the diffractogram, for all the metal-
loaded TiO> catalysts the same peaks assigned to TiO, (P25) can be identified (Figure 5.2.2). From
the diffractogram of Cu@TiO., we could identify the structure of the Cuprite (Cu20) (ICCD: 96-
900-7498), a cubic-shaped crystal formed from the oxidation of Cu’. The diffractogram peaks
assigned to Cu20 can be found at 20 values 36.4°, 42.3°, and 61.4°, relative to the crystal planes
(111), (020), and (022), respectively.
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On the other hand, XRD of Fe30.@TiO; reveals the formation of cubic magnetite (Fez04),
according to ICCD card n° 04-009-8439, using the peaks corresponding to the planes (220), (311),
(400) and (511), at 20 values of, 29.9°, 35.3°, 43.0°, and 56.9° to detect the crystal form. As for
Pd@TiO2 we can observe the dominance of TiO2 peaks, with the only identifiable peak for Pd
being at 20 of 40.01°, which corresponds to the (111) plane of cubic Pd (ICCD: 96-153-4922).

Cu@TiO,
(111) (022)
b 00 }
; —F83O4@T|02
© (311)
~ (220) (400) (511)
> —J
@ —— Pd@TiO,
[0
e (111)
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A
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i ] " 2 : — M T
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Figure 5.2.2. XRD patterns of the catalysts used: TiO; (P25) (black), Pd@TiO: (green), Fe@TiO- (red) and Cu@TiO-
(blue). Numbers in parenthesis correspond to the characteristic (h k ) interplanar planes for each crystalline phase. A:
anatase TiO and R: rutile TiO;

In addition, diffuse reflectance measurements were carried out for all the catalysts to study
their optoelectronic properties. Measurements were recorded between 200 nm and 800 nm using
the diffuse reflectance mode. The addition of the metal on P25 did shift the catalyst absorbance
into the visible range (Figure 5.3.3), a change that is more pronounced on Fez0s@TiO», due to the

higher loading percentage.
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Selecting the Optimal Catalyst: Exploring variations for enhanced reaction performance

At the beginning of our studies, we aimed to evaluate whether the system chosen yields
imines using benzyl alcohol and nitrobenzene as reagents. Benzyl alcohol was chosen as an
alkylation surrogate for aldehydes due to its cost-effectiveness. Previous research has
demonstrated that an excess of benzyl alcohol enhances the reaction, thus we employed it as a
solvent, facilitating potential solution reusability.?

Across all reactions, the primary products observed included benzaldehyde (BenzA), and
N-Benzylideneaniline (Schiff-base). Additionally, the GCMS trace shows a few peaks at 12.21
min and 13.50 min that appeared to be contaminations as they are shown in the chromatogram
before the reaction started. A representative chromatogram is depicted in Figure 5.2.3 when using
Fe304@TiO: as the catalyst. The mass spectra of the products shown in Figure 5.2.3 can be seen
in Figure 5.3.4. Specifically, a tandem process occurred wherein the nitroarene undergoes
reduction to form an aromatic amine through interaction with the alcohol, concurrently oxidizing
the alcohol to yield the aldehyde (BenzA). Following this process, the aldehyde (BenzA) and the
amine (aniline) coupled to produce the corresponding imine (Schiff Base, N-Benzylideneaniline).
The presence of BenzA demonstrates the successful oxidation of the Benzyl alcohol for all

catalysts (Figure 5.3.5 - 5.3.7) and its high abundance is attributed to the chosen stoichiometry.
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Figure 5.2.3. Chromatograms showing the peaks obtained after performing the reaction with nitrobenzene 0.1 M in
benzyl alcohol and 10 mg of Fes0s@TiO,. 5 mL of solution was irradiated for 3h under UVA irradiation and
continuous stirring. Samples were taken every hour and filtered using a PTFE syringe filter. 3,5-Di-tert-butyltoluene
was used as an external standard (peak at 10.84 min) The products have the following retention times: BenzA (5.17
min), 3-Benzylaniline (3-BA) (12.21 min), Schiff Base (15.10 min). The timed events feature of the local user interface
was used (Turned off at 6.20 minutes and activated at 8.70 minutes) to prevent the risk of a high concentration of
Benzyl Alcohol reaching the detector.

Aniline is also one of the products, although is at low concentrations, indicating our
catalysts’ ability to successfully oxidize the Benzyl alcohol while reducing the nitrobenzene to
aniline. In our study, gas chromatography analysis revealed a challenge in detecting the aniline
peak due to its proximity to the retention time of the solvent (benzyl alcohol) when nitrobenzene
was employed as the substrate. However, our subsequent experiment using 3-nitroanisole (3-NA)
keeping benzyl alcohol as the solvent and FesO4@TiO: as the catalyst, yielded more distinct results
as depicted in Figure 5.2.4. In this particular case, although m-anisidine was present in relatively

low concentrations, was discernible in the chromatogram (retention time of 9.63 min), indicative
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of our catalysts' proficiency in facilitating the oxidation of benzyl alcohol while concurrently
reducing nitro compounds to amines. This observation underscores the importance of substrate
selection and catalyst design in optimizing reaction outcomes, providing valuable insights for the
development of efficient catalytic systems.

As evidence, Figure 5.2.4 demonstrates the continued success of this study, namely, the
synthesis of the Schiff base. However, a comparison of the results depicted in Figures 5.2.3 and
5.2.4 reveals a notable distinction: following a 3-hour reaction period, the peak intensity observed
when using nitrobenzene as the starting substrate is higher than that of 3-nitroanisole. This
difference can be explained due to the electronic effects. In fact, when comparing the electron
density contributions of the nitro group in molecules like nitrobenzene to that of the methoxy group
on the aromatic ring, the electron-donating effect of the methoxy group is stronger.?® This leads to
a lower electron density around the nitro group in 3-anisole, which indicates that the electronic
effect of substituents on the aromatic ring is also an important factor for reaction rates.
Additionally, as stated by Hirao et al.,?® analyzing the electronic structure and the distribution of
electron density within the benzene ring is important to determine the reactivity of the ortho, meta,
and para positions of the substituted benzene ring when being exposed to an electrophile. In this
case, the presence of a methoxy group likely enhances electron density within the ring.

However, it is reasonable to think that this alteration in electron density might potentially
modify the molecule’s reactivity towards the electrophilic carbonyl of benzaldehyde, altering its
susceptibility to form the Schiff base.

We then proceeded to compare the photocatalytic activity of four TiO2-based catalysts. In
our comparative analysis, we subjected the samples to irradiation for up to 3 hours and observed
varying imine yields dependent on the catalysts employed. As evidenced in Figure 5.2.5, Pd@TiO>
exhibited a maximum production of 26.9 mmol (27 %) after 3h of irradiation (Figure 5.2.5).
Remarkably, Pd@TiO> was the only catalyst capable of yielding the fully reduced product, N-
Benzylaniline. This observation is highlighted in Figure 5.3.6 where a distinct peak began to
appear around 15.65 min at the 2-hour mark. This is a result of the strong hydrogenation ability
of noble metals, which decreases the selectivity towards the desired imine.>!62” TiO, had a similar

Schiff base, producing 28.7 mmol (Figure 5.2.5). Prior publications had showcased the potential
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of TiO for the tandem imine formation from alcohols and nitroarenes.?% In particular, P25 takes
advantage of rutile’s high photocatalytic reduction of nitrobenzene coupled with the higher
concentration of Lewis acid sites on anatase which facilitates the condensation of BenzA and

aniline.?
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Figure 5.2.4. Chromatograms showing the peaks obtained after performing the reaction with 3-nitroanisole 0.1 M in
benzyl alcohol and 10 mg of Fe;0.@TiO2. 5 mL of solution was irradiated for 3h under UVA irradiation and
continuous stirring. Samples were taken every hour and filtered using a PTFE syringe filter. 3,5-Di-tert-butyltoluene
was used as an external standard (peak at 10.84 min) The products have the following retention times: BenzA (5.17
min), m-anisidine (9.63 min), Schiff Base N-(4-Methoxybenzylidene)aniline (17.94 min). The timed events feature of
the local user interface was used (Turned off at 6.20 minutes and activated at 8.70 minutes) to prevent the risk of a

high concentration of Benzyl Alcohol reaching the detector.
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Figure 5.2.5. Photocatalytic performance for the selectively generated Schiff Base N-Benzylideneaniline in the
coupled system of benzyl alcohol and nitrobenzene using different catalysts under UVA light irradiation for 1-3 h.
Reaction conditions: benzyl alcohol (as the solvent, 5 mL), nitrobenzene (0.1 mmoles/L), M@TiO2 (10 mg), under

Argon, UVA light irradiation (A= 370 nm). Schiff-base production was quantified using GC-MS.

Interestingly, the Fe and Cu-loaded catalysts exhibited a delayed onset in catalyzing
conversion, evident from their low yields within the initial 2 hours, followed by a pronounced
increase in yield from 2 to 3 hours. In our previous studies with Cu@TiO2, we observed a similar
slower catalytic rate compared to Pd-loaded TiO; in the hydrogenation of alkynes.?’ Just as with
the alkynes, Cu exhibited superior control over the selectivity of the reaction, while Pd excelled in
enhancing its rate. This difference highlights how various catalysts play a crucial role in controlling
both the speed and specificity of chemical reactions.

Despite their slower kinetics relative to other catalysts, Cu@TiO. and Fez:0s@TiO:
demonstrated substantial Schiff-base formation within a short timeframe, 15.3 and 18 mmol,

respectively (Figure 5.2.5). This contrasts with previous reports utilizing Fe and Co-based
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catalysts, where reaction completion often required days,??* showing that the association with
TiOz is beneficial to improve the yields for those catalysts. It is also noteworthy that we did not
employ bases, in contrast with prior reports, 2243132 and yet achieved satisfactory yields in a short
timeframe.

Based on the previous results, P25 exhibited higher yields in the synthesis of Schiff bases,
however, its powdered form hinders separation processes, often requiring an extra centrifugation
step. In contrast, FesO4@TiO; offers the distinct advantage of magnetic removal, facilitating the
separation process while keeping good reaction yields. Therefore, recognizing this advantage, we
have directed our efforts towards enhancing the yield of this magnetic catalyst, as its facile removal

makes it an attractive candidate for scaling up applications in organic synthesis.

Optimizing reaction conditions using FesO4s@TiO: as a catalyst

The first observation was that the reactions using FezO4s@TiO> had a delayed start compared
to pure TiO2. Consequently, we first evaluated the Schiff base yield at longer irradiation times and
compared it with TiO2 alone. After running the reactions with both catalysts for 6 hours, P25
produced 36.6 mmol (Table 5.2.2, entry 2) of the Schiff base, while Fe30.@TiO> produced 41.7
mmol base (Table 5.2.2, entry 1). This results in a Schiff base rate of 6.8 mmol=, which is over
ten times higher than the values previously published, which has rates ranging from 4.6 pmol h*!
to 0.34 mmol h*! reported?®2°33-3¢ (Taple 5.3.1). Noting that the magnetic catalyst performs better
with extended irradiation we conducted it for 20 hours, achieving over 99% of the desired product.
Thus, even with the longer irradiation time, we obtained a significantly high production rate of
4.95 mmol h',

We also investigated whether the catalytic delay persisted during a second use of the catalyst.
To test this, we conducted a reaction for 3 hours under UVA irradiation. After this period, 0.1 M
of fresh nitrobenzene was added to the solution, which would avoid wasting the excess benzyl
alcohol and the produced BenzA. The reaction was then irradiated for another three hours. Figure
5.3.10 compares the results from the first and second uses of the catalyst difference between the
first use of the catalyst. During the first use, FesO4@TiO- produced 13.8 mmol of N-benzylamine
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after three hours. However, during the second use, the catalyst yielded over 44.3 mmol of the
desired Schiff base in the same time frame.

Afterwards, we proceed to evaluate changes in lighting conditions to enhance the Schiff base
production yield. We compared the product yield at the 3-hour mark for all the optimization
reactions. Since irradiance can alter the distribution of products,®*® we evaluated the resulting
imine yields at lower irradiance. For our system, reducing the irradiance resulted in a lower Schiff
base yield (Table 5.2.2, entry 4). Next, we evaluated the influence of wavelength by irradiating the
reaction with a blue LED (450 nm), which excites the iron oxide but not TiO,. This led to a
substantial production of BenzA, while neither Schiff base nor amine was detected (Table 5.2.2,
entry 3 and Figure 5.3.8). Likewise, the absence of irradiation resulted in no Shiff base formation
(Table 5.2.2, entry 6 and Figure 5.3.9) and a significantly lower BenzA (5.17 min) production.
These results suggest that TiO2 excitation is required for the reaction to occur.

Table 5.2.2. Optimizing Schiff-base yield produced Fes0.@TiO; as a catalyst.? Reusing the catalyst and the Benzyl

alcohol solution after 3 hours irradiation.

Entry Catalyst Light Irradiance Ti;ne Vield Schiff Production rate
source (MW.cm?) (h) pase (%) (mmol h)
1 Fe;0,@TiO, 370 NM 135 6 416 6.9
2 TiO, 370 nm 135 6 36.7 6.1
3 Fes04@TiO2 370 nm 13.5 20 > 99 4.95
4 FesO4@TiO2 370 nm 5.3 3 1.9 0.63
5 FesOs@TiO2 450 nm 13.0 3 ND ND
6 Fe;0.@TiO, ~ None NA 3 ND ND
7 FesO.@TiO2 370 nm 13.5 32 44.3 14.76
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Mechanistic Insights into the Synthesis of Schiff Bases from Nitrobenzene and Benzyl
Alcohol

Based on our previous findings, we propose a plausible mechanism to elucidate the synthesis
of Schiff Bases from nitrobenzene and benzyl alcohol catalyzed by M@TIiO,. Initially, the
photocatalytic reaction on M@TIiO: is initiated by the photoexcitation of TiO, leading to the
generation of electron (¢7) and hole (h™) pairs. The moderate oxidation potential of the
photogenerated holes allows the h* to oxidize benzyl alcohol, yielding BenzA and hydrogen ions
(H"). BenzA was identified as one of the main products in our experiments, which is crucial in this
process. The H* ions formed are subsequently reduced on the surface of the metal to generate H-
metal species. This is the case of PA@TiOz, in which it has been proposed that Pd-H species will
likely form in materials like Pd-decorated TiO, (Pd@TiO2) when exposed to light.*® In fact, Paul
Sabatier who won the Nobel Prize in 1912%, worked with Nickel (Ni) and different molecules
such as hydrocarbons, alcohols, and acids, mentioned that the hydrogen coming in contact with
the metal of a catalyst forms very quickly on the surface of each grain. These species can serve as
active sites for reducing agents on the surface of Pd, facilitating specific reactions like converting
nitrobenzene into aniline. This affirmation is supported by our experiment using 3-nitroanisole,
where m-anisidine, an aniline derivative, was identified. The catalytic condensation of BenzA with
aniline on the Lewis acid sites of the TiO2 surface leads to the formation of the Schiff base. Our
experimental results, particularly, highlighted in Figure 5.2.5, demonstrate the efficiency of this
reaction on the M@TIO> catalysts.

It should be noted that the reaction could vary depending on the metal used to decorate TiO».
For instance, for Fes0.@TiO2, we propose that upon catalyst excitation, the holes generated on
the catalyst surface may oxidize benzyl alcohol, as described for Pd@TiO.. Additionally, iron
species could facilitate electron transfer, enabling the reduction of nitrobenzene to aniline.
Indeed, Xu et al.,** found out that when TiO; interacts with Fe*3, it affects how quickly Fe*® is
reduced to Fe*2. Particularly, in the presence of P25, Fe?* is formed much faster and accumulates
in larger amounts at the beginning of the reaction. This is likely due to the positive energy
difference between the conduction band (CB) of TiO2, and the CB of Fes04*' This difference

allows for easy transfer of the photogenerated e to the magnetic catalyst, facilitating the Fe3*/Fe?*
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cycling.**? During the regeneration of Fe3*, the electrons could potentially reduce nitrobenzene
to aniline.

A plausible scenario for this is depicted in Figure 5.2.6. Another possible route involves
photogenerated electrons helping in the reduction of nitrobenzene to form aniline in the presence
of H* ions. H-Fe species may also be generated, assisting in the reduction of the nitro moiety,
yielding an amine. This process could lead to the condensation between benzaldehyde and
aniline.3 However, it is important to highlight that as mentioned by Moniz et. al.,3 who also
worked with a nanocomposite of iron, the role of this metal in catalytic processes, particularly
when it interacts with TiO2, remains a subject of ongoing research, presenting intriguing
possibilities. While some studies propose that its presence facilitates hole transfer, others suggest
its involvement in electron transfer mechanisms.*3#* Recent investigations have highlighted the
electron transfer phenomena occurring between iron and TiO2*

It is crucial to note that light plays a significant role in the mechanism. Specifically,
prolonged photoirradiation significantly enhances the production of the Schiff Base, as evidenced
by the increase in yield from 19 % after 3 hours of irradiation to almost 99 % after 20 hours of
UVA irradiation when using the novel metallic catalyst (Figure 5.2.5 and Table 5.2.2). Thus,
extending the duration of photoirradiation results in a more efficient reaction given the greater
number of photons available to interact with the reactants on the catalyst surface. This increased
photon exposure allows more reactions to occur, leading to higher conversion of the reactants into
the desired Schiff base product. The M@TiO- catalysts facilitate the reaction between the reactants
under UVA irradiation, a fact that was confirmed when experimenting without light (Figure 5.3.9),
and no Schiff base was identified. Thus, the metallic component likely acts as a co-catalyst,
enhancing the efficiency of the overall reaction. In summary, our study elucidates the steps
involved in the synthesis of Schiff bases, providing crucial insights into the catalytic activity and
reaction kinetics of different M@TiO2 catalysts. It is noteworthy that, to the best of our knowledge,
Fe304@TiO: catalyst has exhibited remarkable efficiency in facilitating Shiff base synthesis. This
finding highlights the promising potential of iron-based catalysts for this reaction, emphasizing
their importance in catalysis research. Additionally, its abundance and cost-effectiveness, offer a

more sustainable alternative. This not only addresses environmental concerns but also highlights
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its efficacy, while simultaneously mitigating risks associated with resource depletion, particularly

evident when working with Palladium.

CB e
TiO,
_O 2H'
SEN

Figure 5.2.6. Plausible scenario to understand the activity shown by Fes0.@TiO.. Figure inspired by similar concepts

in the literature.®®

CONCLUSIONS

To the best of our knowledge, the use of Fes04@ TiO> in organic synthesis, such as in the
formation of Schiff Bases is not widespread. However, we want to underscore its potential for
broader applications due to several features. Our study strongly indicates the potential efficacy of
using Fes04@TiO2 for synthesizing Schiff Bases. When irradiating the reaction comprising
nitrobenzene and benzyl alcohol and the magnetic catalyst for 3 hours, we observed a Shiff base
production of approximately 18 %. Impressively, extending the reaction duration to 20 hours

resulted in nearly 99% production of the desired product. In contrast, analogous systems such as
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Pd@TiO, and Cu@TiO: exhibited adequate production of the Schiff base; however, it is often
accompanied by undesirable over-hydrogenation products, particularly notable in the case of Pd.
By refining the experimental parameters, we have identified the optimal conditions for the
magnetic catalyst. Our findings highlight the promising catalytic role of Fez30.@TiO: in the field
of catalysis research, given its ability to easily separate from the mixture reaction. This catalyst
presents an alternative to address not only environmental concerns but also to mitigate the use of

scarce resources such as Palladium.

Supplementary materials: Figures 5.3.1-5.3.10: GC-MS characterization, and MS spectra of the
products. These results were obtained when performing the reactions with nitrobenzene and aniline
under UVA irradiation, inert atmosphere, and M@TiO>. Spectral irradiance of the light sources
employed in the synthesis of the Schiff base is shown. Control experiments without light are
depicted and a picture of FesO4s@TiO after its synthesis next to a magnet to demonstrate its
response to an external magnetic field is provided. Additionally, the reusability of the magnetic
catalyst is shown in Figure 5.3.10 and Table 5.3.1 shows a comparison illustrating the findings of
this study alongside previous scientific publications.
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Magnetic catalyst for efficient One-Pot Synthesis of Schiff Bases from Benzyl

Alcohol and Nitro Compounds under UV irradiation
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Figure 5.3.1. Emission spectra of light sources used in this work. In Blue 1x450 nm LED, in red 1x370 nm LED
(UVA at higher intensity) and in black 1x370 nm LED (UVA at Lower intensity). ND: neutral density filter.
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Figure 5.3.2. Fes0.@TiO- after its synthesis next to a magnet to demonstrate its response to an external magnetic
field.
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Figure 5.3.3. Diffuse Reflectance of the catalysts used in this study.
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Figure 5.3.4. Mass spectra of the products. Each spectrum shows (e) the molecular ion of the molecules.
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Figure 5.3.5. Chromatograms showing the peaks obtained after performing the reaction with nitrobenzene 0.1 M in

benzyl alcohol and 10 mg of TiO,. 3,5-Di-tert-butyltoluene was used as an external standard (peak at 10.84 min) The

major products have the following retention times: BenzA (5.17 min), Schiff Base (15.10 min). The timed events

feature of the local user interface was used (Turned off at 6.20 minutes and activated at 8.70 minutes) to prevent the

risk of a high concentration of Benzyl Alcohol reaching the detector.
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Figure 5.3.6. Chromatograms showing the peaks obtained after performing the reaction with nitrobenzene 0.1 M in
benzyl alcohol and 10 mg of PA@TiO.. 3,5-Di-tert-butyltoluene was used as an external standard (peak at 10.84 min)
The major products have the following retention times: BenzA (5.17 min), Schiff Base (15.10 min). The timed events
feature of the local user interface was used (Turned off at 6.20 minutes and activated at 8.70 minutes) to prevent the

risk of a high concentration of Benzyl Alcohol reaching the detector.
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Figure 5.3.7. Chromatograms showing the peaks obtained after performing the reaction with nitrobenzene 0.1 M in

benzyl alcohol and 10 mg of Cu@TiO.. 3,5-Di-tert-butyltoluene was used as an external standard (peak at 10.84 min)

The major products have the following retention times: BenzA (5.17 min), Schiff Base (15.10 min). The timed events

feature of the local user interface was used (Turned off at 6.20 minutes and activated at 8.70 minutes) to prevent the

risk of a high concentration of Benzyl Alcohol reaching the detector.
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Table 5.3.1. Comparison table illustrating the findings of this study alongside previous research on the one-pot Schiff
Base synthesis using nitrobenzene and benzyl alcohol as reagents. The table shows the production rates in mmol h-1
achieved with various catalytic materials under different conditions. Production rates were estimated using the highest

published yields for each reference, multiplying the initial nitrobenzene concentration, divided by the reaction times.

Light Schiff base
Time (nm) or Yield production
Heat (°C) (%) (mmol/H)
Fes04@TiO2 6 N2 >300 41.6 6.8 This
work
CdIn2Ss 8 N2 >420 32 0.34 [1]
Co-N- 18 N2 Heat 160 97 0.26 [2]
C/ICNT@AC
PC-TiO2x_590 18 Ar >300 100 0.02 [3]
P25 10 N2 >300 93 0.005 [4]
Fo.04-BMO-NS 10 N2 > 400 955 0.0019 [5]
CdS (15 wt%)- 10 N2 420 - 0.0018 [6]
TiO2
CdxZn1-xS 4 Air >420 55 0.0011 [7]
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Figure 5.3.8. Chromatogram showing the peaks obtained after 3 hours at 450 nm light irradiation. No peak for the

Schiff base (15.10 min) was obtained after reacting with nitrobenzene 0.1 M in benzyl alcohol and 10 mg of

Fes04@TiO,. 3,5-Di-tert-butyltoluene was used as an external standard (peak at 10.84 min). The timed events feature
of the local user interface was used (Turned off at 6.20 minutes and activated at 8.70 minutes) to prevent the risk of a

high concentration of Benzyl Alcohol reaching the detector.
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Figure 5.3.9. A control Experiment without light irradiation Chromatogram showing no peak for the Schiff base
(15.10 min) was obtained after reacting with nitrobenzene 0.1 M in benzyl alcohol and 10 mg of Fe;0.@TiO,. 3,5-
Di-tert-butyltoluene was used as an external standard (peak at 10.84 min). The timed events feature of the local user
interface was used (Turned off at 6.20 minutes and activated at 8.70 minutes) to prevent the risk of a high concentration

of Benzyl Alcohol reaching the detector.
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Figure 5.3.10 N-benzylamine production using FesO4@TiO; as catalyst (10 mg) irradiated for up to 3 hours with
UVA (A= 370 nm) under N, atmosphere. After the first round of irradiation (first use), 0.1M of nitrobenzene was
added to the solution and irradiated for another 3 hours (second use). Schiff-base production was quantified using GC-
MS.
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5.4 Accompanied Chapter 5

As one may have noticed, this chapter takes a different approach from the previous ones.
Coming from a biological background, my initial focus was on the medical and environmental
applications of titanium and iron-based catalysts, which were the subjects of earlier chapters.
However, after spending several years working within a catalysis group, it was inevitable a
growing interest in organic reactions. When we first developed the new magnetic titanium dioxide,
we were curious to see how it would perform compared to the gold standards in photocatalysis,
such as Pd@TiO2 and P25, as well as other first-row transition metals like Cu@TiO2, which is
gaining attention as a greener catalyst alternative. In collaboration with Melissa Cely, who has
expertise on some of those photocatalysts and had used them for several organic reactions, we
tested the new FesO4@TiO> utilizing radical recombination reactions, which she was interested in
at the time.

During the initial experimental phase, the project took an exciting turn when we observed
the exceptional performance of the new magnetic material in the synthesis of Schiff bases.
Recognizing the importance of these compounds for various commercial applications, we shifted
our focus to optimizing their production. | was glad to venture into this different area, as it proved
to be a valuable learning experience, as | gained deeper insights into organic synthetic processes.
Moreover, we successfully developed a highly effective and sustainable catalytic alternative for

the synthesis of these crucial compounds.
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6. Conclusions and Future Directions

Throughout this dissertation, we discussed several synthetic approaches and applications of
iron- and titanium-based nanoparticles. By exploring their chemical, physical, and optical
properties, we demonstrated how these materials can serve as earth-abundant alternatives to at-
risk metals in various applications, including medical, environmental, and catalytic fields. In the
following chapter, we will present conclusions, further analyze some of the results, and offer
perspectives on the future development of these projects.

6.1 Further analysis and Future directions

6.1.1 Magnetic Nanoparticles

In chapter two, we described the synthesis of four magnetic nanoparticles coated with
lignin, a biocompatible coating alternative. The antibacterial properties of these nanoparticles were
significantly enhanced by leveraging some of the unique properties of iron oxides. The first one is
the exceptional photothermal conversion capability of iron oxides, which when irradiated with
NIR light, generated sufficient heat to cause cell ablation, reaching values of six and eight log-unit
reduction. The second property is the catalytic activity of iron (Fe) in Fenton and Fenton-like
reactions. In the presence of H.Oz, these reactions produced increased levels of hydroxyl radicals,
which killed a significant number of cells within 30 minutes. Moreover, combining both
treatments, photothermal therapy (PTT) and chemodynamic therapy (CDT), resulted in enhanced
bactericidal effects. Notably, samples containing lignin@Fe/Ag showed complete bacterial
disinfection after just 1 minute of treatment and samples containing lignin@Fe/Co reached 6 log
units reduction in the same time frame. Comparing the antibacterial results with cellular toxicity
revealed that lignin@Fe/Co nanoparticles provided a balance between bactericidal activity and
cellular toxicity.

The colony formation inhibition capability of iron oxide nanoparticles in solution remains
a subject of debate. In our study, we observed that iron oxide NPs alone did not exhibit significant
bactericidal performance even after 16 hours of incubation compared to hybrid materials. This

contrasts with other reports that have demonstrated antibacterial activity for these nanoparticles in
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solution.! Recently, Egorova and collaborators? reported that iron nanoparticles (FeNPs) in
solution displayed minimal bactericidal activity, consistent with our findings. However, they found
that when these NPs were used as a coating on reverse osmosis membranes, they were effective in
inhibiting biofilm growth. This discovery highlights the potential of iron-based materials to
prevent and combat biofilm formation on surfaces. Such applications are particularly important in
medical devices, where biofilm formation poses a persistent challenge.

In this context, using iron oxide to impact biofilm formation on implants, such as knee and
hip replacements, represents a promising strategy. Furthermore, coating these NPs with antibiotics
combines their antibiofilm properties with enhanced antibiotic delivery. Using the same synthetic
procedure used for the lignin-coated magnetic nanoparticles, we are moving into utilizing
ciprofloxacin as a capping agent. Ciprofloxacin is a broad-spectrum antibiotic commonly used to
treat implant infections. Our preliminary results show successful coating with the antibiotic, as we
maintained the nanoparticle’s magnetic behaviour. Some of the near-future tests of this new
strategy include determining the correct antibiotic loading and ensuring that the antibiotic
properties are not altered during the coating process.

Looking ahead, combining the photothermal effect observed in our studies can sensitize
bacterial cell walls, facilitating the penetration and efficacy of treatment agents, including the
nanoparticles themselves and the coating antibiotic. Additionally, the magnetic properties of these
nanoparticles can be further exploited, as it was not fully utilized during the tests in Chapter 2 to
improve antibacterial activity. For instance, with the assistance of an external magnetic field
nanoparticles can achieve deeper biofilm penetration and enable on-demand antibiotic release.®
This approach could enhance effective antibiotic delivery to the interior of biofilms and potentially
be combined with the radical generation capabilities of iron-based materials.

When dealing with close contact with human bodies, an in-depth study of cellular and
whole-body toxicity is crucial for the safe implementation of these techniques. While we did not
find significant cellular toxicity of iron oxide alone, some studies suggest those nanoparticles may
induce liver injuries.*® However, the exact extent of this cytotoxicity is still not fully understood,

with scientific results showing discrepancies. Therefore, it is important to evaluate the toxicity of
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our specific materials, necessitating further research to elucidate their potentially harmful effects

at the cellular and tissue levels, as well as their overall impact on the body.

6.1.2 Fibrous TiO2

In Chapter 3 the utilization of TiO2 in fibrous materials was discussed as a means to
facilitate removal from solutions post-reaction. We explored this material's potential as an
alternative for water remediation. Using crocin as a surrogate for organic contaminants, we
observed the efficacy of the proposed catalysts: TiO> nanofibres (TNF), TiO2 on glass wool
(TGW), and TiO: in glass fibres filters (TGF). All catalysts demonstrated excellent performance
in fixed-bed reactors, degrading over 80% of the dye in batch processes. In flow systems,
irradiation times were significantly shorter than batch systems, with some samples being irradiated
for less than 1 or 2 minutes, achieving bleaching values of 90%, 40%, and 30% for TGW, TGF,
and TNF, respectively. Although degradation discrepancies were less pronounced in batch
systems, the physical properties of these materials significantly influenced catalytic rates under
flow conditions. These findings prompted a discussion on the key aspects that define effective
catalysts for continuous flow systems, considering catalytic performance, physical characteristics,
and synthetic features. From these results, we concluded that TiO.@GW is a promising candidate
for further investigations.

During this dissertation, we focused our discussions on alternatives for suspended TiO>
particles to facilitate environmental applications. However, employing TiO. for commercial-scale
water treatment also faces a challenge regarding TiO2’s large band gap at ~3.1 eV, which requires
wavelengths below 400 nm for photoexcitation. This limitation reduces its effectiveness under
visible light, and consequently, the full use of solar irradiation which contains about ten times more
visible light than ultraviolet.®* Common strategies to optimize titanium dioxide include decorating
or doping the nanoparticles with metals or metal oxides. Noble metals not only cause a red shift in
the absorbance spectrum but also act as electron acceptors for the generated hot electrons, thereby
decreasing charge recombination rates. However, these strategies introduce concerns related to the
cost of these materials and the potential health and environmental risks associated with some of

those metals.
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Recently, our group has focused on self-doping titanium dioxide with Ti (1) species.
These species, typically located on the material's surface, can be generated by calcining the catalyst
under a reductive environment. The successful reduction of some Ti (IV) sites to Ti (II1) is
indicated by a colour change from white to black, hence the name black-TiOg, illustrated in Figure
6.1.1. The colour change results from the creation of multiple defect sites, which produce
intermediate gap states that lower the energy required to achieve an excited state.” Additionally,
these defect sites serve as trapping sites for photogenerated carriers, thereby preventing rapid

recombination without the need for adding a different metal.
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Figure 6.1.1 Diffuse reflectance comparing the optical properties of white TiO, on glass filter (WTiO@GF) (red line)
and black TiO, on glass filter (bTiO.@GF) (black line) (A). Photographs illustrating the visual difference between white
and black Titanium dioxide (B).
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Building on our knowledge of supported fibrous TiO2, we developed a blackened version
of the TiO @glass filter (b-TiO.@GF). When used in a continuous flow system and irradiated
with visible light, this catalyst effectively degraded organic molecules, including organic dyes and
endocrine disruptors. The method for producing blackened titanium dioxide is simple and can be
extended to create blackened TiO.@GW. This allows for scaled-up applications without the risk
of leaching toxic metals into the water.

Another aspect investigated in Chapter 3 is the utilization of these catalysts in continuous
flow systems. Using a bench-scale system, we observed that TiO> performed better than the other
materials. This superior performance is primarily due to the better dispersion of the photocatalyst
on the glass support, which allows for greater contact between the catalyst and the target molecule.
Additionally, filling the tube with glass wool induces turbulent flow, enhancing collisions which
may improve degradation rates compared to cardboard-like supported catalysts that tend to create
laminar flow away from the catalyst. A simulation by Rasul and collegues® demonstrated that
under a turbulent flow, there is a 37% increase in the mass transfer of the pollutant, which
culminates in higher degradation values. For future implementation, TGW photocatalytic
performances must be validated on a larger-scale flow system. As the system's scale increases,
factors such as light penetration, volume, and flow dynamics will change significantly,
necessitating further optimizations.

We also discussed the need to test the catalyst with realistic contaminants, including
microorganisms. In Chapter 4, we examined the use of TGW against a bacterial contaminant, E.
coli. Our tests revealed that the catalyst showed surprisingly lower photocatalytic efficiency, with
log reduction values similar to those of light treatment alone. Given that TGW was an excellent
catalyst for degrading organic dyes, we investigated the factors contributing to its reduced
performance in these tests. We found that under realistic conditions, which may contain other
organic contaminants or organic matter, the catalyst's performance was suppressed due to
competition for the produced radicals. Additionally, while glass wool is effective for generating
turbulent flow, its properties limit light penetration due to high scattering from the catalyst, thereby
reducing its optical efficiency. Furthermore, the fixed bed catalyst provided a surface for bacterial

attachment, which further hindered catalytic activity. Based on the observed results, we then
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proposed several improvements for enhancing catalytic activity. Knowing that one of the main
causes is the low optical properties and observing how well TGW performed in the continuous
flow system from the data in Chapter 3, we believe that this would be the next step for the
improvement of the catalytic activity.

We conducted preliminary experiments using a continuous flow system with a total volume
of 25 mL and an irradiation time of 13 minutes. Comparing the data from the batch system to the
flow results, we observed a significant reduction in the time required to achieve a one-log unit
reduction, decreasing from three hours in batch to 13 minutes in flow. Moreover, under the same
conditions, UVA irradiation alone did not exhibit any bactericidal effect, as the bacterial count
remained constant. Figure 6.1.2 summarizes the results of using TGW in a continuous flow system.
Each time point has a 20-minute difference, corresponding to the total residence time in the system.

Initially, there was a decrease in bacterial count in the dark, stabilizing at about 0.4 log units after
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Figure 6.1.2 Log reduction units for a bacterial solution (108 CFU/mL) treated in a continuous flow system
containing 3.37 g of TiO.@Glasswool (TGW). The total system volume was 36.7 mL, with a residence time of 20
minutes, including a irradiation time of 13 minutes. Each time point represents the time necessary for a solution to
passthrough the entire system (residence time), in the dark (black line) and irradiated with a UVA light (red line).
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one hour, which could be attributed to the bacterial attachment to the supported catalyst. When
the light was turned on, represented by the red line, there was an increase in the log reduction,
which remained consistent for treatment of four times the bed volume, meaning approximately
146 mL of solution. This demonstrates that improving the optical properties of our system
significantly enhances its catalytic properties against microorganism contaminants. With further
optimizations, such as adjusting irradiation times, flow rates, glass wool loading, and solution
conditions, the catalyst may achieve even higher disinfection values.

The discussions raised in Chapter 4 are also being employed in our group's current tests,
particularly in methodologies to optimize the optical properties of supported catalysts and to
enhance the aeration of batch and continuous flow systems. In the context of water treatment future
strategies may also include considering the conditions of the water sources, such as pH and the
quantity of organic matter, with the use of natural water sources being a good starting point.
Additionally, the bacterial attachment to catalysts has highlighted the limitations of plate counting
techniques, which do not differentiate between bacterial viability and bacterial removal from the
solution due to attachment to the catalyst. In this context, Sara Currie, a current master’s student
in our group, is exploring alternative cellular viability experiments, such as the use of fluorescence
probes, as additional tests to improve sample testing reliability. Lastly, future developments should
include mechanistic studies to better understand and enhance our catalysts, one example is the

quantification and localization of generated reactive oxygen species.

6.1.3 Magnetic TiO2

The combination of iron and titanium led to the fabrication of a hybrid magnetic TiO2,
employed in a one-pot synthesis of Schiff bases using nitrobenzene and benzyl alcohol as starting
materials. The catalyst demonstrated impressive production rates, achieving a 99% yield of Schiff
base after 24 hours of irradiation. This synthetic route allows for producing large amounts of Schiff
base under mild conditions, avoiding strong oxidants, high Hz pressure, and elevated temperatures.
Notably, benzyl alcohol was used as both the solvent and reactant, with the excess aromatic alcohol
favouring Schiff base formation and eliminating the need for an additional separation step. Our

work also showed that the remaining reactant can be reused along with the catalyst for additional
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reaction cycles. In our proposed mechanism, we observed that our dual catalysts work
cooperatively to enhance product formation, allowing the three required reaction steps to occur in
one pot: (i) oxidation of benzyl alcohol, (ii) reduction of nitrobenzene, and (iii) condensation of
the carbonyl and amino products.

Through our mechanistic studies, we became interested in exploring the different optical
properties of the used semiconductors. While TiO2 only absorbs UVA light, iron with its smaller
band gap is photoexcited by visible light. Using the monochromatic reaction system, we observed
that the reaction requires the photoexcitation of TiO», as no Schiff base was formed under blue
irradiation. However, upon further examination, we noted that blue light irradiation improves
benzaldehyde production, an important intermediate for the formation of the Schiff base. Thus,
our recent efforts shifted to test the concomitant use of both wavelengths, 370 and 450 nm.
Preliminary results show that dual irradiation is beneficial for Schiff base production, enhancing
the production rate by more than fivefold. This system is currently under examination, with
plausible mechanisms being investigated. Future directions include not only clarifying the
mechanisms but also expanding the molecule scope, optimizing yields, and extending the
reusability of the catalyst.

We were pleased with these results, as they not only indicate a facile and sustainable route
for synthesizing important compounds but also advocate for expanding the applicability of earth-
abundant catalysts. Specifically, hybrids containing iron oxide and TiO. are mostly reported in
tests using advanced oxidation processes for environmental remediation. Although they are great
candidates for molecule degradation and microorganism disinfection, this work has proven that
their applications can also be broadened to organic synthesis, opening doors for further exploration

in different systems.

6.2 Conclusions

As a result of technological advancements, the overexploitation and utilization of natural
resources have raised concerns about the long-term availability of several critical resources.
Specifically, many elements are extensively used in various aspects of our lives, posing risks to

their availability, environmental sustainability, and social impacts. In this dissertation, we
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proposed several fabrication methodologies and applications of materials containing two earth-
abundant elements, iron and titanium.

By employing a one-pot synthesis, we demonstrated that iron-based metal oxides are
excellent alternatives for bacterial treatments. The properties of iron oxides suggest they are viable
candidates for investigating bacterial infections, offering fewer health risks compared to other
commonly used materials. Notably, the use of lignin as a biocompatible capping agent proved to
be an excellent choice, facilitating nanoparticle stabilization while reducing toxicity toward human
cells. This makes lignin a more sustainable and safer alternative to other commonly utilized
capping materials.

As for titanium, its most known form is the use of titanium dioxide (TiO2) which is
recognized for its efficient photocatalytic performance, yet its commercial application remains
limited. In Chapter 3, we investigated and compared fibrous alternatives to facilitate the
implementation of this semiconductor for TiO- in water treatment. The three proposed materials
were excellent catalysts for organic material degradation. Comparing their different degradation
rates in batch and flow catalytic underscored the importance of selecting appropriate methods
based on the desired system. By comparing their physical and catalytical aspects, we identified
TiO2@GW as a promising candidate for further studies due to its excellent catalytic performance
and ideal physical properties for flow systems.

Based on these results, we further explored TiO.@GW in Chapter 4. Our investigations
highlighted important aspects to consider when developing and optimizing supported catalysts for
water disinfection. Insufficient ROS production, limited O availability, and poor optical
properties, combined with bacterial adhesion on supported catalysts may contribute to suboptimal
bactericidal activity. Based on our findings and discussions, higher bacterial disinfection could be
achieved by improving light penetration, ensuring adequate aeration and enhancing mass transport.

The combination of iron and titanium resulted in the synthesis of a novel magnetic TiOx,
fabricated using a simple one-pot system. Their catalytic properties were validated through a
tandem reaction to produce Schiff bases from benzyl alcohol and aldehydes, achieving high
production rates of the desired compound. This work expanded the scope of applications for FezO4
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and TiO2 hybrid materials in catalysis research where they can stand out due to their excellent
catalytic performance, magnetic properties, and sustainability.

Overall, this dissertation proposed several fabrication methodologies and applications for
materials containing iron and titanium. By demonstrating their effectiveness as antibacterial
agents, in water remediation, and as photocatalysts for organic synthesis, this work highlights the
versatility and potential of Fe and Ti-based nanomaterials. This work contributes to advancements
in research areas interested in developing sustainable alternatives to at-risk elements.
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A.1 -Statistical Analysis of data presented in Chapter 2

Statistical analysis for Chapter 2 was performed using R studio (version 1.4.1717). We first
determined whether there was a difference between the means of the treatment groups. For this,
we employed the One-way Analysis of Variance (ANOVA). For experiments evaluating the
antibacterial performance of the catalysts, we compared the average logio reductions. In the
analysis of the cellular toxicity, we used the mean percentage viability for each treatment The
ANOVA results led us to reject the null hypothesis (p<0.05), in all treatments, indicating the means
of the treatment groups were not the same. To identify which groups differed from each other, we
conducted a post-hoc test using Tukey’s Honest Significant Difference (HSD). Due to the
extensive list of pairwise comparisons produced, we presented the results using a compact letter
display (CLD). This method labels treatment groups with letters: groups sharing the same letter
are statistically similar, while groups with different letters are statistically distinct. This approach
allowed us to clearly identify which treatments were statistically different from one another.

Antibacterial results and logio averages can be found in figures 2.2.4, 2.2.6 and 2.2.7 (A and
B). Cell toxicity results expressed, and percentage viability can be found in Figure 2.2.8.
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A.1.1 Statistical results for the Minimal Inhibitory Concentration tests for E. coli

Table A.1.1.1 Output of the ANOVA test. Tests were done using the Logio reduction for each sample, done in
triplicates. Degrees of freedom were calculated by the subtraction of the sample size number (24), by the number of
parameters (1). Sum Sq was calculated from the squared Logao values. Mean Sq by dividing the Sum Sq by the degree
of freedom. F value is the ratio between the variance between the groups (how much the means of different groups
vary from each other) over the variance within a group (how much the individual data points within each group vary
from their group mean). Pr > F is the p-value associated with the F value calculated. 0 ***° 0.001 **’, 0.01 ‘**,
0.05°°, 0.1

Degrees of

Sum Sqg Mean Sq F value Pr (>F)
freedom
Results 23 199.45 8.672 281.8 <2e-16"""
Residuals 48 1.48 0.031 - -

The mean Sq value obtained represents the average variability or dispersion of the data points
within the treatment groups. A high mean Sq value indicates substantial variability within these groups.
The F-value measures the likelihood of significant differences between at least some of the group means.
This value is compared to a critical F-value from the F-distribution table, which is determined based on the
degrees of freedom.! If the calculated F-value exceeds the critical F-value, the null hypothesis (that the
group means are equal) is rejected, indicating statistical differences between some of the group means. The
p-value (Pr(>F)) reflects the probability that the calculated F-value would occur if the null hypothesis were
true.r A small p-value indicates a low probability that the results happened by chance. In this experiment,
the p-value was close to zero (<2e-16), suggesting a strong likelihood that the differences did not occur by
chance and are statistically significant.

Those analysis were done for all ANOVA tests presented in appendices A.1 and A.2.
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Table A.1.1.2 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the MIC assay
against E.coli. From ANOVA results we concluded that the average between groups is statistically different assuming
p<0.05. To learn where the differences are, we performed a post hoc test, Tukey, which did a multiple comparison
between the log10 reduction values. To facilitate visualization, we employed CLD analysis which groups similar
treatments in letter groups. Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co (LCo) and Lignin@FeCo
(LFeCo). MNPs in solution are expressed in mg/L.

(;gﬁi) CLD ai;ﬁg CLD ?;:SZ; CLD (;;?1) CLD
1000 ef 1000 £ 1000 d 1000 a
500 ef 500 £ 500 d 500 a
250 £ 250 £ 250 d 250 a
125 £ 125 ef 125 ef 125 b
62.5 £ 62.5 ef 62.5 de 62.5 c
31.25 ef 31.25 £ 31.25 £ 31.25 c

211



A: Appendix

A.1.2 Statistical results for the Photodynamic therapy (PTT) and Chemodynamic
therapy tests (CDT) for E.coli

Table A.1.2.1 Output of the ANOVA test. Tests were done using the Logio reduction for each sample, done in
triplicates. Degrees of freedom were calculated by the subtraction of the sample size number (40), by the number of
parameters (1). Sum Sq was calculated from the squared Logao values. Mean Sq by dividing the Sum Sq by the degree
of freedom. F value is the ratio between the variance between the groups (how much the means of different groups
vary from each other) over the variance within a group (how much the individual data points within each group vary
from their group mean). Pr > F is the p-value associated with the F value calculated. 0 “***’, 0.001 “***, 0.01 “**,
0.05¢’, 0.1

Degrees of

Sum Sq Mean Sq F value Pr (>F)
freedom
Photodynamic therapy
Results 39 550.9 14.13 467.5 <2e-16"""
Residuals 80 2.4 0.03 - -
Chemodynamic therapy
Results 39 1039.5 26.654 1563 <2e-16"""
Residuals 80 1.4 0.017 - -
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Table A.1.2.2 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the Photodynamic
therapy test against E.coli. From the ANOVA results we concluded that the average between groups is statistically
different assuming p<0.05. To learn where are the differences, we performed a post-hoc test, Tukey, which did a
multiple comparison between the log:o reduction values. To facilitate visualization, we employed CLD analysis which
groups similar treatments in letter groups. Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co (LCo) and
Lignin@FeCo (LFeCo). Controls dark and light were the NPs incubated in 50% LB only.

Sample 1 min 5 min 15 min 30 min
Control Dark P ijkl jklmn ijkl
Control Light g op nop mnop

LFe Dark ijklm lmn Jklmn klmn
LFe Light Jklmn 1mn klmn hi
LFeAg Dark lmno ijkl ijkl 1mn
LFeAg Light hi gh gh hi
LFeCo Dark bcd cd e bid
LFeCo Light lmno bc b a
LCo Dark hijk f hij hij
LCo Light 1mn g d cd
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Table A.1.2.3 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the
chemodynamic therapy assay against E.coli. From the ANOVA results we concluded that the average between groups
is statistically different assuming p<0.05. To learn where are the differences, we performed a post-hoc test, Tukey,
which did a multiple comparison between the logyo reduction values. To facilitate visualization, we employed CLD
analysis which groups similar treatments into letter groups. Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co
(LCo) and Lignin@FeCo (LFeCo). Controls dark and light were the NPs incubated in 50% LB only.

Sample 1 min 5 min 15 min 30 min
Control Dark q mnopq nopq opqg
Control Light Pg nopg Pg Pg

LFe Dark 1m kl lmn ij
LFe Light k1l ] ij h
LFeAg Dark o} ij g hi
LFeAg Light a a a a
LFeCo Dark lmno lmnop k f
LFeCo Light C bc bc b
LCo Dark fg fg fg fg
LCo Light e e d d
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A.1.3 Statistical results for the Minimal Inhibitory Concentration tests for S. aureus

Table A.1.3.1 Output of the ANOVA test. Tests were done using the Logio reduction for each sample, done in
triplicates. Degrees of freedom were calculated by the subtraction of the sample size number (24), by the number of
parameters (1). Sum Sq was calculated from the squared Logio values Mean Sq by dividing the Sum Sq by the degree
of freedom. F value is the ratio between the variance between the groups (how much the means of different groups
vary from each other) over the variance within a group (how much the individual data points within each group vary
from their group mean). Pr > F is the p-value associated with the F value calculated. 0 “***°_ 0.001 **’, 0.01 ‘*’,
0.05°°, 0.1

Degrees of

Sum Sqg Mean Sq F value Pr (>F)
freedom
Results 23 458.0 20.817 332.1 <2e-16"""
Residuals 46 2.9 0.063 - -

Table A.1.3.2 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the MIC assay
performed against S. aureus. From the ANOVA results, we concluded that the average between groups is statistically
different assuming p<0.05. To learn where the differences are, we performed a post-hoc test, Tukey, which did a
multiple comparisons between the logie reduction values. To facilitate visualization, we employed CLD analysis
which group similar treatments into letter groups. Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co (LCo) and

LFe LFeAg LFeCo. LCo

(mg/L) CLD (mg/L) CLD (mg/L) CLD (mg/L) CLD
1000 gh 1000 h 1000 cd 1000 a
500 gh 500 gh 500 de 500 b
250 h 250 h 250 ef 250 b
125 gh 125 gh 125 e 125 b
62.5 h 62.5 gh 62.5 ef 62.5 c
31.25 gh 31.25 g 31.25 £ 31.25 c

Lignin@FeCo (LFeCo). MNPs in solution are expressed in mg/L
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A.1.4 Statistical results for the Photodynamic therapy (PTT) and Chemodynamic
therapy tests (CDT) for S. aureus

Table A.1.4.1 Output of the ANOVA test. Tests were done using the Logio reduction for each sample, done in
triplicates. Degrees of freedom were calculated by the subtraction of the sample size number (40), by the number of
parameters (1). Sum Sq was calculated from the squared Logao values. Mean Sq by dividing the Sum Sq by the degree
of freedom. F value is the ratio between the variance between the groups (how much the means of different groups
vary from each other) over the variance within a group (how much the individual data points within each group vary
from their group mean). Pr > F is the p-value associated with the F value calculated. 0 “***°_ 0.001 **’, 0.01 ‘*’,
0.05°°, 0.1

Degrees of

Sum Sq Mean Sq F value Pr (>F)
freedom
Photodynamic therapy
Results 39 165.13 4.234 98.62 <2e-16"""
Residuals 80 3.43 0.043 - -
Chemodynamic therapy
Results 39 154.92 3.972 81.78 <2e-16"*"
Residuals 80 3.89 0.049 - -
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Table A.1.4.2 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the Photodynamic
therapy test against S. aureus. From the ANOVA results we concluded that the average between groups is statistically
different assuming p<0.05. To learn where are the differences, we performed a post-hoc test, Tukey, which did a
multiple comparison between the logio reduction. To facilitate visualization, we employed CLD analysis which groups
similar treatments into letter groups. Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co (LCo) and
Lignin@FeCo (LFeCo). Controls dark and light were the NPs incubated in 50% LB only.

Sample 1 min 5 min 15 min 30 min
Control Dark Jklmn klmn klmn Jklmn
Control Light n mn klmn klmn

LFe Dark lmn hijklm klmn k1lmn
LFe Light klmn fghij fgh efg
LFeAg Dark cd cd c c
LFeAg Light cd b b a
LFeCo Dark fgh hijklmn ghijkl ijklmn
LFeCo Light fgh ghijk ghijklm efg
LCo Dark cde cde def fghi
LCo Light cde cde c b

217



A: Appendix

Table A.1.4.3 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the
Chemodynamic therapy test against S. aureus. From the ANOVA results we concluded that the average between
groups is statistically different assuming p<0.05. To learn where are the differences, we performed a post hoc test,
Tukey, which did a multiple comparison between the logio reduction. To facilitate visualization, we employed CLD
analysis which groups similar treatments in letter groups. Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co
(LCo) and Lignin@FeCo (LFeCo). Controls dark and light were the NPs incubated in 50% LB only.

Sample 1 min 5 min 15 min 30 min
Control Dark defg defgh defqg de
Control Light defg def def de

LFe Dark i7 fghij 17 3

LFe Light J J ghij def
LFeAg Dark d def def def
LFeAg Light def ¢ b b

LFeCo Dark def def defg def
LFeCo Light d def hij de

LCo Dark def defgh defqg de
LCo Light defqg defg de a
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A.1.5 Statistical Results for Cell Toxicity Assay

Table A.1.5.1 Output of the ANOVA test. Tests were done using the percentage viability for each sample, done in
triplicates. Degrees of freedom were calculated by the subtraction of the sample size number (10), by the number of
parameters (1). Sum Sq was calculated from the squared % viability values. Mean Sq by dividing the Sum Sq by the
degree of freedom. F value is the ratio between the variance between the groups (how much the means of different
groups vary from each other) over the variance within a group (how much the individual data points within each group
vary from their group mean). Pr > F is the p-value associated with the F value calculated. 0 “***°, 0.001 “**’_ 0.01
*0.05°7, 0.1 9

Degrees of

Sum Sq Mean Sq F value Pr (>F)
freedom
Results 9 46509 5168 38.8 <2e-16"**
Residuals 90 11988 133 - -

Table A.1.5.2 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the MTT assay
test on HT1080 cells. From the ANOVA results we concluded that the average between groups is statistically different
assuming p<0.05. To learn where are the differences, we performed a post hoc test, Tukey, which did a multiple
comparison between the % viability values. To facilitate visualization, we employed CLD analysis which groups
similar treatments into letter groups. Lignin@Fe (LFe), Lignin@FeAg (LFeAg), Lignin@Co (LCo) and
Lignin@FeCo (LFeCo). Controls dark and light were the NPs incubated in DMEM in absence of NPs.

Sample Dark Light
Control ab a
LFe ab bc
LFeAg f f
LFeCo cd cde
LCo ef de
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A.2 -Statistical Analysis of data presented in Chapter 4

Statistical analysis for Chapter 4 was performed using R studio (version 1.4.2). We first determined
whether there was a difference between the means of the treatment groups. For this, we employed
the One-way Analysis of Variance (ANOVA). For experiments evaluating the antibacterial
performance of the catalysts, we compared the average logio reductions. Log reduction was
calculated by comparing the bacterial growth in the treated samples against the bacterial count on
a control sample incubated in 5 % LB without light irradiation. The ANOVA results led us to reject
the null hypothesis (p<0.05), indicating the means of the treatment groups were not the same. To
identify which groups differed from each other, we conducted a post-hoc test using Tukey’s Honest
Significant Difference (HSD). Due to the extensive list of pairwise comparisons produced, we
presented the results using a compact letter display (CLD). This method labels treatment groups
with letters: groups sharing the same letter are statistically similar, while groups with different
letters are statistically distinct. Note that some treatments are labelled with more than one letter,
which means that those groups are statistically similar to other treatments with similar letters. This
approach allowed us to clearly identify which treatments were statistically different from one
another.

Antibacterial results and logio averages can be found in Figure 4.2.1
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A.2.1 Statistical results for the antibacterial experiments

Table A.2.1 Output of the ANOVA test. Tests were done using the Logioreduction for each sample, done in triplicates.
Degrees of freedom were calculated by the subtraction of the sample size number (40), by the number of parameters
(1). Sum Sq was calculated from the squared Logio values Mean Sq by dividing the Sum Sq by the degree of freedom.
F value is the ratio between the variance between the groups (how much the means of different groups vary from each
other) over the variance within a group (how much the individual data points within each group vary from their group

mean). Pr > F is the p-value associated with the F value calculated. 0 “***’ 0.001 “**’, 0.01 ‘**,0.05 ", 0.1

Degrees of

Sum Sq Mean Sq F value Pr (>F)
freedom
Results 39 178.8 4.585 27.78 <2e-16"""
Residuals 80 13.2 0.165 - -
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Table A.2.2 Compact Letter Display (CDL) from the Tukey HSD test performed on the data from the antibacterial

tests. From the ANOVA results, we concluded that the average between groups is statistically different assuming

p<0.05. To learn where are the differences, we performed a post-hoc test, Tukey, which did a multiple comparisons

between the logio reduction values. To facilitate visualization, we employed CLD analysis which groups similar

treatments into letter groups. Controls light were the NPs incubated in 5 % LB only and exposed to the light.

Sample 1 Hour 2 Hours 3 Hours 6 Hours 24 Hours
Control Light ghijkl Cdeighi cdefg b a
Glass wool Light defihij efgkllijk cdefgh efgkllijk bedef
Glass wool Dark efg?ijk fghijkl mn defihij
TiO2@GW Light ijklm Jklm cde bc bcde
TiO2@GW Dark klm ghijklm lmn fghijkl | hijklm
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