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RESUMO

Essa tese de doutorado apresenta uma exploracdo abrangente da catalise, com processos
oxidativos avangados (POAs) e estratégias de imobilizagdo de enzimas usando novos
nanocatalisadores. No primeiro trabalho, POAs baseados em sulfato, conhecidos por sua
eficacia na degradacdo de poluentes organicos refratarios, foram aprimorados por meio da
aplicacdo de nanoparticulas (NPs) de FeCo revestidas de carbono. A sintese hidrotérmica desse
material, baseada no método do poliol, levou a obten¢do de NPs bem caracterizadas com uma
fase predominante de FeCo, alcangada em razdes especificas de [OH-] / [Metal] = 26 e [Fe] /
[Co] = 2. As NPs exibiram morfologia esférica com aglomerados de tamanhos variados e
magnetizacdo de saturacdo influenciada significativamente pela propor¢do de ferro no sistema
reacional. As condi¢des otimizadas de catalise para degradagdo de Rodamina B foram 5,0 mg
de NPs, 2 mM de PMS, pH 7,0 e tempo de reagdo de 20 minutos, nas quais o potencial do
catalisador de FeCo em POAs baseados em sulfato foi demonstrado. Apesar de sua eficicia,
foram identificadas preocupagdes com a lixiviagdo de metais, exigindo refinamento futuro. O
segundo trabalho concentrou-se na sintese de nanoparticulas de magnetita revestidas com L-
cisteina como matriz de suporte para a imobilizacdo da Lipase A de Candida antarctica
(CALA). Empregando uma combina¢do de interacdes fisicas e ligacdo covalente, o sistema
sintetizado Fe3;O4@LC-GLU-CALA apresentou rendimento de imobilizagdo e atividade
especifica superiores em comparagdo com a adsor¢do fisica. Técnicas de caracterizagdo
confirmaram o processo bem-sucedido de sintese e imobilizagdo, e o biocatalisador exibiu
atividade aprimorada em diversas condi¢des de pH. Os estudos de inativagdo térmica e de pH
revelaram a robustez do sistema, ultrapassando o tempo de meia-vida da CALA livre em mais
de 8 vezes a pH 10. O sistema Fe;04@LC-GLU-CALA surge, assim, como uma matriz
biocatalitica promissora com aplicagdes potenciais na producao de biodiesel, sintese de ésteres
e precursores farmacéuticos. Esta tese contribui para o design de novos remediadores

ambientais e nanocatalisadores para a busca de processos cataliticos sustentaveis e eficientes.

Palavras-chave: nanoparticulas magnéticas; catalisador; processos oxidativos avangados;
immobiliza¢ao de enzimas; eficiéncia catalitica.



ABSTRACT

This doctoral thesis presents a comprehensive exploration of catalysis, encompassing advanced
oxidative processes (AOPs) and enzyme immobilization strategies using novel nanocatalysts.
In the first work, sulfate-based AOPs, known for their effectiveness in degrading refractory
organic pollutants, were enhanced through the application of carbon-coated FeCo nanoparticles
(NPs). The hydrothermal synthesis of this material, based on the polyol method, led to the
acquisition of well-characterized NPs with a predominant FeCo phase achieved at specific [OH"
]/ [Metal] = 26 and [Fe] / [Co] = 2 ratios. The NPs exhibited a spherical morphology with
agglomerates of varying sizes and saturation magnetization significantly influenced by the iron
proportion in the reaction system. Optimized catalytic conditions for Rhodamine B degradation
were 5.0 mg of NPs, 2 mM PMS, pH 7.0, and a 20-minute reaction time, showcasing the
potential of the FeCo catalyst in sulfate-based AOPs. Despite its effectiveness, concerns about
metal leaching were identified, necessitating future refinement. The second work focused on
the synthesis of magnetite nanoparticles coated with L-cysteine as a support matrix for the
immobilization of Candida antarctica Lipase A (CALA). Employing a combination of physical
interactions and covalent bonding, the synthesized Fe;O4@LC-GLU-CALA system exhibited
superior immobilization yield and specific activity compared to physical adsorption.
Characterization techniques confirmed the successful synthesis and immobilization processes,
and the biocatalyst displayed enhanced activity under various pH conditions. Notably, thermal
and pH inactivation studies revealed the robustness of the system, surpassing the half-life of
free CALA by more than 8 times at pH 10. The Fe304@LC-GLU-CALA system thus emerges
as a promising biocatalytic matrix with potential applications in biodiesel production and ester
synthesis and pharmaceutical precursors. Collectively, this thesis contributes to the design of
novel environmental remediators and nanocatalysts in the pursuit of sustainable and efficient

catalytic processes.

Keywords: magnetic nanoparticles; catalyst; advanced oxidation processes; enzyme
immobilization; catalytic efficiency.
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1 CHAPTER 1 - INTRODUCTION AND OBJECTIVES

1.1 Introduction

Chemists and engineers explore new processes every day, either to produce novel
substances or to enhance the viability of existing production methods. Beyond favorable
thermodynamics, economic feasibility often demands swift processes and efficient conversion
with minimal impurities, encompassing many principles of Green Chemistry (ANASTAS;
EGHBALLI, 2009). In this context, catalysts play a crucial role by accelerating reactions through
the reduction of activation energies, enabling them to occur at lower temperatures and
pressures. To underscore the importance of catalysts, the global catalyst market was valued at
USD 29.7 billion in 2022, with an expected annual growth of 4.6% until 2030 (GRANDVIEW
RESEARCH, 2023). Crafting the perfect catalyst remains a persistent goal in green science,
representing a vital requirement for sustainable industry.

Catalysts are commonly classified into two types based on their phase in the
reaction medium. In homogeneous catalysis, closely associated with organometallic chemistry,
the catalyst completely dissolves in the reaction medium, allowing catalysis to occur in the
same phase as the reactants (COPERET et al., 2003). Due to the complete availability and
uniformity of active sites, they exhibit high activity and selectivity, and they can be easily
designed by altering ligands and metals to achieve specific chemo-, regio-, and enantio-
selectivity (GHOBADI et al., 2021). Despite these advantages, challenges in purifying the
product and recovering the catalyst, along with low thermal resistance to solvents and pH in
some cases, create bottlenecks, limiting the use of this type of catalysis in industry (GHOBADI
et al.,2021). Heterogeneous catalysts, on the other hand, are present in about 85% of industrial
processes (VOGT; WECKHUYSEN, 2022). Constituting a different phase from the reaction
medium, this type of catalytic process occurs at the liquid-solid or gas-solid interface, on
specific sites, combining knowledge from surface science and solid-state chemistry (COPERET
et al., 2003; VOGT; WECKHUYSEN, 2022). Despite advantages such as easy recoverability
and higher resistance, heterogeneous catalysts have lower reactivity and selectivity since only
a fraction of the total surface area is active, and these sites do not necessarily have identical
interaction patterns (GHOBADI et al., 2021; RAI; GUPTA, 2021; VOGT; WECKHUYSEN,
2022). In the quest for a catalyst perfectly aligned with green chemistry, exhibiting high activity

and stability, good selectivity, easy recovery and reuse, and low synthesis cost, chemists have
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turned to nanotechnology to merge the best of both catalytic types (RAI; GUPTA, 2021; VEISI
etal.,2023).

At the nanometer scale, heterogeneous catalysts exhibit unique properties due to
their high surface-to-volume ratio (SOMWANSHI; SOMVANSHI; KHARAT, 2020). As a
material is finely divided, there is a higher fraction of surface atoms, which are naturally more
energetic, and their properties become strongly dependent on size, shape, and structure
(GEBRE, 2021; GHOBADI et al., 2021). Thus, nanomaterials can be designed to present
specific properties through synthesis control, allowing these catalysts to be precisely calibrated
(SOMWANSHI; SOMVANSHI; KHARAT, 2020). The extremely small size, on the other
hand, facilitates material dispersion in the reaction medium and increases the availability of
active sites, making it act as an almost homogeneous catalyst. In addition to high activity, broad
selectivity, and greater stability than homogeneous catalysts, nanostructured catalysts can also
be recovered through techniques such as extraction, centrifugation, and filtration, and can be
recycled (GEBRE, 2021). Thus, nanocatalysts straddle the border between homogeneous and

heterogeneous catalysis, as illustrated in Fig. 1.

Figure 1 — Main advantages (in green) and disadvantages (in red) of homogeneous and
heterogeneous catalysts, with the threshold between these two types integrated by magnetic

nanocatalysts. This integration combines the primary advantages of both types of catalysis.
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Source: adapted from reference (SOMWANSHI; SOMVANSHI; KHARAT, 2020).

Despite the enormous advantages of nanocatalysts, their recovery for reuse has been
a stumbling block in some cases, as their small sizes and high dispersion lead to more laborious,
less efficient, and time-consuming recycling processes than in heterogeneous catalysis
(GHOBADI et al., 2021). In this context, a class of nanostructured materials that has stood out

1s magnetic nanoparticles because an external mechanism, such as a magnetic field generator,
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could recover the dispersed material. Although the suitable magnetic property for this
separation method (superparamagnetism) initially restricted applications to the range of
magnetic elements (Fe, Co, and Ni, mainly), chemists have devised methods to design surfaces
and active sites as needed, through functionalization, conjugate formation, doping, or even core-
shell structuring. There are many possibilities when it comes to surface engineering on the nano

scale, many of which are still unexplored.

Figure 2 — Evolution of the number of papers published using the keywords "catalyst" "catalyst”
+ “nanoparticles”, and "catalyst” + “magnetic nanoparticles”, as well as the evolution of the
number of citations for this last set of keywords.
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Source: the author (data gathered from the Web of Science on November 10, 2023).

In a search conducted in early November 2023 on the Web of Science, 710,296
articles, review articles, or procedure-related articles related to the term 'catalyst' were found,
of which 435,922 (almost 2/3) were published in the last 10 years. In this recent interval, from
2013 onwards, this term appears related to 'nanoparticles' in 109,862 articles and to 'magnetic
nanoparticles' in 3,039 works. As shown in Fig. 2, the field of catalysis is progressively
expanding, but magnetic nanoparticles are still proportionally underexplored. It is believed that
there are still many untested possibilities with magnetic nanoparticles.

This chapter aims to provide a comprehensive overview of the current state of
research in the specific field of catalysis with magnetic nanoparticles. By delving into existing

literature and recent advancements, both in theoretical frameworks and experimental
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approaches, our goal is to contribute to the continuously evolving landscape of magnetic
nanoparticle catalysis. We seek not only to summarize the existing body of knowledge but also
to offer insights that may inspire and guide future investigations in this intriguing intersection

of catalysis and nanotechnology.

1.2 Basic Principles of Magnetic Materials

Before delving into the various synthesis strategies and applications of magnetic
materials in catalysis, it is crucial to understand the correlation of magnetism with the structure
of materials, why magnetic materials are particularly significant for catalysis at the nanoscale,
and which nanomaterials are most suitable for this purpose.

Magnetic materials are composed of atoms or ions that possess a non-neutral net
magnetic moment resulting from the electronic orbital angular moment (translation) and spin
moment (rotation). These moments are coupled for each atom, and the magnetic properties of
a substance depend on whether these moments are completely or partially counterbalanced
(NOQTA et al., 2019). Typically, materials spontaneously exhibiting magnetic phenomena
consist of elements such as Fe, Co, N1, and/or certain rare-earth metals, including Gd (GILROY
etal.,2016; MAJIDI et al., 2016).

The properties of a material are not solely defined by its magnetization; the
variation of this quantity with the applied magnetic field is equally crucial. Based on a
material’s response to a magnetic field, it can be categorized as diamagnetic, paramagnetic,
antiferromagnetic, ferrimagnetic, ferromagnetic, or superparamagnetic.

Diamagnetic materials lack magnetic dipoles in the absence of an external magnetic
field, yet their spins align in the opposite direction to the applied magnetic field, resulting in
repulsion (NOQTA et al., 2019). Paramagnetic materials have weakly coupled, randomly
disordered magnetic moments, aligning only under the influence of an external magnetic field
(SOARES et al., 2021).

Antiferromagnetic materials, akin to paramagnetic ones, possess magnetic
moments but they are structured in identical interpenetrated sub-lattices. These moments
spontaneously align both in the same and opposite directions to the external magnetic field,
balanced by exchange interactions (SPALDIN, 2010). Ferrimagnetic materials resemble
antiferromagnetic ones in structure but have different magnetic moments in their
interpenetrated sub-lattices, only partially counterbalanced, resulting in a net magnetic moment

(SOARES et al., 2021). In contrast, ferromagnetic materials have spontaneously aligned



20

magnetic moments, all in a single direction. Table 1 provides a summary of the mains forms of

magnetism and their features.

Table 1 — Summary of the primary forms of magnetism and their characteristics.

Magnetism Examples Atomic / Magnetic behavior
Diamagnetism Inert gases, many 00 000 Atoms have no M
metals (Bi, Au, Cu) and|© © © O O | magnetic moments.
non-metalic elements [©¢ © © O O H
(Si, P, S), ions (Na*, CI'([© © © O O
) and molecules (N2, H=0 Susceptibility (x) is
H>0) small and negative (-
10 to -10%)
Paramagnetism Some metals (AL, Mg), | @ ® & o Atoms have M
diatomic molecules (02,[® Q ® p &| randomly oriented
NO) d® @ q ®©| magnetic moments H
gd b g
H=0 y: small and positive
(10° t0 103
Ferromagnetism Fe, Ni, Co, alloys of Atoms are M
ferromagnetic elements organized into
domains which H
have parallel
aligned magnetic y: large (>100)
moments. (below To)
Antiferromagnetism Cr, MnO, CoO Atoms are M
organized into
domains which H
have antiparallel
aligned magnetic | ): small and positive
moments. (10° to 107)
Ferrimagnetism | Fe3O4, mixed oxides of Atoms are M
iron, Sr ferrite organized into
domains which H
have unequal
antiparallel aligned| x: large (>100)
magnetic (below T¢)
moments.
Superparamagnetism Nano-sized The atoms are

ferromagnetic (Fe, Co,
Ni) and ferrimagnetic
(Fe304, ZHF€204)
materials (single
domain)

organized into

domains, with

moments either
parallel or partially

compensated

antiparallel. In this
arrangement, each
domain behaves as

a free particle.

-

x: large (>100)
(below T¢)

Source: adapted from reference (PALAGUMMI; YUAN, 2016).

The observed magnetic behavior in materials is influenced by factors such as

temperature and the configuration of their magnetic domains. For instance, ferromagnetic

materials may exhibit neutral magnetic momentum when their uniformly aligned moments are

divided into smaller randomly distributed sections called domains. This concept, proposed by
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Pierre Weiss in 1907, minimizes external magnetic field (magnetostatic energy) and reduce
internal energy (SPALDIN, 2010). Depending on their orientation, individual moments of these
domains may be either totally or partially counterbalanced.

Moreover, ferromagnetic, antiferromagnetic, and ferrimagnetic materials may
undergo magnetic phase transition at elevated temperature, surpassing their spontaneous
magnetization energy. Beyond a critical temperature (7¢), these materials exhibit paramagnetic
behavior. The transition temperature for ferromagnetic and ferrimagnetic materials is referred
to as the Curie temperature, while for antiferromagnetic materials, it is known as the Néel
temperature (SPALDIN, 2010).

Another important aspect related to the properties of magnetic materials is their
particle size. Larger particles consist of several domains, minimizing magnetostatic energy. As
particle size decreases, the formation of domains becomes energetically unfavorable, because
the energy required to create domain walls is no longer offset by the reduction in magnetostatic
energy (GALVAO, Wesley S. et al., 2015). At this point, each particle is composed of a single
domain, with magnetic moments aligned in the same directions, as dictated by its magneto-
crystalline anisotropy.

Single-domain materials exhibit distinct magnetic properties. Notably, there is an
increase in the magnetic field required in magnetization and demagnetization processes, often
referred to as the coercive field. In contrast to multi-domains materials where the domain walls
movement plays an important role, in single-domain materials, magnetization and
demagnetization depend exclusively on the rotation of strongly coupled magnetic moments,
demanding higher energy (GUBIN, 2009). As the size of single-domain particles decreases,
there is an increase in the coercive field due to a higher ratio between the surface magnetic
moments with greater anisotropy and the inner moments. However, as the particle size
decreases further, thermal fluctuations becomes more pronounced and below a critical size, the
particles’ Brownian rotation is sufficient to overcome the coercive force (SOARES et al.,2021).
Consequently, each particle behaves as a paramagnetic moment, a phenomenon referred to as
superparamagnetic state.

In the pursuit of the primary goal of utilizing magnetic catalysts, recoverability, it
is crucial for the materials to respond promptly to the magnetic field (i.e., easy magnetization).
Simultaneously, they should lose their magnetization entirely upon the removal of the field,
thus avoiding aggregation due to interparticle attractions. Paramagnetic materials, such as Al,
Pt, Mg, Ca, etc., prove unsuitable as they align with the field but lack sufficient magnetic
susceptibility to be magnetically displaced within the reactor (GAETA et al., 2021). In contrast,
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superparamagnetic materials seem to fulfill all the necessary criteria. This category represents
a unique facet of magnetism that exclusively emerges in ultra-small sized ferri- and
ferromagnetic materials. Chemists are actively exploring methods to modulate material

production to effectively harness this phenomenon.

1.3 Magnetism in nanoparticulated materials (Metals, Oxides and Alloys)

Due to their exceptional properties, primarily stemming from their high surface-to-
volume ratio, nanoparticles have garnered significant interest in technological development.
Among nanoparticles, magnetic ones gained prominence due to their ease of manipulation using
amagnetic field. Furthermore, in the range of tens of nanometers, many ferri- and ferromagnetic
materials exhibit superparamagnetism, which is of huge importance in catalysis.

The most notable magnetic materials are composed of at least one of the three
ferromagnetic elements: Fe, Co, and Ni, either in their elemental nanoparticulate forms (Fe’,
Ni® and Co°) or in oxides (Fe,03), ferrites (MFe,O4; M = Zn?", Mn?*, Cu?", Ni**, etc.) and alloys
(such as FeCo, NiFe and FePt) (MAJIDI ef al., 2016). Ferromagnetic materials consist of
elemental nanoparticles and alloys containing Fe, Ni, Co or some rare earths. On the other hand,
ferrimagnetic materials are characterized by sub-lattices composed of these elements. However,
in ferrimagnetic materials, the arrangement of these sub-lattices results in magnetic moments
that are only partially offset from each other. A notable example of ferrimagnetism is observed
in magnetite (Fe3O4), which exhibits an ordered spinel inverse structure, as depicted in Fig. 3.
As observed, its unit cell comprises 32 O  anions arranged in a face-centered cubic pattern.
Within this framework, there are 16 tetrahedral and 32 octahedral sites. Specifically, Fe*" ions
occupy half of the octahedral sites, while Fe** ions populate all tetrahedral sites and the
remaining half of octahedral sites. This configuration results in incomplete spin compensation
between Fe?" and Fe*, classifying magnetite as a ferrimagnetic material.

Oxides represents the most prevalent magnetic nanomaterials owing to their ease
of acquisition. Some relevant examples are the iron oxides, including magnetite, maghemite,
and hematite, which are generally either weakly magnetic or susceptible to oxidation, resulting
in a loss of susceptibility. However, it is noteworthy that 69 out of the top 100 most cited articles
in the "magnetic nanoparticles in catalysis" field over the last 5 years utilized iron oxides, 64 of

them specifically employing magnetite.
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Figure 3 — Illustration of the unit cell of magnetite, with inverse spinel structure.
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Conversely, the synthesis of ferrite nanoparticles is a more intricate process, often
requiring high temperature and pressure, and is therefore less common (GALVAO, W. S. et al.,
2014; GALVAO, Wesley S. et al., 2015). Nonetheless, these ferrite nanoparticles exhibit
greater stability against oxidation compared to simple oxides, as the Fe?" ions are replaced by
less oxidizable divalent ions. Additionally, they generally manifest higher magnetism. For
instance, Zno.4Fe2604 nanoparticles were obtained with a saturation magnetization of 175 emu
g (JANG et al., 2009).

Magnetic nano-alloys have gained prominence due to their high saturation
magnetization, even surpassing that of single-element phases. Among alloys, FeCo
nanoparticles have exhibited the highest saturation magnetization, approximately 230 emu g!,
close to the bulk value of 245 emu g! (ABBAS et al., 2013; WANG, Chao et al., 2009). In
contrast, the individual elements Fe, Co, and Ni have 218, 161, and 54 emu g, respectively
(HOU, Yanglong; SELLMYER, 2017). However, the synthesis of elemental nanoparticles and
nanoalloys is far more complex, necessitating a controlled atmosphere and high temperature.
Despite the intricacies in their synthesis and their greater susceptibility to oxidation, new

techniques for obtaining nano-alloys are continually emerging (GILROY et al., 2016).
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1.4 Synthesis of Magnetic Nanoparticles

In the literature, various methods are available for synthesizing magnetic
nanoparticles, each with its own set of advantages and disadvantages. The choice of the
synthesis method is a critical factor that influences the morphology, average size, and size
distribution of nanoparticles, thus affecting catalysis processes (DUAN et al., 2018; MAJIDI et
al., 2016). Generally, magnetic nanoparticles are obtained through coprecipitation,
solvothermal synthesis, sonochemistry, sol-gel synthesis, microemulsion, microwave, green
synthesis, arc discharge, pyrolysis, ball milling, thermal decomposition, chemical reduction, or

the polyol method.

1.4.1 Coprecipitation

Coprecipitation is one of the most common and straightforward techniques in the
synthesis of magnetic nanoparticles, especially in the formation of iron oxides such as
magnetite. It involves the precipitation of Fe, Ni, or Co ions in the form of oxides by the addition
of an alkaline substance. The most common case is the synthesis of magnetite, where an
aqueous solution containing Fe*" and Fe*" ions in a molar ratio of 1:2 is mixed with a solution
of NH4OH, NaOH, hexamethylenetetramine, or another base, leading to the formation of
insoluble hydroxides. These hydroxides undergo condensation reactions, as shown in equations

1-5, forming Fe;04 (GALVAO, Wesley S. et al., 2015).

2 Fe¥ (aq) + 6 OH (2 — 2 Fe(OH);3 (5 (1)
2 Fe(OH);3 sy — 2 FeOOH ) + 2 H20 () (2)
Fe?" (aq) + 2 OH™ (aq) — Fe(OH): ¢5) (3)
2 FeOOH (5 + Fe(OH): () — FesOu (g + 2 H20 g )
2 Fe*" (ag) + Fe*" (ag) + 6 OH ™ (ag) — FesO04 ) + 4 H20 ) (5)

Some advantages of coprecipitation are its minimal equipment requirements, high
reproducibility, and scalability. The size and morphology of nanoparticles can be controlled by
factors such as the type and concentration of reagents, stirring speed, temperature, pH, reaction
time, and the presence of stabilizers, among others (RIAL; FERREIRA, 2021). For example,
Gribanov et al. showed that the use of strong bases like NaOH and KOH leads to the formation

of non-magnetic species, which does not occur when a weak base such as ammonia is used
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(GRIBANOV et al., 1990). Yazdani and Seddigh, investigating different precursor salts in
magnetite formation, observed that salts with larger anions resulted in smaller-sized particles

(YAZDANI; SEDDIGH, 2016).

1.4.2 Sonochemistry

Sonochemistry is an assistive technique that relies on conducting synthesis
reactions under radiation generated by a piezoelectric transducer capable of creating high-
frequency mechanical waves, typically around 20 kHz (GALVAO, Wesley S. et al., 2015). As
these waves propagate through the reaction medium, they generate disturbances, regions of high
and low pressure, forming bubbles that grow and eventually collapse, creating localized
conditions of up to 5000 K and pressures exceeding 1000 atm (NETO et al., 2021). These
conditions favor and accelerate certain reactions (NETO et al., 2021). In addition to increasing
the frequency of collisions between reactants, the agitation generated in the system also
promotes rapid mixing of the reagents, reducing concentration gradients. This allows for better
control of nucleation and particle growth (DODDS et al., 2007; EVRARD et al., 2020).

Some of the -catalysts synthesized through sonochemistry include Fe3zO4
(ALINEZHAD et al., 2019), CuFe;O4 (RAJPUT et al., 2015), ZnFe;O4 (MALEKI; VARZI,
HASSANZADEH-AFRUZI, 2019), BiFeO3;(SOLTANI; ENTEZARI, 2014), and CoFe2O4
(KARAOGLU; BAYKAL, 2014). Due to the microjets of liquid on the surface of the particles
during the synthesis itself, the surface of these materials tends to be more active. For example,
Rajput et al. obtained Cu ferrite with a larger surface area and catalytic activity compared to

the conventional coprecipitation method (RAJPUT et al., 2015).

1.4.3 Solvothermal or Hydrothermal

Although coprecipitation and sonochemistry offer pathways for synthesizing
numerous catalysts, a critical concern is their tendency to yield products with diminished
crystallinity, particularly evident in ferrites (GALVAO, Wesley S. et al., 2015). This results in
weaker magnetic properties, posing challenges in catalyst recovery. To address this, chemists
commonly conduct syntheses in Teflon-lined stainless-steel vessels under high pressure
(between 1 and 100 MPa) and temperature (ranging from 100 and 1000 °C, typically surpassing
the solvent’s boiling point) (RIAL; FERREIRA, 2021). In hydrothermal processes, water serves
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as the solvent, while solvothermal processes utilize organic solvents like ethylene glycol,
diethylene glycol, glycerol, ethanol, among others (RIAL; FERREIRA, 2021).

Despite drawbacks, such as the need for prolonged harsh synthesis conditions and
limitations on flow (multiple steps) synthesis and surface engineering processes, reactions in
sealed reactors offer precise control over shape, size, and crystallinity (HARISH et al., 2023).
This control is achieved through factors like synthesis time, temperature, and the composition
of precursors and solvents (RIAL; FERREIRA, 2021). For example, Tanaka et al. achieved
gamma-Fe>O3 with a 2D nanoflakes morphology, possessing high surface area and catalytic
activity, following a solvothermal treatment at 180°C for 16 hours, using a solution of ferric

nitrate in a mixture of isopropanol/glycerol (TANAKA et al., 2019).

1.4.3.1 Polyol

The polyol method is a promising strategy for producing magnetic nanoparticles,
particularly metallic and alloy nanoparticles. It was proposed by Fievet, Lagier and Figlarz in
1989 to synthesize metal powders, such as Co, Ni, and Cu particles, from their respective salts
(FIEVET; LAGIER; FIGLARZ, 1989). This methodology is based on the suspension of metal
salts precursors in a polyalcohol (such as ethylene glycol and propylene glycol) for their
reduction to zero-valent state, usually at the boiling temperature of the solvent. Therefore, the
polyalcohol serves two roles, acting as a solvent and a reducing agent (FIEVET ef al., 2018).
This methodology has excelled in providing particles with uniform sizes and shapes, and it uses
low-toxic and renewable solvents (DONG; CHEN; FELDMANN, 2015).

Due to the low reduction potential for Ni, Fe, and Co, at the limit of reductive
capacity of polyols, it is imperative to use strong and concentrated bases in magnetic
nanoparticles synthesis. The OH™ concentration, as well the metal precursors’ concentration, is
extremely important in the kinetics of reaction because it is related to the intermediate complex
formation with metal ions. The metal ions chelation by the alkoxide formed in strongly alkaline
medium has been reported as the determining step in the process. For instance, ethylene glycol,
the most used solvent in the syntheses of metallic nanoparticles by polyol method, dehydrates
to acetaldehyde followed by the formation of diacetyl, as shown in the following reaction (Fig.

4):
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Figure 4 — Mechanism of metal reduction using the polyol method.
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In addition to the metal precursors and hydroxide concentrations, the kinetics of
reaction in polyol synthesis is determined by other factors, such as the temperature and the
redox potential of the polyol. Therefore, all these parameters can be used to adjust morphology
and size of the produced nanoparticles. Zamanpour et al. (2012) studied some of these
parameters and observed an increase in particle size and saturation magnetization when the
[OH]/ [metal precursor] ratio is amplified. However, higher ratio than 27 lead to the formation
of secondary phases, such as oxides and hydroxides (ZAMANPOUR et al., 2012). The polyol
used in the synthesis is another interferent in the nanoparticle’s morphology. Carroll et al.
(2011) obtained copper nanoparticles with different profiles, such as spheres, pentagons,
triangles, hexagons, and rods, just changing the polyol from ethylene glycol to tetraethylene
glycol (CARROLL et al., 2011). Furthermore, the higher the redox potential of a polyol, the
higher the nucleation rate and smaller particles are formed (JOSEYPHUS, R.J. et al., 2007).

There are two common approaches in the polyol method: (1) solubilizing the metal
precursors before heating and (2) adding precursors under boiling temperature. The second
approach, generally, leads to the formation of larger particles, but with fascinating
morphologies. For example, Karipoth et al. (2016) realized the instant and simultaneous
reduction of iron and cobalt salts in ethylene glycol at 180 °C and obtained flower-like FeCo
crystals with an average particle size of 138 nm (KARIPOTH et al., 2016). However, following
the first approach, Zamanpour et al. (2012) obtained FeCo particles with diameter around 30
nm. In addition, by adjusting parameters such as time and OH™ concentration, the authors were
able to tailor their magnetic properties and they obtained a Ms value up to 221 emu/g
(ZAMANPOUR et al., 2012).

The polyol technique is still challenging, mainly because it is hard to obtain ultra-
small nanometric particles and due to the reducing power of polyols be restricted. According to
the literature, the iron reduction occurs through disproportionation, which has a maximum yield

value of only 20%, thermodynamically predicted (FIEVET et al., 2018; VIAU; FIEVET-
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VINCENT; FIEVET, 1996). However, some strategies have been developed, extending the
application of the polyol method, co-reducing Fe/Ni/Co with more easily reduced metals, such
as Pt, and using seeded growth with small amounts of Cu?*, Ag*, Pt*", Pd*" ions (FIEVET et
al., 2018; FIEVET; LAGIER; FIGLARZ, 1989; JOSEYPHUS, R. Justin et al., 2010; PONRAJ
et al., 2020).

1.4.4 Ball milling

Ball milling is a top-down physical technique for preparing nano-alloys, in which
macro-sized materials are ground into finely divided powders by collision between tiny rigid
balls in a sealed container. In this method, the precursor can be either the constituent elements
or the macro-sized alloy (ALBAAIJl et al., 2017; CELIK; FIRAT, 2018). Due to processing in
high-energy mills, the powder particles are repeatedly melted, fractured, and re-melted until the
diffusion of one phase into another or the desired size reduction is achieved (ALBAAJI et al.,
2017). The main advantage of this technique is large-scale production. For instance, Albaaji
utilized 20 g of FeCo powder and after 6 hours of milling, obtained particles with an average
crystallite size of 22.48 nm (ALBAAIJI ef al., 2017). Starting with Fe and Co powder, Celik
obtained particles with an average size of 11.5 nm after 45 hours of grinding, (CELIK; FIRAT,
2018). Bez used grinding for 5 hours under an argon atmosphere and an additional annealing
step at 873 K to obtain FeCo particles with an average crystallite size of 25 nm from Fe and Co
powders (BEZ et al., 2015).

However, ball milling also has disadvantages, as it is a time-consuming process that
depends on the desired grain size and phase. Furthermore, it is challenging to control the
morphology and size, and the synthesized nanoparticles are often agglomerate (CELIK; FIRAT,
2018). Additionally, obtaining easily oxidized magnetic alloys, such as FeCo, is highly
challenging as it requires a controlled atmosphere and the addition of surfactants (BEZ et al.,

2015; CELIK; FIRAT, 2018).

1.4.5 Thermal decomposition

The synthesis of nano-alloys by thermal decomposition is based on the
simultaneous decomposition of metal precursors (usually organic complexes, such as
acetylacetonates, oleates, pentacarbonyls, acetates, etc.) in high-boiling temperature organic

solvents (oleylamine, oleic acid, octadecene, paraffin, etc.). This technique has been attractive
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for controlling the morphology, crystallinity, and average size of magnetic nanoparticles
(SOARES et al., 2021). Thermal decomposition allows for the easy separation of nucleation
and grain growth steps, resulting in particles with uniform shapes and narrow size distributions
(ZAMANI KOUHPANIJI; STADLER, 2020).

Thermal decomposition has been the preferred approach for reducing hard-to-
reduce metals such as Fe, Co, and Ni. Chaubey et al. (2007) used acetylacetonates, Fe(acac)3
and Co(acac), in a mixture of 1,2-hexanediol with oleic acid, oleylamine and trioctylphosphine
to obtain FeCo nanoparticles with highly-controlled sizes of 20 and 10 nm, depending on the
surfactant used (CHAUBEY et al., 2007). Tzitzios et al. (2011) conducted the thermal
decomposition of Fe(CO)s and Co2(CO)s in paraffin oil, using oleic acid and oleylamine as
surfactants, and synthesized FeCo particles with an average size of 8§ nm (TZITZIOS et al.,
2011).

The thermal decomposition strategy has been very promising, particularly when
surfactants are used to control the size and shape of nanoparticles. Nonetheless, it has some
drawbacks, such as the requirement for high temperatures, the use of costly precursors and
toxic, non-renewable solvents, and limitations for large-scale production in the laboratory
(SOARES et al., 2021). Furthermore, nano-alloys formed by thermal decomposition tend to be
easily oxidized, especially in aqueous media (ZAMANI KOUHPANIJI; STADLER, 2020).

1.4.6 Chemical reduction

Chemical reduction is a synthesis technique focused on the reduction of metal ions
in a simple manner, without the need for high pressure and temperature, or sophisticated
equipment. To achieve the reduction, strong reducing agents, such as NoHs, NaBHa, AI/AlIF¢*
, and H» gas, are used (FERRANDO; JELLINEK; JOHNSTON, 2008; VADILLO et al., 2021).
For example, Vadillo et al. (2021) utilized Al and AlF¢>" to obtain FeCo nanoparticles from iron
(IT) chloride and cobalt (II) acetate. After stirring for 60 min at 80 °C, particles with an average
crystalline size of 42 nm were obtained, albeit with an agglomerated structure of 200-500 nm
(VADILLO et al., 2021). Yang et al. (2018) started with Co (II) and Fe (II) chlorides and, upon
reduction with NaBH4 for 50 minutes, obtained amorphous FeCo alloys with average particles
sizes ranging from 16 to 25 nm (YANG, Bai et al., 2018).

However, chemical reduction in the synthesis of nano-alloys has disadvantages, as

the resulting product is typically poorly crystalline, and therefore poorly magnetic, necessitating
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further heat treatment to enhance its properties, which can lead to grain growth. Additionally,

reducing agents often generate intractable impurities in combination with the reaction product.

1.5 Main applications in catalysis

The potential applications of magnetic nanoparticles in catalysis are exceedingly
diverse. This versatility arises not only from the numerous feasible combinations of Fe, Co, or
Ni with other elements to induce magnetization but also the extensive array of possibilities for
surface modifications. Some developed catalysts leverage the inherent surface composition of
magnetic nanoparticles. Although somewhat constrained, this approach presents advantages,
including a more straightforward and streamlined (with few steps) synthesis. Conversely,
catalysts in which the magnetic core serves solely as a support afford greater flexibility for
customization. In instances where the core does not interact with the reaction medium, these

catalysts offer enhanced stability.

1.5.1 Fenton-type, photo-Fenton, and sulphate radical-based processes

Due to its simplicity, it is common for the magnetic material itself to function as
the catalyst. Consequently, reactions catalyzed by Fe, Ni, and Co elements undergo more
extensive exploration. One of the most investigated catalytic processes involves the degradation
of hydrogen peroxide (H>0>). Initially examined by Fenton using Fe*" ions as a catalyst in the
degradation of tartaric acid, this process has found widespread application in the degradation
of pollutants through radicals *OH generated in this pathway (AHMAD et al., 2023; FENTON,
1894). The utilization of magnetic nanoparticles in this context offers advantages, including (i)
avoiding precipitation issues of Fe?" ions at pH levels above 3, common in homogeneous
catalysis, and (ii) preventing effluent contamination associated with high doses of Fe*" required,
thanks to magnetic recoverability (DO NASCIMENTO et al., 2021).

For example, Soufi ef al. employed CuFe;O4 nanoparticles for the degradation of
tartrazine with H>O», achieving a degradation efficiency of over 90% for five consecutive cycles
of use (SOUFI et al., 2022). Optimization using the Box-Behnken design yielded a degradation
efficiency of 97.9% with a catalyst dosage of 0.32 g/L, tartrazine concentration of 30.63 mg/L,
H>0> concentration of 64.35 mM, and a temperature of 49.92 °C. In another study, Sharma and
Singhal evaluated different ferrites (MFe20s, M = Cu, Zn, Ni, and Co) in the degradation of
Remazol Black 5, finding that CuFe,O4 exhibited the best performance (k = 0.228 min™),
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attributed to the coupling between the two redox cycles Fe?**/Fe* and Cu*/Cu*" (SHARMA;
SINGHAL, 2015).

In some instances, the magnetic core retains its role as the catalyst, while surface
modifications enhance performance. Qu et al. improved the catalytic efficiency of NiFe2O4
catalysts sized between 40-80 nm by coating them with SiO». In this scenario, the porous shell
acted as a spacer, preventing agglomeration due to residual magnetization while facilitating
H>0; activation (QU et al., 2019). Ahmad et al. achieved enhanced catalysis against ofloxacin
by impregnating Fe3;Os-montmorillonite in calcium alginate to prevent iron leaching,
maintaining catalytic efficiency over five cycles. Other modifications include carbon coating
(BABAEI et al., 2017), amino-modified carbon (QIN et al., 2020), pullulan (CHENG et al.,
2021), PEG (NEAMTU et al., 2018), beta-cyclodextrin/g-C3N4 (WANG, Hui et al., 2022),
MOF-5 (YANG, Ruixia et al., 2021), and carbon nanotubes (CHEN, Yong ef al., 2020). A
noteworthy case is reported by Chen et al., wherein H>O, from the Fenton process is produced
by nanotubes containing Al°, while nanotubes containing Fe’ and Cu® nanoparticles convert it
into OH radicals for sulfamerazine degradation (CHEN, Yong ef al., 2020).

Magnetic nanoparticles are also utilized in variants of the Fenton process, such as
electro-Fenton, where H2O; is formed on electrodes modified with materials like SrFe2019
(HASSAN et al., 2020) or Fes04 (ES’THAGHZADE et al., 2017), which simultaneously convert
it to OH. Additionally, nanomaterials like BiFeOs4 (SOLTANI; ENTEZARI, 2014) and
ZnFe;04 (BORTHAKUR; SAIKIA, 2019) can have their catalytic properties enhanced when
subjected to UV-visible radiation and can be applied in hybrid processes known as photo-
Fenton.

Other highly pertinent processes catalyzed by Fe, Ni, or Co ions are those based on
sulphate radicals, comprising the list of advanced oxidative processes (AOPs).

AOPs are based on the utilization of highly oxidant radicals, such as *OH, O>° ",
and SO4° 7, to eliminate recalcitrant pollutants from the environment. The sulfate radical-based
AOPs provide a higher reduction potential (Eo = 2.5-3.1 eV) and therefore are more attractive
than conventional methods based on Fenton reactions, which use Fe?" ions and H>O» in acidic
medium to generate *OH radicals (HOU, Jifei et al., 2021). Besides, SO4° ~, due to the lack of
hydrogen, has higher selectivity and efficiency than *OH when degrading pollutants containing
unsaturated bonds or aromatic m groups through electron transfer (ZHAO, Guoqing et al.,
2020).

The sulfate radicals in AOPs are produced from two main reagents,

peroxymonosulfate and persulfate or peroxydisulfate, whose structures are shown in Fig. 5.
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Figure 5 — Molecular structure of peroxymonosulfate (PMS) and persulfate (PS) ions.
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Source: the author.

The formation of radical species from these substances occurs through O—O bond
cleavages, either by electron supply from metal ions or by homolytic cleavage resulting from
radiation. Besides sulfate radicals, hydroxyl radicals are also formed in aqueous media and they
are also powerful oxidants (Eo (*OH /H20) =2.81 V) (ZHAO, Guoqing et al., 2020). However,
they are formed immediately when peroxymonosulfate (HSOs") is used, because it results from
the O—O bond cleavage, while systems using persulfate (S20s>) depend on side reactions
between sulfate radicals and water or hydroxyl ions (WANG, Jianlong; WANG, 2020; ZHAO,
Guoqing et al., 2020). The activating reactions for PMS and PS are shown in equations from 6

to 12.

S208% + e — 2 S04~ 6)
S208% + hv — 2 SO4*~ (7)
SO4*~ + H,0 — *OH + SO4*~+ H' (acidic medium) (8)
SO4°~+ OH — °*OH + SO4*~ (alkaline medium) 9)
HSOs +¢ — SO4° ™+ OH™ (10)
HSOs + ¢ — S04~ + *OH (11)
HSOs™ + hv — SO4*~ + *OH (12)

Among the sulphate radical-forming species, PMS has been the most attractive due
to its higher reactivity, which comes from its asymmetric structure and longer O—O bond
(KOHANTORABI; MOUSSAVI; GIANNAKIS, 2021). Therefore, PMS is more easily
activated, and it is moreover able to degrade pollutants by multiple mechanisms, with SO4°® ~
and *OH.

Nevertheless, PMS activity in AOPs is dependent on some factors, such as pH,
oxidant dosage, interferent anions, and temperature. The pKal and pKa2 of PMS are 0 and 9.4,

respectively, which means that HSOs™ is the predominant specie at pH values below 9.4, while
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SOs*" is the main form at alkaline pH, with low potential reduction (1.1 V) (WANG, Jianlong;
WANG, 2020; ZHANG, Yang et al., 2020)(WANG, Jianlong; WANG, 2020; ZHANG, Yang
et al., 2020). Furthermore, it has been shown that the formation of *OH is favored at high OH™
concentrations (alkaline medium), but it has lower reduction potential (1.8 V) than in acidic
solutions (2.7 V) (XIAO et al., 2020). Therefore, due to the weaker oxidation power of *OH
and its shorter life span, the performance of PMS may reduce under these conditions. Besides,
at extremely high pH (pH > 11), PMS can undergo a so-called alkaline activation, forming
singlet oxygen and superoxide anion radicals (XIA et al., 2020).

The oxidant and catalyst dosages are also an important issue in sulphate based
AOPs. Upon increasing their concentration, degradation should be increased, however high
radical loadings enhance the scavenging effect by radical recombination and formation of SOs*
~radical with weaker reactivity (E°=1.1 V) (GHANBARI; MORADI, 2017).

The removal efficacy is also influenced by coexisting anions. Anionic species such
as Cl, HCOs~, COs*, NOs-, HoPOs, HPO4* and POs* are very often found in industrial
wastewaters and natural water bodies, and can react with SO4° ~, forming less reactive radicals,

as shown in equations 13-19 (ZHAO, Guoqing ef al., 2020).

CI" + SO4* ™ — CI* + SO4*~ (13)
HCO;3 +S04°~ — HCO3®* + S04~ (14)
CO3% +S04* ™ — CO3* ~+ S04 (15)
NOs™ + S04°~ — NO3°® + S04~ (16)
H2PO4 + SO4°*~ — HaPO4® + SO42~ (17)
HPO4> + SO4*~ — HPOs* ~ + SO4>~ (18)
POs* + S04*~ — PO4* % + S04~ (19)

Temperature is another relevant factor in AOPs in general. High temperatures
usually enhance the reaction rate because the reactant molecules collide more strongly, and the

energy barrier of oxidation reactions is more easily overcome.

1.5.2 Reduction reactions

Another facet of magnetic nanoparticles’ application in catalysis lies in reduction

reactions involving substances like NaBH4 (more commonly employed) and formic acid or Ha

flow. Elements such as Fe, Ni, or Co, as well as other materials strategically anchored on the
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surface, play a pivotal role in this process. For instance, Das et al. synthesized iron oxide in situ
on polydopamine-modified montmorillonite and applied it in the reduction of 4-nitrophenol
within 12 minutes and Congo red within 16 minutes, with rate constants of 5.3 x 10~ and 3.01
x 107, respectively, showcasing remarkable recyclability (utilized six times without a loss of
activity) (DAS et al., 2019). According to the proposed mechanism, BH4™ ions from NaBH4
adsorb on the nanoparticle surface, swiftly forming hydrides that can subsequently be utilized
in reduction reactions. Other monometallic and bimetallic nanoparticles (in the zero-valence
state) can also participate in this type of reaction. Ali et al. prepared Co’, Co®+Cu’, and Co’+Ag"
impregnated in chitosan-carbon black fibers and effectively utilized them in the reduction of p-
nitrophenol, Congo red, and Methyl Orange with NaBH4 (ALI et al., 2017). Trimetallic
nanoparticles with a Ni core and Cu and Pd coatings, featuring a blackberry morphology and
high surface area, were employed in the reduction of pollutants like methylene blue (k = 3.19
min), rhodamine B (k = 7.20 min™"), and 4-nitrophenol (k = 1.10 min™") (GONG, Zhengjie;
MA; LIANG, 2021). The catalyst demonstrated resilience, retaining activity over five cycles
without significant loss. These studies involving metallic nanoparticles demonstrated
synergistic effects of Ni and Co with noble metals, facilitating electron transfer in catalysis by
reducing the binding energy (ALI ef al., 2017; GONG, Zhengjie; MA; LIANG, 2021).

In pursuing an alternative reduction mechanism involving H> flow, Fe;Oq4
nanoparticles were synthesized through thermal decomposition using polyphenylenepyridyl
dendrons as a coating, and palladium acetate was employed to create catalytic sites for the
selective hydrogenation of dimethylethynylcarbinol (DMEC) to dimethylvinylcarbinol
(DMVC, an intermediate for fragrances and vitamins E and K) (KUCHKINA et al., 2013). The
palladium, reduced on the surface, facilitated an increase in activity and selectivity of 98.2%,
surpassing that of the Lindlar catalyst (2%-Pd/CaCOs). In another investigation, where
Ru/RuO> was utilized to modify the surface of Fe3O4 for its application in the reduction of
nitrophenol to aniline, it was revealed that synergistic effects between these two types of
materials enhanced electron transfer to the Ru surface, markedly elevating the yield (99%) and
demonstrating a reaction rate of 2.2 s' (EASTERDAY et al., 2015).

Halilu et al. synthesized Fe3O4 nanoparticles coated with SiO2 and doped with Ni
through a continuous process that involved coprecipitation of Fe?**/Fe*" ions, hydrolysis of
tetracthylorthosilicate (TEOS), and Ni** doping by precipitation (HALILU et al., 2016). The
strategically positioned Ni in the octahedral sites of magnetite played a crucial role in
dissociating H> molecules into hydride and proton, resulting in a notably high selectivity for

furfuryl alcohol, attributed to its exclusive interaction with carbonyl groups.
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Another important and environmentally relevant application of magnetic
nanoparticles involves the reduction of Cr(IV) to Cr(Ill) using formic acid. Chen et al
synthesized Fe;O4 through the pyrolysis of the Fe**-polydopamine complex and coated it with
Ag for the catalytic reduction of the pollutant Cr(IV), demonstrating catalyst’s efficacy for up
to four cycles (CHEN, Changlun et al., 2018). In the proposed mechanism, Ag play a pivotal
role by breaking down the formic acid molecule and forming the Ag-carbonyl complex, which

subsequently reacts with Cr(IV) to yield Cr(III) and COx.

1.5.3 Organic Synthesis Reactions

Magnetic nanoparticles have been systematically tailored for their application as
recoverable catalysts in organic synthesis. Among these, the Suzuki-Miyaura reaction, a pivotal
process involving the formation of C-C bonds through the coupling of nucleophiles and aryl
halides, stands out. Traditionally, this reaction relies on Pd-phenylphosphine complexes as
catalysts, but ongoing efforts are exploring alternative catalysts that are more economical and
less toxic. One approach involves retaining palladium while substituting the ligands. For
instance, utilizing Fe3O4 as a magnetic support, researchers immobilized Pd on the surface after
functionalization with triethylammonium chloride ionic liquid (VEISI; PIRHAYATI;
KAKANEJADIFARD, 2017), o-phenylenediamine (MALEKI et al., 2020), and biguanidine-
chitosan (VEISI; NAJAFI; HEMMATI, 2018).

Moradi and Hajjami showcased the feasibility of replacing Pd with other metals.
They stabilized the Ru-dithizone complex on Ni-biochar nanoparticles for catalysing cross-
coupling reactions between aryl halides and phenylboronic acid (MORADI; HAJJAMI, 2022).
The catalyst demonstrated heightened selectivity towards bromine in chloro and bromo-
substituted aryl halides, along with enhanced yields in reactions involving iodobenzene.
Notably, in reactions with 4-bromotoluene, the catalyst exhibited an impressive efficiency of
95% and proved recoverable for seven consecutive cycles. Employing the same magnetic
support, the authors stabilized the Cu-ninhydrin complex on Ni-graphene oxide nanoparticles,
achieving a remarkable 97% efficiency in the reaction with 4-bromotoluene (MORADI;
HAJJAMI, 2021). This alternative catalyst also effectively facilitated coupling in C-O bonds,
offering the potential for reuse up to eight times in the reaction of iodobenzene with phenol.

Ghorbani-Choghamarani, Mohammadi, and Taherinia synthesized (ZrO)>Fe>Os
through coprecipitation for its application in C-C cross-coupling reactions between

phenylboronic acid and iodobenzene, achieving a yield of 83%. The catalyst proved to be
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reusable at least four times without a significant loss of activity (GHORBANI-
CHOGHAMARANI; MOHAMMADI; TAHERINIA, 2019).

Inaloo and colleagues showcased the catalytic prowess of Ni® in Suzuki-Miyaura
reactions, utilizing aryl sulfates and carbamates as alternatives to aryl halides (DINDARLOO
INALOQO et al., 2020a, b). In the reaction involving phenyl carbamate and phenylboronic acid,
the catalyst featuring the Ni**-EDTA complex exhibited impressive recyclability, with
efficiency exceeding 80% for up to 6 cycles. This was achieved using ethylene glycol as a
solvent and monosodium ethylene glycolate as a base (DINDARLOO INALOO et al., 2020b).
Through pre-reduction of Ni** ions to form Ni’ nanoparticles on the catalyst's surface, the
authors extended its applicability to Heck reactions, where double coupling occurs between
alkenes and aryl halides (DINDARLOO INALOO et al., 2020a). Notably, KOH served as the
base in the reaction of aryl carbamates and sulfamates with styrene, yielding impressive results
of 92% and 88%, respectively.

Magnetic nanoparticles have proven to be versatile in catalyzing Sonogashira
reactions, facilitating the formation of C-C bonds from aryl halides and terminal alkynes. In an
innovative approach, Kargar and Luque utilized cellulose nanofiber-surface-modified Fe3O4
with Cu as a catalyst for the reaction between aryl halides and various alkynes, employing KOH
as a base (GHAMARI KARGAR; LEN; LUQUE, 2022). Remarkably, they achieved a 97%
yield in a 15-minute reaction at 40°C, aided by sonication of iodobenzene with phenylacetylene.
The versatility of this catalyst was further demonstrated in the Ullmann reaction (between aryl
halides and phenols), showcasing high selectivity (>99%) in the coupling of 1-iodo-4-
nitrobenzene with phenol, and maintaining efficiency within the range of 95% to 90% over six
reuse cycles.

Furthermore, magnetic nanoparticles play a pivotal role in catalyzing the
Knoevenagel condensation, a reaction involving aldehydes or ketones with compounds
containing active hydrogen to yield a-B-unsaturated compounds. For instance, Fatemeh et al.
synthesized Fe3Os4 and immobilized a Cu-proline complex to catalyze reactions of
benzaldehydes with malononitrile using water as a solvent at room temperature (KALANTARI
et al., 2022). Impressively, the catalyst displayed recyclability over eight cycles without a
significant loss of catalytic activity. The versatility of this complex extended to three-
component reactions of malononitrile, dimedone, and aldehydes in ethanol for the synthesis of
pyran derivatives (KALANTARI ez al., 2021). The catalyst exhibited consistent efficiency over
nine consecutive cycles, showcasing its robust recyclability. Additionally, Akbarzadeh and

Koukabi demonstrated that nanomagnetite (Fe3O4), even without coating, can catalyze
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Knoevenagel condensation under both microwave radiation and conventional heating
(KALANTARI et al., 2021). Utilizing aldehydes, malononitrile, and sodium azide, they
achieved a solvent-free synthesis of 5-substituted-1H-tetrazoles. Significantly, Fe*" played a
crucial role as a Lewis acid, coordinating with the carbonyl groups of the aldehyde and attacking
the cyano group of malononitrile, facilitating its deprotonation. Impressively, the catalyst
demonstrated sustained efficiency over five cycles with only a slight loss in activity.

Intriguingly, Alirezvani, Dekamin, and Valiey reported a noteworthy case wherein
they synthesized Fe;O4 on chitosan functionalized with melamine to complex Cu®* ions. This
composite was employed as a catalyst in a cascade reaction involving the oxidation of benzyl
alcohols to benzyl aldehydes, followed by Knoevenagel condensation with malononitrile
(ALIREZVANI; DEKAMIN; VALIEY, 2019).

Zhang et al utilized dopamine to modify graphene oxide and complex molybdenum
on the surface of Fe3O4. They applied this modified catalyst in a one-pot, three-component
reaction involving isatins, malononitrile, and anilinolactones under microwave radiation at
90°C (ZHANG, Mo et al., 2017). The catalyst demonstrated a conversion yield of up to 96%
and proved to be reusable for up to 8 cycles without a significant loss of efficiency.

Magnetic nanoparticles have also been employed as a support for immobilizing
acidic groups to facilitate the conversion of carbohydrates into 5-hydroxymethylfurfural (5-
HMF), a pivotal intermediate in the production of fine chemicals, liquid fuels, and
pharmaceuticals (KARIMI; SHEKAARI; et al, 2021). Karimi et al. prepared Fe3Os
nanoparticles coated with Si0, (KARIMI; SHEKAARI; ef al., 2021) and functionalized them
with dendrimer post-modified with chlorosulfonic acid to produce 5-HMF from different
sugars. Fructose and glucose exhibited the highest conversions (93% and 89%, respectively).
Utilizing the same magnetic support, Karimi ef al. demonstrated the generation of sulfonic
groups through the oxidation of thiol groups on previously functionalized graphene oxide
(KARIMI; SEIDI; et al., 2021). With this catalyst, the conversion efficiency of fructose was
slightly lower (87%), and significantly reduced with glucose (65%).

Ghavidel, Mirza, and Soleimani-Amiri utilized Fe;O4@C nanoparticles to catalyze
the synthesis of 4H-Chromenes in water via a one-pot three-component reaction (GHAVIDEL,;
MIRZA; SOLEIMANI-AMIRI, 2021). Starting with salicylaldehyde, 2-naphthol, and
dimedone, using water as the solvent, the authors achieved a yield of up to 95%. They attributed
the success of the catalysis to a synergistic combination of Lewis base sites (O°) activating the

active methylene compounds and Lewis acid sites (Fe*") activating salicylaldehyde.
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Several other noteworthy examples include aldehyde amination with nitroarenes
(Pd as active site) (NASROLLAHZADEH; SAJADI, 2016; WEI et al., 2013); amination of
aryl aldehydes and ketones in aqueous ammonia (Ni) (MANZOLI et al., 2019); amination of
aryl carbamates and sulfamates (Ni*") (MANZOLI et al., 2019); cyanation reactions (Pd)
(VEISI et al., 2020; VEISI; HEMMATI; SAFARIMEHR, 2018); azide-alkyne cycloaddition
(Ni) (MOHAMMADI; GHORBANI-CHOGHAMARANI, 2022); and the synthesis of triazoles
(Cu*') (GHAMARI KARGAR; BAGHERZADE; ESHGHI, 2020; KHASHEI SIUKI;
GHAMARI KARGAR; BAGHERZADE, 2022). While our intention is not to provide an
exhaustive list of applications, these examples illustrate the versatility of magnetic

nanoparticles in various organic reactions.

1.5.4 Transesterification Reactions and Biodiesel Production

Catalysts for transesterification reactions, crucial for biodiesel production, demand
basicity among other physicochemical features, such as a high surface area. In a study by Xie,
Han, and Wang, sodium silicate, anchored on the surface of Fe3Os nanoparticles through
crosslinking with epichlorohydrin, proved effective in the transesterification of soybean oil
(XIE; HAN; WANG, 2018). They catalytic system achieved an impressive yield of 99.2% with
a 3% catalyst dosage, demonstrating a remarkable potential for up to five reuses while retaining
at least 85% of its initial activity. Another surface modification strategy, employing CaSOs4,
exhibited an efficiency of 94% in biodiesel production with Jatropha curcas oil, with a 12%
catalyst dosage, and demonstrated reusability for up to nine cycles (TEO et al., 2019).

A more straightforward and environmentally friendly approach was presented by
Changmai et al., who employed an extract derived from Citrus sinensis peels ashes for the one-
step synthesis and functionalization of Fe;04 (CHANGMALI et al., 2021). This material found
application in transesterification reactions for biodiesel production from cooking oil. The
presence of highly alkaline oxides of K, Ca, and Mg from the ashes, incorporated into the
catalyst's surface, played a pivotal role in deprotonating methanol. This process directed
methanol to attack the electron-deficient carbonyl of triglycerides on the nanoparticles surface.
The catalytic system achieved an impressive 98% yield with a 6% catalyst dosage, showcasing
its usability for up to 9 reaction cycles.

Dantas et al. synthesized Nio.sZno.sFe2O4 through the combustion of the salts of the
respective metals with urea (DANTAS et al., 2020). The resulting material was applied without

any modification in transesterification and esterification reactions for biodiesel production.
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Remarkably, it exhibited high efficiency in esterification reactions with methanol, reaching an
impressive 99.54% conversion rate, and demonstrate the potential for reuse for up to three

cycles.

1.5.5 Enzyme immobilization

A distinctive form of homogeneous catalysis is enzymatic catalysis, known for its
exceptional catalytic efficiency and superior chemo-, regio-, and stereoselectivities in
comparison to other catalyst types. Furthermore, enzymatic pathways offer shorter synthetic
routes under mild conditions and pose minimal environmental risks due to reduced toxic
effluents (LANDARANI-ISFAHANI et al., 2015; PEIMAN; BAHARFAR; MALEKI, 2021).
However, like other homogeneous catalysts, enzymes present challenges in terms of recovery.
The cost-intensive extraction processes often make their utilization impractical without being
anchored on supports, in the form of aggregates, or encapsulated. Additionally, enzymes, being
proteins, tend to exhibit lower stability in the presence of organic solvents, variations in pH,
and temperature fluctuations, necessitating immobilization as a strategy to address these
concerns. Magnetic nanoparticles emerge as particularly well-suited for convenient recovery,
as even though ferromagnetic metal ions constitute the active sites of enzymes (such as Fe in
catalase), free enzymes are not magnetically recoverable.

The predominant magnetic support for enzyme immobilization is magnetite, chosen
for its ease of acquisition, minimal environmental impact, and remarkable magnetic
susceptibility. Fe3O4 has been applied as a support for a variety of enzymes, including lipases
(CARVALHO et al., 2020; GALVAO, W. S. et al, 2018; NEMATIAN et al., 2020;
NEMATIAN; SALEHI; SHAKERI, 2020; PARANDI et al., 2022; SARNO; IULIANO, 2019;
TOUQEER et al., 2019), xylanases (LANDARANI-ISFAHANI et al., 2015), laccases
(FORTES et al., 2017), pectinases (FANG et al., 2016), and proteases (PEIMAN;
BAHARFAR; MALEKI, 2021). Since magnetite is an oxide containing Fe?" ions susceptible
to oxidation and prone to aggregation, it is customary to apply a protective layer of SiO2 (FANG
et al., 2016; LANDARANI-ISFAHANI et al., 2015; PARANDI et al., 2022; PEIMAN;
BAHARFAR; MALEKI, 2021) to the nanoparticles. Molecules such as 3-
aminopropyltriethoxysilane (APTES) (FANG et al., 2016; GALVAO, W. S. et al., 2018;
NEMATIAN et al, 2020; NEMATIAN; SALEHI; SHAKERI, 2020), polydopamine
(TOUQEER et al., 2019), polyglycerol (LANDARANI-ISFAHANI et al., 2015), and
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polyethyleneimine (KHOOBI et al., 2015) play a crucial role in complementing the colloidal
stability of the support, thereby averting aggregation.

Amino groups are commonly found in most molecules used to functionalize
magnetic nanoparticles for immobilizing enzymes. These groups can be easily activated with
glutaraldehyde (GLU) to covalently immobilize enzymes through the amino groups present in
terminal amino acids (GALVAO, W. S. et al., 2018; KHOOBI et al., 2015). The advantage of
immobilizing enzymes through multipoint covalent bonds is that it preserves the enzyme in its
active state, preventing leaching during use. However, it's important to note that this method
may have a negative impact on catalytic activity due to molecular rigidity (KHOOBI et al.,
2015). Moreover, chemical immobilization poses a challenge to the reusability of the support
in other applications.

In certain studies, for cost-effectiveness and to minimize interference from non-
magnetic materials that could reduce magnetization and impede recovery, enzymes are
immobilized solely through physical adsorption. An illustrative example is presented by
Carvalho et al., who utilized Fe;Os without surface protection and functionalization to
immobilize lipase from Yarrowia lipolytica (CARVALHO et al., 2020). They achieved nearly
20 cycles of hydrolysis of olive oil with only a 20% loss in activity. Furthermore, they observed
an enhancement in thermostability (2.7 times higher denaturation energy) and increased affinity
of the enzyme for the substrate under specific conditions.

Khoobi et al. utilized Fe3Os modified with polyethyleneimine (PEI) for both
covalent immobilization and adsorption of lipase from Thermomyces lanuginosa (KHOOBI et
al.,2015). To prevent the enzyme's rigidity on the rigid support, the authors elongated the PEI
chain with spacer arms (hexamethylene diisocyanate or glutaraldehyde). They observed
enhanced performance in the covalently linked enzyme regarding thermal stability (100%
relative activity compared to 66.5% in the free enzyme at 55°C) and pH variations (91.7%
relative activity compared to 0.66% at pH 3 for the free enzyme). The improvement was
attributed to conformational restriction due to the use of glutaraldehyde. In comparison,
chemical immobilization retained 85% of the enzyme activity after 12 usage cycles, as opposed
to only 65% in the case of chemical adsorption.

Among the enzymes already immobilized on magnetic catalysts, lipases stand out
as the most widely utilized in the scientific literature. These enzymes, classified as
triacylglycerol acyl hydrolases, naturally operate on oils and fats without the need for cofactors
in ester bond cleavage (CHANDRA et al., 2020; MONTEIRO, Rodolpho R.C. et al., 2020).

Lipases extracted from various microorganisms have found extensive applications in biodiesel
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production, aligning with the global trend towards renewable energies (BRANDAO JUNIOR
etal.,2023; MIAO et al., 2018; NEMATIAN et al., 2020; NEMATIAN; SALEHI; SHAKERI,
2020; PARANDI et al., 2022; SARNO; IULIANO, 2019; TOUQEER et al., 2019). Moreover,
they demonstrate versatility across diverse sectors, including food (KHOOBI et al., 2015),
pharmaceuticals (BEZERRA et al., 2017; GALVAO, W. S. et al., 2018), detergents and fine
chemicals (CHANDRA et al., 2020).

One of the most intriguing features of lipases is their remarkable combination of
high regio- and enantioselectivity, combined with the ability to recognize a broad spectrum of
substrates (ALEJALDRE et al., 2023). This characteristic proves exceptionally valuable in the
synthesis of pharmaceuticals, where achieving enantiomers with high purity is crucial. For
example, Galvao et al. employed a covalently linked lipase from Pseudomonas fluorescens
immobilized on Fe;O4@APTES-GLU nanoparticles for the kinetic resolution of secondary
alcohols used as precursors for important drugs such as (+)-Indatraline, (+)-Sertraline, and
rasagiline mesylate. They achieved (S)-indanol with remarkable selectivity (enantiomeric
excess > 99%, enantioselectivity > 200) in just 1.75 hours at 50°C (GALVAO, W. S. et al.,
2018).

Another noteworthy aspect of most lipases is the presence of a polypeptide chain
that isolates their active sites from the reaction medium, requiring strategies to stabilize their
open forms. This lid opens when the enzyme encounters hydrophobic species (akin to the
chemical nature of its substrate) (SARNO; IULIANO, 2019). Chemists have leveraged this
characteristic to modify nanoparticle surfaces, achieving, in some cases, purification,
activation, and stabilization simultaneously in a single step (BARBOSA, Oveimar ef al., 2015;
MONTEIRO, Rodolpho R.C. et al., 2020).

The surveyed studies highlight that the advancement of supports constitutes a
dynamic realm striving to enhance stability and customize the mechanisms through which
enzymes function. Surface engineering, involving considerations of morphology and functional
groups, the microenvironment in which enzymes are housed, along with immobilization
conditions such as pH, temperature, ionic strength, agitation, time, and surfactants, presents a
diverse set of variables that can be precisely adjusted to further maximize the potential of

enzymes.
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1.6 Conclusions and thesis outline

The exploration of magnetic nanoparticles in catalysis, environmental applications,
biodiesel production, and enzymatic catalysis presents a diverse scenario. Surface modification
and protection strategies, as well as enzyme immobilization, offer ways to obtain catalysts with
high stability and activity. The continuous development of support materials, controlling size,
morphology, structural composition, and surface functional groups, along with the optimization
of reaction conditions, will allow the full potential of these systems in science and industry to
be exploited.

In this PhD thesis, magnetic nanoparticles in the form of alloys or oxides were used
as chemical or biochemical catalysts, acting as a support or as the catalyst itself. These multiple
facets explored aim to contribute to the knowledge of the synthesis, characterization, and
application of magnetic nanoparticles, as well as to highlight the potential of these materials in
environmentally relevant catalysis.

Chapter 2 focuses on FeCo nanoalloys, leveraging the metals in this composition
as catalysts for the oxidation of organic pollutants (rhodamine B) with peroxymonosulfate. The
synthesis parameters of the polyol are explored with a view to achieving the highest alloy yield.
The high saturation magnetization of these materials is put to the test to demonstrate the
recoverability of this catalyst.

Chapter 3 shifts the focus to the use of magnetic nanoparticles as supports for
enzymes, with a specific emphasis on lipases, particularly Lipase A from Candida antarctica.
Surface modification was carried out with L-cysteine, providing multiple biocompatible
functional groups (-COO~, —SH, and —NH>) to anchor the enzyme. The material underwent
thorough investigation with structural, morphological, and magnetic characterizations.
Immobilization parameters were studied to achieve the best performance and stability of the
enzyme.

Finally, Chapter 4 presents the general conclusions of the thesis, while Chapter 5
lists the publications made during the doctorate. Bibliography and the appendix are provided at

the end of this document.

1.7 Thesis objectives

This thesis aimed to develop magnetic nano catalysts for environmentally relevant

reactions. The specific objectives of the thesis are as follows:
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Synthesize magnetic nanoparticles in the form of alloys and oxides and
characterize them in terms of their structural, morphological, and magnetic
properties.

Develop a magnetic catalyst for the activation of peroxymonosulfate and
identify the optimum catalysis conditions.

Devise a suitable support for the immobilization of lipases, while investigating

the parameters associated with immobilization and stability.
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2 CHAPTER 2 - FeCo@wC NANOCOMPOSITES AS EFFICIENT
PEROXYMONOSULFATE ACTIVATOR FOR ORGANIC POLLUTANTS
DEGRADATION

Sulfate-based advanced oxidation processes (AOPs) are renowned for their
exceptional capacity to degrade refractory organic pollutants due to their wide applicability,
cost-effectiveness, and swift mineralization and oxidation rates. The primary sources of radicals
in AOPs are Persulfate (PS) and peroxymonosulfate (PMS) ions, sparking significant interest
in their mechanistic and catalytic aspects. To develop a novel nano-catalyst for AOPs,
particularly for PMS activation, we synthesized carbon-coated FeCo nanoparticles (NPs) using
hydrothermal methods based on the polyol approach. Various synthesis conditions were
investigated, and the NPs were thoroughly characterized regarding their structure, morphology,
magnetic properties, and catalytic efficiency. The FeCo phase was primarily obtained at [OH"]
/ [Metal] = 26 and [Fe] / [Co] = 2 ratios. Moreover, as the [Fe] / [Co] ratio increased, the degree
of xylose carbonization to form a carbon coating on the NPs also increased. The NPs exhibited
a spherical morphology with agglomerates of varying sizes. Vibrating-sample magnetometer
analysis (VSM) indicated that a higher proportion of iron resulted in NPs with higher saturation
magnetization (up to 167.8 emu g!), attributed to a larger proportion of FeCo bcc phase in the
nanocomposite. Optimal catalytic conditions for degrading 100 ppm rhodamine B (RhB)
included 5.0 mg of NPs, 2 mM PMS, pH 7.0, and a 20-minute reaction at 25 °C. Notably, singlet
oxygen was the predominant specie in the AOP, followed by sulfate and hydroxyl radicals. The
catalyst could be reused for up to five cycles, retaining over 98% RhB removal, albeit with
increased metal leaching. Even in the first use, dissolved Fe and Co concentrations were 0.8 +
0.3 and 4.0 £ 0.5 mg L', respectively. The FeCo catalyst proved to be effective in dye removal

and offers the potential for further refinement to minimize Co?" leaching.
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2.1 Introduction

In recent decades, escalating industrialization and the continual introduction of
novel chemicals into water bodies have accentuated the need for effective remediation
strategies. Particularly, synthetic organic dyes originating from the textile industry have
emerged as a significant concern due to their toxicity and resistance to biodegradation (GONG,
Cheng et al., 2017). Among these, rhodamine B (RhB), a xanthene compound extensively used
in various industries, poses ecological hazards, including inhibiting sunlight penetration and
impeding oxygen regeneration in water bodies (ISARI et al., 2018; JOSHIBA et al.,2021). The
stable and water-soluble nature of RhB, coupled with its adverse effects on human health,
necessitates its removal from wastewater before disposal into the environment (SPESSATO et
al.,2021).

Various strategies have been proposed to address this issue, such biological
treatment (PAVITHRA et al., 2019), adsorption (SPESSATO et al., 2021), filtration membrane
(TAO et al., 2017), electrocoagulation (PIRKARAMI; OLYA, 2017), and advanced oxidation
processes (AOPs) (LI, Tong et al., 2021). AOPs, relying on reactive oxygen species like singlet
oxygen ('0,), and hydroxyl (*OH), superoxide (O.° ~), and sulfate (SO4*") radicals, originated
from the activation of oxidants such as peroxymonosulfate (PMS), have gained attention for
their efficiency, versatility, environmental compatibility, and rapid kinetics (CAO et al., 2020;
LI Tong et al., 2021).

PMS, widely employed in AOPs, produces sulfate radicals with superior reduction
potential (Ep = 2.5 - 3.1 eV), good selectivity, and a broad working pH range (2.0 - 11.0)
(GONG, Cheng et al., 2017; HOU, lJifei et al., 2021; ZHAO, Guoqing et al., 2020). The
activation of PMS generates singlet oxygen, sulfate, peroxymonosulfate (SOs*") and hydroxyl
radicals, with sulfate radicals predominating due to primary reactions, while the contribution of
SOs*" is typically negligible (FAN, Yanan et al., 2017; GHANBARI; MORADI, 2017; GONG,
Cheng et al., 2017). In specific scenarios where PMS serves as an electron donor, 'O, becomes
predominant (XUE et al., 2023). Despite its moderate redox potential (2.2 V), singlet oxygen
offers advantages, including the ability to withstand a broad pH range (3-11) and resist the
interference of inorganic ions and organic matter, both of which can significantly disrupt sulfate
radicals (ZHANG, Rui et al., 2023).

Transition metals, notably Fe, Co, Mn, and Ce, are widely used in PMS activation
for their efficiency, simplicity, and cost-effectiveness. Cobalt-based catalysts, despite their high

efficacy, are hindered by toxicity, necessitating methods to prevent leaching and secondary
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pollution. Consequently, heterogeneous catalysis, particularly using magnetic nanoparticles,
has become preferable for catalyst recovery.

Among magnetic nanoparticles, Fe and Co oxides and hydroxides exhibit
noteworthy catalytic properties, leveraging synergistic effects to enhance catalyst stability
(GONG, Cheng et al., 2017; ZHOU; ZHANG; HU, 2020). This study focuses on assessing the
catalytic potential of a FeCo nanoalloy, synthesized using a novel polyol method in a
hydrothermal reactor, for the degradation of RhB employing PMS. Apart from providing
advantages like improved quality control over the obtained material, this approach
demonstrates promise in the one-step synthesis of FeCo and its protection with carbon
structures known as hydrochar.

Hydrochars, also recognized as PMS activators, operate predominantly through the
non-radical route, offering the potential to fortify the catalyst with robustness and anti-
interference capabilities (GASIM et al., 2022; XUE et al., 2023; ZHANG, Rui et al., 2023).
The parameters governing the synthesis of FeCo with biochar were optimized within this

innovative polyol approach to enhance the catalyst's performance.

2.2 Materials and Methods

2.2.1 Materials

Iron (II) chloride tetrahydrate (FeCl2-4H20, Sigma-Aldrich — Sdo Paulo — Brazil,
purity > 98 %), cobalt (II) acetate tetrahydrate (Co(CH3COO),, Neon — Sao Paulo — Brazil,
purity > 98 %), ethylene glycol (CoHsO2, Dindmica — Sao Paulo — Brazil, purity > 99.5%),
sodium hydroxide (NaOH, Dindmica — Sao Paulo — Brazil, purity > 98%), xylose (CsH100Os,
Dinamica — Sdo Paulo — Brazil, purity > 99%), rhodamine B (C28H31CIN2O3, Sigma-Aldrich —
Sdo Paulo - Brazil, purity > 95%), OXONE® potassium peroxymonosulfate
(KHSOs5:0.5KHSO4:0.5K2S04, Sigma-Aldrich — Sdo Paulo — Brazil), L-histidine
monohydrochloride monohydrate (CsHoN3O»-HCI-H>O, INLAB — Sao Paulo — Brazil, purity >
98.5%), tert-butyl alcohol ((CH3)3COH, Neon — Sao Paulo — Brazil, purity > 99%), ethanol
(C2HgO, Vetec — Rio de Janeiro — Brazil, purity > 99.5%), nitric acid (HNOs3, Synth — Sao Paulo
— Brazil, purity > 65%), sulfuric acid (H2SO4, Vetec — Rio de Janeiro — Brazil, purity > 99%),
potassium iodide (KI, Dindmica — Sdo Paulo — Brazil, purity > 99%), sodium bicarbonate
(NaHCOs, Vetec — Rio de Janeiro — Brazil, purity > 99.5%) were of analytical grade and used

without further purification.
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2.2.2 Synthesis of FeCo@Co/C nanoparticles

The FeCo-Co/C nanoalloys were synthesized by a modified polyol process, as
shown in Fig. 6 (a) (ZAMANPOUR et al., 2012). Briefly, 409 mg of FeCl>-4H>0O and 254 mg
of Co(acac)>-4H>0 were dissolved in ethylene glycol, and the mixture was stirred at 60°C. Once
a clear solution formed, 450 mg of xylose was introduced to form the hydrochar structures, and
OH' concentration was adjusted to 1.30, 1.50, 1.75, or 2.03 mol L! by adding NaOH. The final
mixture, with a volume of 60 mL, was vigorously stirred for 30 min and then transferred into a
Teflon-lined stainless-steel autoclave, heated at 200°C for 12 hours. The resulting product was
collected via magnetic decantation, washed multiple times with ethanol and distilled water, and
then vacuum-dried for 24 hours. Another synthesis batch followed the same procedure, but the
molar ratio [Fe] / [Co] was varied at 1.0, 1.5, 2.0, 2.5, or 3.0, while maintaining a constant OH"

concentration of 2.03 mol L.

2.2.3 Characterization methods

The nanoparticles were subjected to various analyses. X-ray Powder Diffraction
(XRPD) was conducted using an Xpert Pro MPD diffractometer (Panalytical) with Bragg—
Brentano geometry in the range of 30° — 100° at a rate of 1°-min"!. We used CoKa radiation (k
= 1.78896 A), and the tube operated at 40 kV and 30 mA. The selected samples underwent
Rietveld refinement, and the average crystallite sizes (D) were determined using the Scherrer
equation, D = K-A/f-cos(6) (BAGBIl et al., 2017). In this equation, K is a constant dependent on
the shape of the particles (for spheres, K=0.94), 4 represents the wavelength of the
electromagnetic radiation (Kaipha1Co = 1.788965 A), A is the full width at half maximum, and &
is the diffraction angle.

Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed with a
Perkin-Elmer 2000 spectrophotometer. Prior to analysis, the samples were dried, grounded to a
powder, and then pressed into disk format (~ 10 mg of the sample to 100 mg of KBr).

Transmission Electron Microscopy (TEM) analyses were carried out using a
HITACHI HT7700 operating at an accelerating voltage of 120 kV. The samples were dispersed
in ethanol, a droplet was placed on a 300-mesh carbon-coated copper grid, and they were dried
overnight under ambient conditions. Scanning Electron Microscopy (SEM) was performed on

a SEM FEG Quanta 450 with EDS. The samples were deposited on carbon tape and metalized
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with silver using the Metalizator Quorum QT150ES. A pressure of 10 Pa was applied in the
SEM chamber, with an incident electron beam of 20 kV.

Figure 6 — Schematic illustration of the hydrothermal synthesis of FeCo nanoparticles (a) and
their application as a catalyst for RhB degradation using PMS (b).
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Thermogravimetric analysis (TGA) was carried out under a nitrogen atmosphere
using a Thermogravimetric Analyzer Q50 V20. The weight loss (%) was monitored by heating
the samples from 25 to 900 °C at a rate of 10 °C.min"!. The zero time for the thermal degradation
study was determined after temperature stabilization.

K-Alpha X-ray photoelectron spectrometer (XPS) was performed using a Thermo
Fisher Scientific XPS system equipped with a hemispherical electron analyzer and an aluminum
anode (Ko = 1486.6 eV) X-ray source. The analysis was conducted under charge compensation,

and the chamber’s pressure was maintained below 2 x 10 mbar. Survey and high-resolution
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spectra were recorded using pass energies of 1 and 0.1 eV, respectively. Data analysis was
performed using Origin Pro 9.0.0, and spectrum fitting was carried out using the Shirley
method, assuming a mixed Gaussian / Lorentzian peak shape with a fixed Gaussian to
Lorentzian ratio of 0.4. The X-ray photoelectron spectra represent the average of three spectra
collected at three different regions.

Magnetic properties were investigated using a Vibrating Sample Magnetometer
(VSM) Mini 5 Tesla from Cryogenic Ltd. Calibration was performed using a YIG sphere, and

after measuring the mass of each sample, the magnetization was expressed in emu'g™'.

2.2.4 Catalytic activity tests

Degradation experiments were conducted following the procedure shown in Fig. 6
(b) at room temperature (25 + 1 °C) maintained by a thermostatic bath. A 250 mL conical flask
containing 100 mL of a 100 ppm RhB solution and 5.0 mg (0.05 g L") of the Fe2Co@C catalyst
sample was employed. The solution’s pH was adjusted to the desired value (3.0 - 9.0) using
H>SO4 or NaOH solutions, and the appropriate amount of PMS (1.0-2.5 mM) was added.

The RhB concentration was monitored every 2 minutes during the reaction using a
Varian Cary 1E UV-Vis spectrometer. For this, the catalyst was separated by precipitation using
a NdFeB magnet, and when necessary, 100 pL aliquots of the supernatant were taken and
diluted in polystyrene cuvettes containing 2.9 mL of water. The rate of pollutant mineralization
was determined after 20 minutes using a Shimadzu TOC-L Total Organic Carbon Analyzer.

To identify the reactive oxygen species responsible for RhB degradation, quenching
qualitative assays were performed. Various concentrations of methanol (1-2 M) (OH and SO4*
radical scavenger), tert-butanol (20-526 mM) (OH scavenger) and l-histidine (5-50 mM)
(singlet oxygen scavenger) were studied until the maximum inhibition of the reaction was
reached.

The PMS concentration during the RhB oxidation process was monitored using the
iodometric spectrophotometric method (WACLAWEK, S.; GRUBEL; CERNIK, 2015). For
this, 400 pL aliquots of the supernatant were taken, mixed with 2.6 mL of a 10% KI and 0.5%
NaHCOs solution. After 1 minute of reaction, the absorbance at 395 nm was measured.

In the recycling experiment, after each use, the catalyst was recovered by magnetic
separation, washed successively with water, ethanol, and acetone, and dried at room

temperature. Following each use, the supernatant was collected and filtered using a 0.45 um
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Millipore membrane, acidified with HNOs3, and then analyzed for the total concentration of
leached Co and Fe using Atomic Absorbance Spectroscopy.

All kinetic curves were fitted using the pseudo-first-order Langmuir-Hinshelwood
kinetic model, where PMS is assumed to be in excess, and the reaction rate solely depends on
the concentration of rhodamine B (v=k[RhB]). In this model, the concentration (C) at a given
time (¢) is calculated as C=C,exp(-kt), where Cp is the initial concentration of RhB, and £ is the
rate constant. To determine the & values, the linearized version of the equation, /n (C/Cy) = -kt,

was utilized. Graphs of /n (C/Cy) versus t were plotted to facilitate this analysis.

2.3 Results and Discussion

2.3.1 XRPD

The physical-chemical properties and phase composition of the nanoparticles
synthesized through the polyol process depend significantly on the [OH] / [Metal] and [Fe] /
[Co] ratios used in the synthesis. These parameters were studied and optimized.

First, the impact of the molar ratio [OH™] / [Metal] was assessed through XRPD, as
shown in the diffraction patterns Fig. 7. The sample synthesized with a [OH"] / [Metal] molar
ratio of 26 exhibited diffraction peaks assigned to body centered cubic (bcc) FeCo (JCPDS 00-
049-1568), hexagonal close-packed (hcp) Co (JCPDS 00-005-0727), and face centered cubic
(fcc) Co (JCPDS 00-15-0806) phases. A higher molar ratio than 26 notably increased the
intensity of the peaks related to the bcc FeCo phase compared to those of fcc Co. However,
another secondary phase, CoFe>O4 (JCPDS 00-022-1086), was observed. This suggests that
excess hydroxyl ions may promote the formation of hydroxides on the sample’s surface, which
can be oxidized to CoFe>O4 due to the presence of oxygen in the solution (JOSEYPHUS, R.J.
et al., 2007). In fact, the peaks associated with this oxide had lower intensity than those of the
FeCo phase, indicating partial oxidation.

Given that a high [OH"] / [Metal] molar ratio led to oxide formation, which has
weaker magnetism than metal nanoparticles, the molar ratio of 26 was retained, and an
optimization of the [Fe] / [Co] molar ratio was conducted. As demonstrated in the XRPD
patterns (Fig. 8), two crystalline phases were identified for the sample with a molar ratio of 1,
namely, hcp Co (JCPDS 00-005-0727) and fcc Co (JCPDS 00-15-0806). No peak related to
FeCo was observed, suggesting no significant reduction from Fe?" to Fe® for the formation of

the FeCo alloy. Although this phase is present, it is in too low a quantity to be detected by XRD.
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As Fe?" jons have a lower reduction potential than cobalt, they are more challenging to reduce,

necessitating their excess in the reaction medium.

Figure 7 — XRD patterns obtained for FeCo samples synthesized with different [OH-] / [Metal]
molar ratios at 200 °C and [Metal]=0.05 mol/L.
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When the [Fe] / [Co] molar ratio ranged from 1.5 to 3.0, the FeCo phase (JCPDS
00-049-1568) was identified. The alloy-related peaks became progressively more intense with
increasing Fe concentration. However, when molar ratios of 2.5 and 3.0 for [Fe] / [Co] were
applied, a secondary phase (JCPDS 00-022-1086) associated with Co ferrite was also detected.
Its formation appears to be favored by the excess of Fe in the solution. Notably, the peaks
assigned to CoFe2O4 had lower intensity than those for FeCo or Co phases, suggesting its

possible formation on the surface of FeCo nanoparticles, likely through their partial oxidation.
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Figure 8 — XRD patterns for obtained for FeCo samples synthesized with different [Fe] / [Co]

molar ratios and [NaOH] = 1.35 mol/L.
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As samples with high Fe/Co molar ratios produced oxides with low magnetization,

the FeCo@C, Fe1sCo@C and FexCo@C samples were selected for further investigation. An

in-depth structural analysis was conducted by refining the XRPD patterns using the Rietveld
method (RIETVELD; IUCR, 1969). Fig. 9 (a) shows the successful fitting of the experimental

data to the Inorganic Crystal Structure Database (ICSD) reference standards.

The structural parameters obtained through Rietveld refinement are presented in

Table 2, where the percentage of errors (Rwp, %) and goodness of fit (°) confirm a close match

between the experimental and theoretical values. For the 1:1 molar ratio of metal precursors,

the weight fractions of cubic and hexagonal Co phases were 71.82 and 28.18 %, respectively.

Under this reaction condition, the polyol method was unable to reduce iron ions sufficiently to

form detectable FeCo alloy, as indicated by the absence of FeCo-related peaks in the XRPD

analysis.
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Figure 9 — Refined XRPD patterns (a), FTIR spectra (b), and TGA (c) and DTG (d) curves for
the thermal degradation for FeCo samples synthesized with [NaOH] = 1.35 mol/L and [Fe] /
[Co] molar ratios from 1:1 to 2:2.

(a) ; recoac | (D)

— N / \; e £ s
= f"'f ‘}855 17{3i l L
- Fe, ;Co@C 5 kit 3 L 25
3 ¥ \ | £ o T
= 2 \ -
’E\ E oan FeCo@C
z £ v
= 1634

Fe,Co@C

Xylose
3456 A

T T T T T T T T T T T T T T
30 40 50 60 70 80 90 100 4000 3500 3000 2500 2000 1500 1000 500

20 (degree) Wavenumber (cm)
(c) 100
1 . : ‘
120 Fe, .Co@C ~ (d) e, ,CoaC
— Fe,Co@C _ = 751 Fe,Co@C f
M5 — Fe,Co@C —~ Fe,Co@C
S O
£ 2
1110 2
g i
= 5
1054 _g

T I L) I LI I T I T I T I T I L] I L] L) ' T I ) I T I T I T I T l T l Ll
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900

Temperature (°C) Temperature (°C)
Source: the author.

By increasing the molar fraction of iron ([Fe] / [Co]) to 1.5:1 and 2:1, 52.58 and
65.50% w/w of FeCo (bcc) were obtained. The weight fraction of Co (fcc) decreased to 34.42
and 11.94%, respectively, while the yield of Co (hcp) was reduced to 13% w/w and then
increased to 22.56 % w/w. Therefore, the synthesis of FeCo nanoparticles has a greater
influence on the formation of Co (fcc). The energy difference between these phases is small,
and while Co (hep) is thermodynamically more stable at temperatures below ~ 693 K, both hep
and fcc phases are typically obtained in the synthesis (ANDREEV et al., 2015). The
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predominance of Co (fcc) over Co (hep) in FeCo/Co-C and Fe;.5Co/Co-C samples can likely
be attributed to the prevalence of kinetics over thermodynamic equilibrium for the chemical
reaction (KALYAN KAMAL et al., 2009). At a 2:1 molar ratio, the Co*" concentration is
significantly reduced, impairing the kinetics of Co (fcc) NPs formation.

The average crystallite size of Co (fcc) and Co (hep) nanoparticles obtained with
1:1 molar ratio of precursors was 14.88+0.03 and 10.38+0.01 nm, respectively. When the
available Co?" concentration for reduction decreases, the average crystallite sizes increase as
the reduction rate decreases and the nucleation time increases. At low Co”’ concentrations,
fewer Co (fcc) seeds are formed, and the remaining ions are utilized for crystal growth

(SHOKUHFAR; AFGHAHLI, 2014).

Table 2 — Structural parameters extracted through Rietveld refinement of the XRPD patterns.

R Lattice Weight Average
Sample (o/w"; x’ Phases parameters fraction crystallite
? (A) (%) size (nm)
Co (fceo) a=3.5614 71.82 14.88+0.03
FeCo/Co-C |23.67 | 1.173 Co (hep) a Z E Z 3.2530747 28.18 10,3840 01
FeCo 1 a—nse22 | 2% | 9.93+0.01
(bee)
Fei15Co/Co-C | 14.35 | 0.8948 | Co (fcc) a=3.5759 34.42 33.4+0.3
Co (hep) | * b 4 5'1501784 13001 14.88+0.01
FeCo | y—oga3a | 990 | 938:001
(bee)
Fe;Co/Co-C | 20.81 | 0.9126 | Co (fcc) a=3.5544 11.94 21.78+0.09
a=b=2.4679 22.56
Co (hep) c=3.872) 6+2

Source: the author.

2.3.2 FTIR

The FTIR analysis was conducted to examine the chemical interactions in the FeCo
samples consisting of only metallic phases. The spectra for these samples and pure xylose are
displayed in Fig. 9 (b). All FeCo samples exhibited bands around 3440 and 1630 cm™!, which
were attributed to the stretching and bending vibrations of hydroxyl groups in the xylose
derivative (YI et al., 2020). Additionally, the Fe;sCo@C and Fe.Co@C samples displayed
bands around 2924, 2855, 1705, 1360, and 1225 cm™!, which became more pronounced with
the increased Fe?" molar ratio in the reaction medium. This observation suggests that iron ions

influence xylose carbonization. Indeed, the literature reports that carbon sources like
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saccharides, under solvothermal conditions, undergo dehydration and polymerization catalyzed
by iron ions, leading to the formation of carbon-based structures known as hydrochar (HUANG
etal.,2020; SAADATTALAB et al., 2020; SHI et al., 2019).

The bands observed in the spectra around 2924 and 2855 cm™! can be attributed to
asymmetric and symmetric stretching of aliphatic C-H bonds, respectively (Y1 et al., 2020).
The band observed around 1705 cm™ may be associated with a carboxyl group and/or a carbonyl
group, formed through the dehydration of hydroxyl groups in xylose (KANG et al., 2012).
Interestingly, this band is evident only in the samples containing the FeCo phase, suggesting a
connection between xylose oxidation (carboxylate formation) and the supply of electrons to
reduce iron ions and form the FeCo phase. The bands at approximately 1360 cm™ and 1225 cm’
!are related to C-H bending and C-O stretching from carbonized xylose, respectively (SHI et
al.,2019; Yl et al., 2020). After the solvothermal process, most of the vibrational modes in the
fingerprint region (1450-400 cm™) for xylose, related to hemiacetal bonds, anomers of its cyclic
form, and C-OH stretching from alcohol, disappear, indicating its degradation (URBANSKI;
HOFMAN; WITANOWSKI, 1959).

2.3.3TGA

TGA was conducted to assess the thermal stability of samples containing solely
metallic phases. The TGA curves and their first derivative (DTG) for each sample are displayed
in Figs. 9 (c) and 9 (d), respectively. Up to 246 °C, weight losses were minimal, measuring only
0.55, 0.58, and 0.88% for samples with Fe / Co molar ratios of 1:1 (FeCo@C), 1.5:1
(Fe15Co@C) and 2:1 (Fe2Co@C), respectively. These values indicate a low presence of
moisture absorbed in the samples and suggest a correlation between the higher presence of
xylose derivatives (as suggested by FTIR analysis) and the weight loss in this range. Beyond
this temperature, the samples exhibited varying behaviors.

While the FexCo@C sample continued to experience weight loss, the others showed
an increase in mass. According to the DTG curves, this phenomenon was more pronounced in
the Fe1.sCo@C sample, with a peak at 493 °C, while the FeCo@C sample peaked at 495 °C.
Weight increments in TGA, due to thermal events, are common for metallic materials and are
associated with metal oxidation, as documented in the literature (BARBOSA, Felipe Fernandes
et al., 2020; BARBOSA, Felipe Fernandes; PERGHER; BRAGA, 2019; THIRUMAL et al.,
2010).
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Since samples with higher iron levels are more susceptible to oxidation, resulting
in heavier residues, it was expected that the Fe;Co@C sample would exhibit a greater weight
increase. However, interestingly, this sample displayed a lower weight increase, indicating a
level of protection against oxidation. This observation aligns with the formation of a carbon
layer surrounding the nanoparticles, as reported in the literature (BARBOSA, Felipe Fernandes;
PERGHER; BRAGA, 2019).

The residues at 900 °C amounted to 119.0%, 115.7% and 101.6%, respectively, for
samples with iron molar ratios of 1.5:1, 1:1 and 2:1. These values are lower than those observed
in other studies, indicating partial oxidation of the metals (BARBOSA, Felipe Fernandes ef al.,
2020; BARBOSA, Felipe Fernandes; PERGHER; BRAGA, 2019; THIRUMAL et al., 2010).
An explanation for the higher residue percentages in samples with the molar ratios of 1.5:1 and
1:1 may be associated with the lesser amount of organic matter deposited on their surfaces,

preventing the formation of a fully effective carbon coating.

2.3.4 SEM

SEM analysis was conducted to assess the morphology of the FeCo nanoparticles.
Fig. 10 (a) — (f) displays the micrograph, the EDS mapping, and their respective spectra for
each sample. All samples exhibited primarily spherical morphology with varying sizes. Many
of these spheres had a rough surface. Interestingly, the Fe;sCo@C sample showed some
particles with a flower-shaped morphology. Although the XRPD analysis indicated average
crystallite sizes not exceeding 33.4 + 0.3 nm and broad diffraction peaks (associated with
nanometric particles), the spheres had an average size of 0.82+0.36, 1.45+0.79 and 1.62+1.00
um, respectively, for samples with an iron molar ratio from 1 to 2. These values can be
explained by considering that these spherical structures are clusters of nanoparticles. With an
increase in the iron molar ratio, these agglomerates increased in size and became more

polydisperse.
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Figure 10 — SEM images for FeCo samples synthesized with [NaOH] = 1.35 mol/L and
[Fe]/[Co] molar ratios from 1:1 to 2:2, FeCo@C (a), Fe15Co@C (c¢) and FexCo@C (e). EDS
mapping is shown in insets in the images (a), (c) and (e), while their respective spectrum is
given in (b), (d) and ().
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The insets in Figs. 10 (a), 10 (c¢) and 10 (e) display the EDS images of the samples.
A noticeable high density of cobalt is apparent on the surface of the clusters, particularly in the
FeCo@C sample. This density diminishes as the molar proportion of iron increases, as
illustrated in the EDS spectra, Figs. 10 (b), 10 (d) and 10 (f). Moreover, the distribution of
elements on the cluster surfaces is more uniform for the Fe;Co@C sample, as expected due to
the progressive increase in the percentage of the FeCo phase.

It is noteworthy that larger particles, including those with flower-shaped
morphology, exhibit a higher iron density. This observation suggests a pronounced tendency

for the FeCo phase to agglomerate, either due to interactions between the particles or the
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remaining magnetization. Additionally, the higher density of cobalt in relation to iron on the
surface of the microspheres implies that the FeCo phase is more concentrated in the center of
these structures, which goes unaccounted for due to the limitation of the EDS technique to the

surface.

2.3.5 TEM

As SEM analysis did not allow for the identification of nanoparticles within the
clusters, TEM analysis was conducted on samples separated through centrifugation and
magnetic decantation. The micrographs for samples separated using a magnet are presented in
Fig. 11. These images depict particles with morphology and sizes like those observed in the
SEM analysis. These particles are closely clustered, making it challenging to discern the
boundaries of the nanoparticles. Additionally, a veil-like structure surrounding these particles,
identified as carbon sheets, is evident. Fig. 11 (d) also reveals a cluster of nanoparticles around

a micrometric particle, with sizes consistent with the XRPD analysis findings.

Figure 11 — TEM images of FeCo (a, and b), Fe1sCo (c and d) separated by magnetic
decantation.

(a)

Source: the author.
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Fig. 12 displays the micrographs for samples separated by centrifugation. In
contrast to magnetically separated samples, no micrometric spheres were observed. Thus, the
formation of these structures appears to be influenced by exposure to a magnetic field, aligning
with the hypothesis that the clusters’ formation is partially related to the remaining
magnetization. The nanoparticles’ boundaries are more easily identifiable in the micrographs,
but calculating their average particle size remains challenging due to their mixture with carbon

sheets.

Figure 12 — TEM images of FeCo@C (a and d), Fe; sCo@C (b and e) and Fe;Co@C (c and f)
samples, synthesized using [NaOH] = 1.35 mol/L.

Source: the author.
2.3.6 Magnetic measurements

The magnetization curves at 300 K for the samples containing only metallic phases
are displayed in Fig. 13. The low-field sections of the curves are shown in the inset, where
noticeable narrow hysteresis loops are evident for all samples, indicating typical behavior of a
soft magnetic material. The VSM analysis supports the relationship between the micrometric
particles observed in TEM and SEM analyses and the formation of clusters due to interparticle
interactions. Moreover, a more significant hysteresis would be observed if the particle size were
in the micrometer range (PONRAJ et al., 2020).

The saturation magnetization (M), remanent magnetization (M), and coercivity

(H:) values were extracted from the magnetization curves in Fig. 13, and the results are
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presented in Table 3. The Fe;Co@C sample exhibited the highest M, value (167.8 emu g™'),
which aligns with the highest FeCo weight fraction observed in XRPD analysis. However, the
Fe1 sCo@C sample had a slightly lower M value than that found for FeCo@C. This observation
suggests the presence of non-magnetic and/or low-moment materials in the samples, such as
carbon sheets and partially oxidized metallic phases. The TGA results indicated a greater
predisposition for the Fe;.sCo@C sample to become oxidized. Furthermore, the FTIR analysis
suggested a larger percentage of organic phase in Fe1 sCo@C than in FeCo@C, contributing to
the lower M, value. Considering the Ms values of FeCo and Co bulks, which are 240 and 163
emu g, respectively, the M, values for all samples are below expectations, indicating a

significant quantity of organic matter within them (I. SCHWERDT et al., 2012).

Figure 13 — Magnetization curves for FeCo samples synthesized with [NaOH] = 1.35 mol/L
and [Fe] / [Co] molar ratios ranging from 1:1 to 2:2.

160
] ——FeCo@C
{ ——Fe,Co@C
S 80-
S &
5 404
= ;
S 0 I
(]
N - 7
5 20 /5/{://
© -40+ it
=4 ' Y /4
=) . 101 7/
= -80- 0 . b
| ] 7 ¥
10 A, ¢/
-1204 777
_ 01 L7
/////
-160- 050 30 0 0 150 30 2%

8000 -6000 -4000 -2000 O 2000 4000 6000 8000
Magnetic field (Oe)

Source: the author.

Table 3 — Magnetic parameters extracted from magnetization curves for FeCo samples
synthesized with [NaOH] = 1.35 mol/L and [Fe] / [Co] molar ratios ranging from 1:1 to 2:2.

Sample M, (emu g) M, (emu g) H. (Oe)
FeCo@C 152.7 5.1 77.5
FeisCo@C 148.8 3.9 69.8
FexCo@C 167.8 5.9 72.6

Source: the author.
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The ZFC and FC magnetization curves for the Fe1 sCo@C sample under a magnetic
field of 10 mT are depicted in Fig. 14. As the temperature increases from 5 to 300 K, the ZFC
magnetization increases, with more spins overcoming the energy barrier to align with the
applied magnetic field. Then, the samples reach a maximum, after which the magnetization
decreases, indicating that there is sufficient thermal energy to randomly disorganize the
magnetic moments, akin to paramagnetic materials. The temperature at which this occurs is
referred to as the blocking temperature, 7. For the Fe1 sCo@C sample, the 73 value was 55.2
K, corroborating the narrow hysteresis curves at room temperature. An ideal superparamagnetic
material should have its ZFC and FC curves overlapping at 7z (LI, Xinyuan et al., 2020).
However, the Fei1 sCo@C sample showed this overlap at a much higher temperature, 218.6 K,
possibly due to a wide particle size distribution. As this sample is cooled from 300 to 5 K under
the same magnetic field, 10 mT, the magnetic moment significantly increases, suggesting the
presence of weak dipolar magnetic interactions in the sample (AMSARAJAN; JAGIRDAR,
2020; ANSARI et al., 2019).

Figure 14 — ZFC and FC magnetization curves of the Fe; sCo@C sample.
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2.3.7 XPS

The XPS analysis was conducted to analyze the surface composition and the
oxidation states of Fe and Co on the FeoCo@C nanoparticles. The survey spectra and

deconvoluted peaks for Fe, Co, O and C are presented in Fig. 15. The Fe 2p peak was split into
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six peaks, at 706.57, 710.23,712.32, 718.13, 724.13, and 732.63 eV, corresponding to Fe’, Fe**,
Fe’" and three satellite peaks, respectively (AN et al., 2018). The Co 2p binding energies were
777.53, 780.68, 782.71, 786.37, 796.39, and 802.85 eV, assigned to Co®, Co*>*, Co*", and three
satellite peaks, respectively (PARK et al., 2020). The three peaks at 529.66, 531.58, and 533.39
eV are related to O*", OH", and O-C=0, respectively (PARK et al., 2020).

Figure 15 — XPS spectra of Fe;Co@C nanoparticles: survey (a) and deconvoluted peaks
showing the surface composition and oxidation states of Fe 2p (a); Co 2p (b); O 1s (¢); and C
Is (d).
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These XPS results indicate that the surface of the FeCo nanoparticles is partially
oxidized, likely formed through a passivation process leading to the formation of a layer of
metal oxyhydroxide and hydroxide. The C 1s spectrum was deconvoluted into the main peak
of C-C at 284.83 eV and two others corresponding to C-O-H at 286.36 eV and C=0 288.76 eV
(CHEN, Tianju et al., 2020). The C-O-H and C=0O peaks support the presence of carbonyl
groups, likely formed through the dehydration of hydroxyl groups from xylose, as indicated by
the FTIR analysis.

2.3.8 Degradation of rhodamine B

2.3.8.1 Effect of adsorption, PMS dosage and pH on degradation reaction

In order to optimize the degradation of thodamine B, we evaluated the effects of
adsorption, pH, and PMS dosage in the reaction system. As depicted in Fig. 16 (a), there was
no reduction in RhB concentration when the NPs were used in the absence of PMS. However,
when PMS was added (in the absence of NPs), the RhB concentration decreased, reaching a
degradation efficiency of 15.2% after 20 minutes of reaction and a degradation kinetics of k£ =
8.49x107 min'. This result highlights the absence or insignificance of the adsorption effect in
the degradation study and underscores the pivotal role of FexCo@C NPs in enhancing the
production rate of reactive species for RhB degradation. The degradation of rhodamine B by
PMS itself is common and occurs through the dissociation of the peroxymonosulfate molecule,
even at low rates (ZHU et al., 2019). This process is slightly intensified by adjusting the initial
pH to 7.0, which in turn slightly increases the activation rate (WACLAWEK, Stanistaw et al.,
2022).

Fig. 16 (b) illustrates the decrease in rhodamine B concentration over time for
various PMS concentrations. Remarkably, a PMS concentration higher than 2.0 mM was
adequate to remove over 99% of the dye in just 12 minutes of reaction, with a degradation
kinetics of k=3.61x10"! min"!. Although a 2.5 mM PMS concentration initially accelerated
degradation slightly, over the experimental time frame, and with very similar degradation
kinetics of k=4.45x10"! min’!, the 2.0 mM PMS concentration achieved a comparable degree of
removal and was thus selected for further investigations. Even after 20 minutes of reaction,
PMS concentrations of 1.0 and 1.5 mM were insufficient to completely eliminate the dye,

resulting in removal efficiencies of 76.1% and 95.4%, respectively.
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Figure 16 — Comparative study of the addition of NPs alone, PMS alone and the combination
of both at pH 7.0 and [PMS] = 2.0 mM (a), and effects of PMS dosage with no control of pH
(b) and initial pH with [PMS] =2.0 mM (c) in the degradation of RhB at 25°C; (d) variation of
PMS concentration over time. The rate constants shown in this figure were obtained by linear
interpolation on the graph of In(C/Co) versus time, following pseudo-first order kinetics (see
Fig. Al).
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By increasing the concentration of the oxidant, the efficiency of dye removal
increased, as a greater number of PMS molecules could interact with the catalyst surface and
be activated, forming more radical species (XU et al., 2019). However, as the concentration
increases, the catalyst surface becomes saturated, and substantial increases in performance are
no longer observed. Furthermore, a high concentration of radicals enhances the scavenging
effect through radical recombination, thereby suppressing the oxidizing capacity of the

reactional system (GHANBARI; MORADI, 2017).
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The effect of pH on PMS-based AOPs is closely associated with the protonation
state of the PMS anion. Generally, at pH values below 9.4, the HSOs™ form dominates, which
has a stronger oxidizing capacity, while pH values above 11 promote alkaline activation of
PMS, forming singlet oxygen and superoxide anion radicals (GHANBARI; MORADI, 2017;
ZHOU; ZHANG; HU, 2020).

Surprisingly, pH had little effect on rhodamine B removal efficiency after 20
minutes of the reaction, even after 12 min (Fig. 16 (¢)), as the degradation kinetics remained
between k =2.75x10"! min! and k = 3.86x10"! min™!, approximately. However, increasing the
pH up to 7 led to a slight increase in the initial reaction rate, followed by a reduction at pH 9,
as supported by the degradation kinetic at these pH levels. The lower reaction rate at an alkaline
medium is related to the formation of *OH radicals, which have a shorter lifespan and a lower
reduction potential (1.8 V) than sulfate radicals (XIAO ef al., 2020). In addition, alkaline pH
levels hinder homogeneous catalysis by metal ions in the solution due to their reduced
solubility. The slightly slower reaction at pH 3 might be associated with the stabilizing effect
of H" on HSOs ions, which inhibits the interaction between PMS and the FeCo@C
nanoparticles (FAN, Yanan ef al., 2017; GONG, Cheng et al., 2017; ZHANG, Tao; ZHU;
CROUE, 2013).

It is also worth mentioning that the investigated effect pertains to the initial pH and
it decreases after the addition of PMS, especially in large quantities, as indicated by reactions

20-22 (GHANBARI; MORADI, 2017):

HSOs — SOs% + H* (20)
HSOs +¢ — SO4*~ + OH" (21)
SO4* =+ H,0 — *OH + SO~ + H' (22)

While it would be possible to maintain a constant pH throughout the reaction by
using buffers, such strategy would entail the addition of interfering ions known to hinder the
oxidation process (WAN et al., 2022).

Following a series of optimizing experiments, the total organic carbon (TOC) was
determined before and after the degradation process under the optimized conditions to
investigate the mineralization efficiency. After 20 minutes of reaction, the TOC removal
efficiency was 89.0+0.6%. This percentage of mineralization was excellent, albeit slightly
below the degradation value (99.66+0.03%), monitored by the absorbance of the solution.

During the degradation process, the dye molecules continuously break down into smaller
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molecules until they are fully mineralized. The difference can be attributed to the portion of the
dye that has not been entirely converted into inorganic carbon but does not exhibit absorbance
in the visible spectrum.

The catalyst used in this work has shown great promise for the mineralization of
organic pollutants. Many previous works lack results regarding mineralization. Therefore,
degradation efficiency was used for comparison with previous studies, as shown in Table 4.
This work stands out for its high efficiency, short reaction time, and minimal catalyst usage. It
is worth noting that some cases of degradation with very poor mineralization capacity exist, as
reported by Du et al. (2016) (only 12.4%) (DU et al., 2016). In this work, the TOC removal
efficiency demonstrates a high conversion yield with reduced generation of potentially

polluting intermediates.

Table 4 — Performances comparison of recently reported Fe-Co based catalysts for RhB
degradation using PMS.

Dosage | PMS RhB | Efficienc Time
Catalyst | 1" | mM) |(mg/Ly| (%) | (min) Ref
CoFe;O4/TNTs | 0.20 13 100 97.0 30 (DU et al., 2016)
CoFex04/Ag- (ABDEL-SALAM;
fMWCNTSs 0.2 3.2 20 100 14 YOON, 2022)
C@Co0304-Q5 0.2 1 100 50.0 20 (LIANG; FU, 2021)
CoFe04 0.3 7 20 100 90 (LIU et al., 2022)
Co-HAP 200 0.4 40 93.3 12 (PANG et al., 2020)
NiCo0204 (ZHANG, Wenwen et
nanoflakes 0.2 0.5 24 95 20 al., 2016)
M- (ZHAO, Jujiao et al.,
Coi+xFer—x04 0.2 0.65 40 97.9 20 2021)
Fe304/CoFeCu-
LDHs 0.2 1 50 100 20 (LI, Tong et al., 2021)
CoFe;04/OMC | 0.05 1.5 100 100 60 (DENG et al., 2017)
Fe,Co@C 0.05 2 100 99.7 20 This work

Source: the author.

The degradation of thodamine B is directly linked to the conversion of PMS into
reactive species. Since quantifying the concentration of these species during the reaction is
challenging, one way to track the activation of PMS is to monitor its concentration over time,
as shown in Fig. 16d. Within 20 minutes, approximately 20% of the PMS concentration remains
in the solution. However, this level drops rapidly upon activation. After 25 min (data not

shown), the concentration was only 12 +2 % (2.4 £ 0.4 - 10* mol L.
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2.3.8.2 Reaction quenching studies and reusability of Fe;Co@C

To gain further insight into the degradation mechanism, additional experiments
were conducted by adding specific radical scavengers. Fig. 17 (a) displays the degradation
kinetics of rhodamine B under the influence of different scavenger agents: methanol (Met-OH),
tert-butyl alcohol (TBA) and L-histidine (L-hyst). Methanol molecules can scavenge both *OH
and SO4° ~ radicals. On the other hand, tert-butyl alcohol, due to steric effects associated with
methyl groups, better attaches to hydroxyl radicals, being 1000-fold more reactive compared to

sulfate radicals (GONG, Cheng et al., 2017).

Figure 17 — (a) Effect of different scavengers, TBA (200 mM), Met-OH (2 M), L-hyst (15 mM)
in the RhB degradation under optimized conditions; (b) performance of the Fe.Co@C catalyst
for each cycle of use. The rate constants shown in this figure were obtained by linear
interpolation on the graph of In(C/CO0) versus time, following pseudo-first order kinetics (see
Fig. A2).
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Source: the author.

As observed in Fig. 17 (a), TBA and Met-OH slowed down the reaction rate,
suggesting the involvement of SO4°* ~ and *OH species in the RhB degradation. However, these
scavengers had almost no effect on the removal efficiency of RhB at 20 minutes of reaction,
indicating that the oxidation process also proceeds via another mechanism. Using the endpoint
of 20 minutes for comparison, inhibition with methanol was slightly more effective than with
TBA, leading us to assume that sulfate radicals are predominant among the radical species.
Although the constant calculated for the first 8 minutes is higher for Met-OH, there is a slight
curvature in the graph of In(C/C0) versus time in Fig. A2, with the Met-OH curve intersecting
that of TBA at 12 minutes.
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Given the weak impact of *OH and SO4° ~ radical scavengers in the oxidation
process, it was postulated that non-radical reactive oxygen species played a more significant
role in RhB degradation. Therefore, singlet oxygen ('02), known for its high reactivity towards
unsaturated carbons and negligible reactivity towards alcohols, was suspected to be present in
the FeCo/PMS system (RAO et al., 2020). To confirm this hypothesis, L-histidine was
employed as a 'O probe. As shown in Fig. 17, there was a substantial inhibition of the reaction
upon the addition of L-histidine, resulting in a dye removal of only 4.67%, with a degradation
kinetics of k=6.11x10 min™'. Hence, the oxidation of RhB mainly occurs via a non-radical
pathway, with !0, being the primary reactive species, while *OH, and SO4°® ™ are less prevalent.
Similar results were obtained in the degradation of methyl orange, using PMS/FeCo-MCM41
(SUN et al., 2020), and in the degradation of bisphenol AF, using PMS/BiFeO3; (WANG ef al.,
2020). In this study, hydrochar is presumed to play a crucial role, contributing significantly to
the predominance of the mechanism involving singlet oxygen.

Based on the aforementioned results and the literature (DING et al., 2021; LI,
Xiaowan et al., 2019; SUN et al., 2020), a hybrid degradation mechanism can be proposed, as
outlined in reactions 18-25. Initially, PMS (HSOs") adsorbs onto the activated catalyst surface
and is subsequently cleaved to generate SO4° ~radicals (18-19), which can also react with water
to produce *OH (20). PMS also reacts with the Fe** and Co** ions generated in previous steps,
restoring the catalyst and producing SOs® ~ radicals (23-30). These radicals either combine to
form persulfate and singlet oxygen (28) or react with water, generating 'O and hydrogen sulfate

(HSO42") ions (29).

=Co%*" + HSOs  — =Co*" + SO4*~ + OH" (23)
=Fe>" + HSOs™ — =Fe*" + S04*~ + OH" (24)
SO4*~ + H,0 — SO4*~ + *OH (25)
=Co*" + HSOs™ — =Co*" + SOs* ~+ H" (26)
=Fe*" + HSOs™ — =Fe?" + SOs*~ + H* (27)
SOs®*~ +S0s* ™ — $,08% +'02 (28)
48S05° +2 H,0— 4 HSO4 +3 10, (29)
10,2/ SO4* /°OH + RhB — intermediates — CO2 + H2O (30)

To assess the reusability of the catalyst, Fe;Co@C nanoparticles were recovered
after each reaction and reused in the RhB degradation. The experiments were repeated up to
five cycles (inset of Fig. 17 (b)), and the catalyst’s performance remained consistent for five

consecutive uses. By the fourth cycle, the removal efficiency exceeded 99%, while 98% was
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observed in the fifth cycle. However, as depicted in Fig. 17, the initial rate of the degradation
reaction decreased with each reuse. This decline was expected, as the catalyst can be negatively
influenced by an intermediate product of the reaction. Additionally, a portion of Fe*" and Co**
ions on the nanoparticle surface is oxidized and leached out (approximately 0.84+0.3 and 4.0+0.5
mg/L of the Fe*" and Co?" ions, respectively). The sharp decline in the degradation curves
indicates a trend toward homogeneous catalysis, which weakens with successive reuses. To
investigate whether homogeneous catalysis contributes to the process, experiments were
conducted by adding metals at the concentration levels at which they are leached. As
demonstrated in Fig. 18, the kinetics catalyzed by the nanoparticles were very similar to those
observed when the supernatant of the reaction was used to prepare a new dye solution. However,
when only the metals ions (at the concentrations at which they are leached) were added, the
kinetics displayed some variation, becoming somewhat slower. It is hypothesized that the
supernatant, which contains traces of PMS and other impurities, accelerates the process. Thus,

homogeneous catalysis plays a significant role, but the process is not purely homogeneous.

Figure 18 — Comparison of the kinetics of RhB degradation using the catalyst (blue line), the
supernatant collected after 20 min of reaction containing the leached metals (red line), and
Co(Il) and Fe(II) at the concentrations at which they leached in the first use of the NPs (gray
line).
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Source: the author.

The stability of the catalyst was also assessed through SEM and VSM analysis, as

presented in Figs. 19 and 20, respectively. Prior to its initial use, the catalyst exhibited zones of
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high iron concentration. This concentration increased after the first use due to the loss of a
portion of the carbonaceous material in an oxidative environment. The Fe/O ratio rose due to
the loss of part of the passivating oxide layer. Subsequently, after the fifth use, the catalyst
displayed a higher concentration of cobalt on its surface. Notably, the material’s surface became
more porous, markedly differing from its initial appearance. However, according to the VSM
results (Fig. 20), only a slight difference was observed in the Ms values for the catalyst between

the beginning and after the fifth cycle.

Figure 19 — SEM images of the Fe2Co(@C catalyst before using (a) and after the 1st (c) and the
5th (e) cycles of use under optimized conditions. EDS mapping is shown in insets in the images
(a), (c) and (e), while their respective spectrum is given in (b), (d) and ().
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Figure 20 — Magnetization curves for the Fe2Co@C catalyst before using (blue) and after the
5th cycles of use (red) under optimized conditions.

150 - Fe,Co@C
——Fe,Co@C_AU5

100
M, = 166.34 emu/g

50 ~ M, = 163.76 emu/g

Magnetization (emu/g)
[e=)

_50 -
-100 ~
-150 ~
| I I I
-5000 -2500 0 2500 5000
Magnetic field (Oe)

Source: the author.

2.4 Conclusions

FeCo nanoparticles were synthesized using the polyol method, resulting in a
combination of secondary phases of Co hcp and Co fcc. The higher the iron proportion in the
precursor solution, the greater the yield of the FeCo phase, the formation of a carbon capping
on the nanoparticles, and the saturation magnetization of the material. The optimal synthesis
conditions were achieved with [OH-] / [Metal] = 26 and [Fe] / [Co] = 2, producing spherical
agglomerates of particles with varying sizes.

The most efficient catalysis for degrading 100 ppm RhB was observed when using 5.0
mg of catalyst, 2 mM PMS, pH 7.0, and a reaction time of 20 minutes. Interestingly, the pH
parameter had minimal impact on the efficiency of dye removal. Radical scavenging studies
revealed that singlet oxygen was the predominant species in the AOP, with sulfate and hydroxyl
radicals also contributing to the RhB oxidation.

The catalyst demonstrated consistent performance in removing RhB, achieving at least

98% removal in up to 5 consecutive uses. Notably, there was a significant level of metal
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leaching ([Fe*"] = 0.8+0.3 mg/L and [Co*'] = 4.0+0.5 mg/L), and further research is needed to

develop strategies for preventing this metal leaching during the oxidation process.
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3 CHAPTER 3 - L-CYSTEINE-COATED MAGNETITE NANOPARTICLES AS A
NEW PLATFORM FOR ENZYMES IMMOBILIZATION: AMPLIFYING
BIOCATALYTIC ACTIVITY FOR INDUSTRIAL APPLICATIONS

This study presents the synthesis of magnetite nanoparticles coated with L-cysteine
(Fe304@LC) and their subsequent utilization as a support matrix for the immobilization of
Candida antarctica Lipase A (CALA). The immobilization process involved physical
interactions and covalent bonding mediated by glutaraldehyde. Comprehensive characterization
was conducted using techniques including X-ray diffraction (XRD), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and vibrating sample
magnetometry (VSM), providing compelling evidence of a successful synthesis. Under
optimized conditions, employing 1 mg of protein per gram of support, pH 7 in a 25 mM
phosphate buffer, and a 5-hour reaction at 25 °C, immobilization on glutaraldehyde-activated
support achieved an impressive yield of 85.0% + 2.6, accompanied by a specific activity of
212.5 + 1.3 U/g, outperforming the physical adsorption approach. Remarkably, the immobilized
enzyme exhibited higher activity than the free enzyme at alkaline and acidic pH levels.
Furthermore, thermal and pH inactivation studies revealed that the biocatalyst’s half-life
exceeded that of free CALA by more than 8 times at pH 10. These results underscore the
potential of the Fe;O4@LC-GLU-CALA system as a robust biocatalytic matrix with promising

applications in biodiesel production, ester synthesis, and pharmaceutical manufacturing.
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3.1 Introduction

Enzymes, biological catalysts primarily comprised of specialized globular proteins,
stand out for their remarkable specificity and efficiency, capable of accelerating reactions by
up to 10?° times their natural rate (QUINN; SIKORSKI, 2014). Due to these attributes and their
environmentally friendly appeal, enzymes have garnered substantial interest in industrial and
biotechnological applications, leading to significant energy and chemical savings
(JEGANNATHAN; NIELSEN, 2013; KOLODZIEJCZAK-RADZIMSKA; JESIONOWSKI,
2020). Among enzymes, lipases (triacylglycerol acyl hydrolases) occupy a prominent position,
finding particular relevance in the hydrolysis of oils and fats (their natural substrates) as well
as in the synthesis of ester bonds in various substrates (transesterification, aminolysis,
alcoholysis, and acidolysis), thanks to their broad substrate specificity and high
enantioselectivity and regioselectivity (ALEJALDRE et al., 2023; CHANDRA et al., 2020;
MONTEIRO, R.R.C. Rodolpho R.C. et al., 2022).

Lipases derived from the basidiomycete Candida antarctica, specifically Lipase A
(CALA) and Lipase B (CALB), have attracted considerable attention in biocatalysis. CALB
has established itself in organic synthesis and is commercially available as Novozym® 435.
CALA, although explored more recently, has demonstrated tremendous potential due to its high
thermal tolerance (up to 100 °C), solvent resistance, kinetic resolution capacity of sterically
hindered tertiary alcohols, high specificity for medium-chain fatty acids (C6-C12), promiscuity
towards alcohols and amines, and selectivity for esters of trans fatty acids (ALEJALDRE et al.,
2023; MONTEIRO, Rodolpho R.C. et al., 2020).

However, successfully utilizing CALA often requires immobilization to enhance its
thermal and solvent stability, reusability, and ease of separation from reaction mixtures. Various
strategies have been employed for this purpose, including confinement or encapsulation in
polymeric matrices, adsorption or covalent binding to insoluble supports, and the formation of
cross-linked enzyme aggregates (CLEAs) (CHANDRA et al., 2020). Among these approaches,
the adsorption and covalent binding onto magnetic nanoparticles show promise due to their
high surface area, superparamagnetism, and ease of separation under external magnetic fields
(FAN, Hong Lei et al., 2016; XIE; HUANG, 2018). Additionally, the improved dispersion of
the nanoparticle-anchored enzyme in the reaction medium addresses common substrate
diffusion issues encountered with CLEAs (MONTEIRO, Rodolpho R.C. et al., 2020).

Magnetite is one of the most used magnetic supports for enzyme immobilization

due to its ease of acquisition and low cost. However, magnetite is easily oxidized due to Fe**
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presence in its structure, leading to a loss of magnetization and dispersibility (MONTEIRO,
Rodolpho R. C. et al., 2019). Thus, to improve their oxidation resistance, magnetite can be
modified with various molecules, including chitosan (MONTEIRO, Rodolpho R. C. et al.,
2019), 3-amino-propyltriethoxysilane (MOREIRA et al., 2020), graphene oxide (XIE;
HUANG, 2018), polyethyleneimine (BEZERRA et al, 2017), and amino acids
(BEZBRADICA; MATEO; GUISAN, 2014; SCHWAMINGER et al., 2015). In addition, these
molecules also enhanced the interaction between the magnetic nanoparticles and enzymes.
Amino acids offer certain advantages due to their zwitterionic nature, resembling enzymes, as
they are electrically neutral while stabilizing the support through carboxylate and amino groups
(CHEN, Ning et al., 2019). These groups also react with acids and bases, and their
hydrophilicity keeps the enzyme microenvironment moist and less susceptible to pH changes,
preserving the native structure of the lipase (CHEN, Ning et al., 2019).

Among amino acids, cysteine stands out due to its unique thiol group, which can
guide anchoring through thiol-thiol interaction with particular regions of the lipase, considering
the low quantity of this amino acid on its surface (GRAZU et al.,2005; ZAHIRINEJAD et al.,
2021). Furthermore, supports coated with cysteine are already noted in the literature for
enhancing enzyme activity and/or stability compared to their free forms (CHEN, Ning et al.,
2019; GRAZU et al., 2005; KOLODZIEJCZAK-RADZIMSKA; JESIONOWSKI, 2020;
MUTHUKUMAR et al., 2020).

Accordingly, this study focuses on the immobilization of Lipase A from Candida
Antarctica onto L-cysteine-coated magnetic nanoparticles (Fe304@LC) as a novel biocatalytic
system. The immobilization process, known for its efficiency and ease of recovery, holds
significant potential for biotechnological applications, including biodiesel production
(MOREIRA et al., 2020), ester synthesis (JIANG et al, 2019), and pharmaceutical
manufacturing (BEZERRA et al., 2017).

This article aims to provide a comprehensive overview of the immobilization
methodology, characterization of the resulting biocatalyst, and its catalytic performance
compared to free CAL-A. Furthermore, insights into the structural and kinetic aspects of the
immobilized lipase will be explored. The findings presented here contribute to the growing
body of knowledge on enzyme immobilization and pave the way for implementing Fe304@LC
nanoparticles as a versatile support matrix for lipase biocatalysis. This is due to their ease of
recovery from the reaction medium and rapid synthesis process based on low-cost and readily

available precursors.
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3.2 Materials and Methods
3.2.1 Materials

The commercial extract of lipase A from Candida antartica (CALA, 20.88 mg/mL)
was obtained from Novozymes (Madrid, Spain). Ferric chloride hexahydrate (FeCl3-6H,0),
25% (v/v) aqueous solution of glutaraldehyde, p-nitrophenyl butyrate (p-NPB) and Triton X-
100 were supplied by Sigma-Aldrich (St. Louis — USA). Ferrous sulphate heptahydrate
(FeSO47H20) was purchased from Dinamica Quimica Contemporanea Ltda (Sao Paulo —
Brazil). Ammonium hydroxide was purchased from Synth (Sao Paulo — Brazil). L-cysteine was
purchased from Exodo cientifica (Sdo Paulo - Brazil). All other reagents and solvents used are

of analytical grade.

3.2.2 Synthesis of Iron Magnetic Nanoparticles (Fe304) Functionalized with L-Cysteine (LC)

The L-cysteine-coated FesO4 NPs were synthesized by a three-step method based
on ultrasound-assisted co-precipitation, as shown in Fig. 21a (ANDRADE NETO et al., 2017).
Firstly, 4 mmol of FeSO47H20 and 7.0 mmol of FeCl;-6H,0 were dissolved in 15 mL of
deionized water, heated to 60 °C, and sonicated for 1 min, using an ultrasonic processor Sonics
VCX 500 (20 kHz, 500 W) operating at 40% of power and pulse 3s on 1s off. Then, 7.0 mL of
27% w/w NH4OH was added (0.23 mL-s™') to the solution under sonication, which was kept
for 4 min. Finally, 4 mL of a 2.06 mol L' L-cysteine solution was added to the reactional
medium, which was sonicated for 4 min. Then, the resultant NPs, labelled as Fe;O4@LC, were
washed with deionized water to remove the impurities, dried, and stored under vacuum until

application.

3.2.3. Activation of Fe;04@LC with Glutaraldehyde (GLU)

The amino terminal groups of Fes04@LC were activated with GLU (Fe3Os@LC-
GLU) to promote covalent bonding between the enzyme and the support, as shown in Fig. 21b.
Briefly, 50 mg of previously dried Fe3;O4@LC NPs were dispersed in 5 mL of a sodium
phosphate buffer solution (PBS 25 mM, pH 7.0), and 125 pL of 25% (v/v) aqueous
glutaraldehyde solution were added to this mixture, which was subsequently kept for 2 h under
constant stirring at 25 °C. Then, the support Fe;04@LC-GLU was washed 3 times with 5 mL
of sodium phosphate buffer solution (pH 7.0 and 25 mM) to remove the excess glutaraldehyde
(BEZERRA et al., 2017).
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Figure 21 — Schematic for the synthesis of Fe3;O04@LC NPs (a) and their application as a support
for immobilizing the CALA enzyme by physical interaction and chemical bonding (b).
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3.2.4. Immobilization of CALA on Fe3;0,@LC-GLU

50 mg of Fe304@LC-GLU were suspended in 5 mL of sodium phosphate buffer
solution (PBS 25 mM, pH 7.0) containing 0.01% Triton X-100 and 10 ug L™ ! of CALA (1 mg
of protein per g of support). The system was kept under constant stirring for 5 h at 25 °C.
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Additionally, a reference solution, identical to the enzyme solution, was prepared without
support, which kept its activity intact during immobilization. Finally, immobilized CALA was
separated from the solution by magnetic decantation and washed with 5 mL of sodium
phosphate buffer solution (pH 7.0 and 25 mM) to neutrality (MONTEIRO, Rodolpho R. C. et
al., 2019).

3.2.5. Immobilization of CALA on Fe;04@LC

CALA was immobilized on Fe3O4@LC by physical adsorption, as shown in Fig.
21b. For this, 50 mg of Fe304@LC were suspended in 5 mL of sodium phosphate buffer
solution (pH 7.0 and 25 mM) containing CALA (1 mg of protein per g of support) in the
presence of 0.01% Triton X-100. The immobilization process was similar to that described in

the previous section (MONTEIRO, Rodolpho R. C. et al., 2019).

3.2.6. Determination of enzymatic activity and protein concentration

The hydrolysis of p-NPB determined the activity of the soluble and immobilized
CALA; the p-nitrophenol concentration was quantified spectrophotometrically at 348 nm.
Activity measurements were performed in sodium phosphate buffer solution (25 mM and pH
7.0) under constant stirring for 1.5 min at 25 °C, from the measurement of p-nitrophenol
released during the hydrolysis of 50 mM p-NPB (& = 10.052 mol! cm™ under these conditions).
To initiate the reaction, 50 pL of suspended lipase solution was added to 50 pL of p-NPB and
2.5 mL of the buffer solution (MONTEIRO, Rodolpho R.C. ef al., 2019). An international unit
of activity (U) was defined as the amount of enzyme that hydrolyses 1 pmol of p-NPB per
minute under the conditions described above. The Bradford method measured the protein
concentration, and bovine serum albumin was used as a reference (BRADFORD, 1976). All
experiments were performed at least in duplicate, and the results are presented as the average

of these values and the standard deviation (generally below 5%).
3.2.7 Immobilization parameters
The immobilization parameters assessed the performance of immobilization. In

short, the Immobilization Yield (IY) was defined as the ratio between the enzymatic activity of

the supernatant before and after a specific time (it is worth mentioning that this strategy is only
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valid if the activity of the reference is maintained during the immobilization time, as it is in this
study). The Theoretical Activity (Atr) was calculated using 1Y and the enzyme load. The
Recovery Activity (Atr) was determined as the ratio between the Derivative Activity (Atp) and
Atr (SILVA et al., 2012).

3.2.8 pH profile

The effect of pH on soluble and immobilized CALA activity was evaluated. Briefly,
CALA or Fe;04@LC-GLU-CALA were suspended in 5 mL of different buffers (pH 5-10, 25
mM). The activity was measured using p-NPB as described previously, using buffers at pH
ranging from 5 to 10 (sodium acetate, sodium phosphate or sodium carbonate). The activity
was measured when the enzyme was added to the buffer after 15 min (ARANA-PENA;
LOKHA; FERNANDEZ-LAFUENTE, 2019).

3.2.9 Thermal deactivation

The effect of temperature on soluble and immobilized CALA activity was
evaluated. The CALA and Fe;04@LC-GLU-CALA catalysts were incubated in sodium acetate
buffer solution (pH 5.0 and 25mM), sodium phosphate buffer solution (pH 7.0 and 25mM) or
sodium carbonate buffer solution (pH 10.0 and 25 mM) at 70 °C for 24 hours. The activity was
measured periodically using p-NPB as described previously, and the residual activity was

expressed as a percentage of the initial activity (MONTEIRO, Rodolpho R. C. et al., 2019).

3.2.10 Immobilization course

The course of immobilization of CALA onto Fe3;O4@LC-GLU was evaluated. For
this purpose, 50 mg of Fe304@LC-GLU were suspended in 5 mL of sodium phosphate buffer
solution (pH 7.0 and 25mM) containing CALA (enzyme loading: 1 mg of enzyme per g of
support). The system was constantly stirred for 0.5-6 hours at 25 °C (MONTEIRO, R.R.C.
Rodolpho R.C. et al., 2022).
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3.2.11 Loading capacity

50 mg of FesO4@LC-GLU were suspended in 5 mL of sodium phosphate buffer
solution (pH 7.0 and 25mM) containing CALA (enzyme loading: 1, 5, 10, 15, 20 or 25 mg of
enzyme per g of support). The system was kept under constant stirring for 5 hours at 25 °C

(MONTEIRO, R.R.C. Rodolpho R.C. et al., 2022).

3.2.12 Material characterization

To assess the crystal structure, functionalization, and interaction of the support with
glutaraldehyde and CALA, X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) analyses were carried out. XRD measurements were obtained using an
Xpert Pro MPD X-ray powder diffractometer with Bragg-Brentano geometry, operating at 40
kV and 30 mA with CoKal radiation (k = 1.78896 A). The measurement range was from 10°
to 100° with a step rate of 1°min™!. For FTIR analysis, the samples were previously dried,
ground into a fine powder, mixed with KBr and compressed into pellets. Spectra were collected
in the 4000-400 cm™! range using a Perkin Elmer 2000 spectrophotometer. Scanning Electron
Microscopy (SEM) was conducted using a Quanta 450 FEG microscope and an Energy
Dispersive Detector (EDS). The electron beam was accelerated at a voltage of 20 kV in a
chamber maintained at a pressure of 10 Pa. For this analysis, the samples were deposited onto
a carbon tape and coated with a thin layer of gold (~ 10 nm) using a Quorum QT150 ES
sputtering evaporator. The materials were also imaged using a Hitachi HT7700 Transmission
Electron Microscope (TEM), with an acceleration voltage of 120 kV. Prior to imaging, the
samples were dispersed in ethanol and deposited onto a carbon-coated copper grid sample
holder. X-ray photoelectron spectroscopy (XPS) was performed using a ThermoFisher
Scientific K-alpha" spectrometer with monochromatic Al K-o radiation calibrated to the
adventitious Cls peak at 284.8 eV. A beam energy of 200 eV was used for the survey and 50
eV for high-resolution scanning spectra. The elemental analysis was conducted on a Perkin
Elmer 2400 series Elemental Analyser in the CHNS mode. The number of thiol groups (-SH)
on the surface of Fe;O4@LC nanoparticles was determined using the Ellman's reagent
(colorless) (ELLMAN, 1959). This involved measuring the absorbance at 412 nm (g = 14150
L mol™! cm™), which is characteristic of the yellow reaction product, 5-mercapto-2-nitrobenzoic
acid. For this purpose, 2.0 mg of dried nanoparticles were dispersed in 2.6 mL of pH 7.4
phosphate buffer and allowed to react with 400 uL of the Ellman's reagent (DTNB 5 mmol L!
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+ EDTA 0.8 mmol L' in PBS buffer pH 7.4) (BRITOS et al., 2019; ELLMAN, 1959). After a
S5-minute incubation, the nanoparticles were separated using a magnet, and the absorbance

reading was recorded.

3.3 Results and Discussion

The synthesis strategy implemented in this study involved the coprecipitation of
Fe?" and Fe*" ions in the form of hydroxides. This process was facilitated by raising the pH by
adding ammonium hydroxide (GALVAO, Wesley S. et al., 2015). These hydroxides
subsequently underwent dehydration and condensation reactions, forming a mixed iron oxide
comprised of both Fe** and Fe?*, commonly referred to as magnetite (Fe304), as illustrated in
Fig. 21.

Following the formation of the magnetic core, cysteine was introduced into the
reactional medium, anchored to the surface through its metal-chelating functional groups,
particularly the sulfhydryl (-SH) and carboxylate (-COQO") groups. The specific binding
configuration of cysteine led to three distinct functional groups on the surface of the
nanoparticles.

Remarkably, the synthesis and functionalization process were completed within 9
minutes. This exceptional efficiency was made possible by employing sonochemistry, a
powerful technique in which 20 kHz waves are introduced into the reaction medium. The
resulting perturbations within the medium increased the frequency of collisions between the
reactants, generating microbubbles. These microbubbles, upon implosion, are well-known for
creating localized conditions of up to 5000 K and 1000 bar, significantly accelerating chemical
reactions (BARBOSA, J.S. et al., 2018; NETO et al., 2021).

Furthermore, sonochemistry has been linked to improved -crystallinity and
dispersibility of processed materials (BARBOSA, J.S. et al., 2018). The combined approach of
coprecipitation, cysteine functionalization, and sonochemical synthesis demonstrates a rapid
and effective method for preparing magnetite nanoparticles for diverse applications, such as in

nanotechnology and biocatalysis.

3.3.1. Characterization
3.3.1.1 XRD
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Fig. 22a shows the diffraction patterns of the Fe3;Os4 nanoparticles (magnetic
support) and Fe;O4@LC-CALA biocatalyst. Both diffractograms exhibit peaks at 26 values of
21.44, 35.30, 41.69, 50.67, 63.16, 67.50, 74.29, 85.34, 89.14 and 95.53°. These peaks
correspond to the (111), (220), (311), (400), (422), (511), (440), (620), (533), and (444) planes
of the inverse spinel cubic structure, space group Fd3M, of the magnetite phase (ICSD 84611).
In this structural arrangement, 16 out of 32 tetrahedral sites are occupied by Fe*" ions, while
the remaining tetrahedral sites and the 16 octahedral sites are filled by Fe?" ions (GALVAO,
Wesley S. et al., 2015).

Figure 22 — XRD patterns obtained through Rietveld refinement for the Fe3O4 support and the
Fe;04@LC-CALA biocatalyst, where Icar. 1s the simulated intensity, Ios. is the experimentally
measured intensity and Ires. is the residual intensity (Iobs. — Lealc.) (2); and FTIR spectra for the
support materials, cysteine functionalizing agent, CALA enzyme, and the resulting biocatalysts
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Additionally, the biocatalyst shows peaks at 20 0f 22.05, 32.67, 33.28, 34.10, 35.54,
38.75, 40.30 41.98, 44.85, 54.55, 63.68 and 69.83°, which can be attributed to the hexagonal
phase, space group P6122, of the crystalline L-cystine phase (PDF code 00-023-1663) (SU et
al., 2022). Thus, it is hypothesized that a fraction of L-cysteine undergoes oxidation and

dimerization through disulfide bonds, leading to L-cystine formation, likely facilitated by the
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influence of heat and ultrasonic radiation (CAMPOS et al., 2021; KOLODZIEJCZAK-
RADZIMSKA; JESIONOWSKI, 2020; SCHWAMINGER et al., 2015).

For a detailed analysis of the diffractograms, Rietveld refinement was conducted.
The parameters, such as the percentage of errors (weighted profile parameter, Rwp) and the
goodness of fit (y°), are presented in Table 5, indicating a strong agreement between the
experimental data and the reference standards. Interestingly, the average crystallite size (Lc),
calculated by using Scherer's equation, was slightly smaller for the Fe;O4@LC-CALA sample
(12.08 £0.98 nm) (BAGBI et al., 2017). This observation aligns with previous reports in the
literature, where the introduction of a functionalizing agent in the nanoparticle synthesis
reaction resulted in similar behavior (ANDRADE NETO ef al., 2017). The thiol groups of
cysteine, known for their metal-binding solid capabilities, likely hindered the crystal growth of

Fe;04 nanoparticles during the third step of the synthesis, wherein they became covered.

Table 5 — Structural parameters of Fe3O4@LC-CALA and Fe3O4 NPs obtained through Rietveld
refinement.

Weight .
Sample Phase | fraction LS IiWP X Lc (nm)
(%) parameters (%)
a=b=c=8.3794
Fe3Oq4 Fe304 100 A 17.41 | 0.9024 | 12.53+1.31
a=pB=y=90°
a=b=c=28.3695
Fe304 78.18 A 12.08 £0.98
) a=B=y=90°
Fe“”gg%kc a=b=54274 A | 18.62 | 0.9249
L- c=56.3769 A
cystine 21.82 o= =90° 46.28+17.15
y=120°

Source: the author.

3.3.1.2 FTIR

Fig. 22b shows the FTIR spectra for the FesO4@LC nanoparticles, cysteine, CALA,
and the materials obtained during the biocatalysts design. A band at 595 cm™!, corresponding to
stretching vibrations of Fe-O bonds in tetrahedral sites in all samples containing magnetite
corroborates their formation (BASHIR et al., 2021; TODERASCU et al., 2023). The band at
3403 cm’!, along with a shoulder at 1650 cm™!, suggests overlapping contributions from O-H
and N-H stretching vibrations and water bending vibrations due to the presence of slight

moisture in the samples (BAGBI et al., 2017).
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Several characteristic bands indicate the functionalization of magnetite
nanoparticles with cysteine: a band at 1582 cm™!, associated with the asymmetric bending of
amino groups (NH3;") (CAMPOS et al., 2021); bands at 1620 cm™' and 1404 cm™, corresponding
to the asymmetric and symmetric stretching of COO™ groups, respectively (CAMPOS et al.,
2021); a band at 1483 cm™! assigned to N-H bending (FAN, Hong Lei et al., 2016); and bands
between 1000 and 1300 cm™, indicating vibrations of C-O, C-N, and C-S bonds (FAN, Hong
Lei et al., 2016; SAFAEI-GHOMI; EBRAHIMI, 2022). Moreover, the disappearance of the
band at 2557 cm™!, related to -SH groups of cysteine, indicates that the functionalization occurs
through Fe-S interaction (BASHIR et al., 2021; CAMPOS et al., 2021). However, this evidence
should be viewed with caution, as the -SH band is weak, and its disappearance may also result
from the formation of disulfide bridges due to cysteine dimerization to cystine (CAMPOS et
al.,2021).

Upon CALA immobilization on the supports, there is a noticeable increase in the
intensities of the bands between 950 and 1150 cm™!, characteristic of this enzyme, as shown in
the spectrum of the free CALA in Fig. 22b (MONTEIRO, R.R.C. Rodolpho R.C. ef al., 2022).

This provides evidence that the immobilization of CALA was successfully achieved.

3.3.1.3 Elemental analysis

Through elemental analysis of Fe;O4@LC nanoparticles, the following essential
percentages were determined: 6.43% + 0.10% of C, 1.32% £ 0.07% of H, 2.68% + 0.22% of N,
and 5.71% £ 0.66% of S. These values are in good agreement with the centesimal composition
of cysteine (elemental proportions): 29.7% C, 5.8% H, 11.6% N, 26.4% O, and 26.5% S. The
mean percentages of N and H were slightly higher than the theoretical prediction, although
within the limits of experimental error. These deviations could be attributed to residual
ammonia and surface hydroxyl groups.

The recorded percentages for the sample are approximately 1/5 (22%) of the
theoretical values, attributed to the inorganic nature of most of the material weighed for
measurement and which does not respond in the analysis. Consequently, 22% may represent
the organic matter (cysteine) present on the surfaces of the functionalized nanoparticles. The
fact that the elemental proportions match those in cysteine provides strong evidence that the
core structure of the functionalizing agent was preserved during synthesis without

fragmentation.
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3.3.1.4 Quantification of free thiol groups on the surface of Fe;O«@LC

To determine the quantity of thiol groups on the surface of Fe3O4 nanoparticles
coated with cysteine, the material reacted with the specific thiol reagent, DTNB. Based on a
standard curve constructed through the reaction of solutions with varying concentrations of
cysteine with DTNP (Abs = 0.0045 [-SH] + 0.1067, R? = 0.9992), it was estimated that the
Fe;04@LC sample contained 22 + 1 pmol of thiols per gram. These values are notably higher,
nearly double, compared to those reported in the literature, which typically hover around 12
umol g! (BRITOS et al., 2019; HADDAD et al., 2015). In other studies, weight-to-weight
ratios of magnetite: cysteine between 10 and 20 were used, while the theoretical ratio in this
work is 1:2. This may indicate a higher functionalization efficiency owing to the powerful
sonochemical technique (BRITOS et al., 2019; HADDAD et al., 2015).

It is also important to note that the quantity of free thiols on the surface suggests
that this functional group does not solely mediate cysteine interaction. Taking into account the
estimate of organic matter derived from elemental analysis (22%), it is conceivable that
approximately 1.21 + 0.06% of cysteine on the surface exists in its reduced form. The remaining
portion of this functionalizing agent either interacts through thiol groups (-SH) or is converted

to cysteine.

3.3.1.5 SEM

Fig. 23 shows SEM micrographs depicting the evolution of Fe3;Os4@LC
nanoparticles and their subsequent modifications (Fe3O4@LC-GLU) leading to the
development of biocatalysts, namely Fe;O4@LC-CALA and Fe3;O4@LC-GLU-CALA. As
evident, these nanoparticles exhibit a predominantly quasi-spherical morphology. Following
the modification processes, the surface texture becomes notably smoother, with inter-particle
voids being filled by compounds generated during the immobilization process, originating from
glutaraldehyde (GLU) and CALA. These observations corroborate the successful enzyme

immobilization process.
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Figure 23 — SEM images of the samples Fe304@LC, Fe3;04@LC-CALA, Fe;04@LC-GLU
and Fe;04@LC-GLU-CALA, obtained at 250 000 x magnification.

M2

Source: the author.

In order to obtain further insights into the elemental composition of the biocatalyst
surfaces, EDS mapping was employed. Fig. 24 presents the SEM images showcasing element
distribution alongside their respective spectra. Both the Fe3;O4@LC and Fe;O4@LC-GLU
samples exhibit a high concentration of iron and oxygen on their surfaces, aligning with the
anticipated characteristics of magnetite. Upon CALA immobilization via physical and chemical
routes, there is a discernible elevation in carbon density on the surface, further confirming the

effectiveness of the immobilization process.
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Figure 24 — SEM images showing element mapping by EDS (inset) for samples Fe;O4@LC (a),
Fe3O4@LC-CALA (c), Fe304@LC-GLU (e) and Fe3;O4@LC-GLU-CALA (g), as well as their
corresponding EDS spectra ((b), (d), (f) and (h)).
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3.3.1.6 TEM

TEM analysis was employed to gain a clearer understanding of the bulk
morphology of Fe3O4 within the materials. Fig. 25 provides micrographs of the FesO4@LC
sample ((a) and (b)) as well as Fe;04@LC-CALA ((c¢) and (d)), alongside particle size
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distribution histograms derived from the images. The quasi-spherical morphology is likewise
confirmed by TEM. The Fe3O4@LC particles measure approximately 11.3£2.4 nm in size,
while the Fe;O4@LC-CALA particles exhibit a size of roughly 11.1+2.4 nm. Statistical analysis
reveals no significant size disparity between the two sample types. This is attributed to TEM
size estimation focusing only on bulk Fe3Oa, as the immobilized CALA does not have sufficient
opacity to allow a reliable estimation of its length through imaging. Notably, a faint halo is
discernible around the Fe;O4 bulk in Fig. 25c, providing compelling evidence that CALA

immobilization occurred on the nanoparticle surface.

Figure 25 — TEM micrographs for the Fe304@LC sample ((a) and (b)) and Fe304@LC-CALA
sample ((c) and (d)). Particle size distribution histograms are provided as inset in (a) ad (©).
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3.3.1.7 XPS

To further assess the mechanism of interaction between cysteine and Fe3O4 on the
support, XPS analysis was carried out. Fig. 26 shows the survey spectrum, complemented by

high-resolution spectra for the elements Fe, O, N, C, and S.
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Figure 26 — XPS analysis: (a) Survey spectrum and high-resolution spectra for (b) Fe, (c) O, (d)
N, (e) C, and (f) S, providing insights into the elemental composition and bonding
characteristics of the biocatalyst surface.
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Deconvolution of the Fe 2p spectrum (Fig. 26b) revealed the presence of two

doublets at approximately 708.68 and 711.98 eV, corresponding to the Fe** and Fe*" states,
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respectively, intrinsic to magnetite (BASHIR et al., 2021; BIESINGER et al., 2011; COHEN;
GEDANKEN; ZHONG, 2008). In the O 2s spectrum (Fig. 26c), four discernible peaks at
530.38 eV, 531.37 eV, 532.39 eV, and 533.87 eV were identified, attributed to the Fe-O bonds,
carboxyl group interactions with iron (C-O-Fe), bonding in carboxylate groups, and adsorbed
water on the nanoparticle surface (ZUBIR et al., 2014). This observation strongly suggests that
cysteine primarily interacts through carboxylate groups. The N 1s spectrum revealed two
contributions, corresponding to deprotonated (400.28 eV) and protonated (398.88 ¢V) amino
groups (BASHIR et al., 2021). The presence of -NH3" on the surface partially contributes to
nanoparticle stabilization and -NH> groups serves as an anchoring site for CALA through its
linkage with glutaraldehyde. Deconvolution of the C 1s spectrum exhibited four distinctive
peaks at 284.48 eV, 285.08 eV, 286.18 eV, and 288.78 eV, corresponding to C-C, C-S, C-O,
and O=C-O binding energies, affirming the successful functionalization of nanoparticles with
cysteine (BASHIR et al., 2021; ZUBIR et al., 2014). The S 2p spectrum displayed three distinct
components after deconvolution at approximately 162.78 eV, 163.98 eV, and 167.18 eV,
attributed to Fe-S, C-S, and C-SOx binding energies, signifying that cysteine is partially linked
via thiol groups, either directly to iron or oxygen atoms on the surface of the magnetite
nanoparticles (BASHIR et al., 2021). Through deconvolution of the high-resolution spectrum
for S 2p, it was not possible to distinguish the thiol groups (-SH) of cysteine from the groups
(S-S) of cystine, as both exhibit binding energies around 163.98 eV (SALLES et al., 2018).

3.3.1.8 VSM

Given its heterogeneous nature, the recovery of these catalysts from the reaction
medium is paramount. In this regard, magnetic separation is employed, making it crucial to
assess the material's magnetic properties. Fig. 27a shows the magnetization curves of the
materials obtained during the biocatalyst development.

The Fe;O04@LC support exhibited a saturation magnetization (represented as M;,
the maximum magnetization achieved by the sample under the applied field) of 58.72 emu g,
slightly lower than values reported in previous studies on bulk magnetite (FAN, Hong Lei et
al., 2016; SRIKHAOW et al., 2020). This difference is partly attributed to the presence of
diamagnetic cysteine in a fraction of the analyzed sample (SRIKHAOW et al., 2020). As more
molecules adsorb or are covalently bound onto the nanoparticles’ surface, a reduction in M; is

observed. Materials such as Fe3;O4@LC-CALA, Fe;04@LC-GLU, and Fe;O4@LC-GLU-
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CALA exhibited M, values of 53.28, 45.54, and 41.96 emu g !, respectively. This reduction

was expected due to decreased magnetic fraction within the samples.

Figure 27 — Magnetization curves at room temperature (25°C) for the Fe3O04@LC, Fe3;04@LC-
CALA, and Fe304@LC-GLU-CALA samples (a) and comparison of the saturation
magnetization (MS), remanent magnetization (Mr) and coercive field (Hc) of the samples (b).
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It is worth noting that all samples displayed low hysteresis, with remanent
magnetization (M,) values of 3.29, 3.07, 2.56, and 2.39 emu g, and coercive field (H.) values
of 0.050, 0.049, 0.050, and 0.050 kOe, respectively, for Fe;Os@LC, FesOs@LC-CALA,
Fe3;04@LC-GLU, and Fe;04@LC-GLU-CALA, as shown in Fig. 27b. Thus, based on a
magnetite core, a typical ferrimagnetic material, these materials exhibited characteristics very
close to superparamagnetic. This is due to their ultra-small particle size, which enables natural
Brownian motion to disorient the magnetic moments without a magnetic field (SOARES et al.,
2021).

Therefore, these observed magnetic properties align with the application's
requirements. The nanocatalysts disperse quickly within the reaction mixture through vigorous
shaking, as depicted in the inset in Fig. 27a for the Fe304@LC-GLU-CALA sample. Upon
cessation of agitation and the approach of a magnet, the immobilized enzyme is swiftly
recovered and can be reused, as evidenced by the clear solution. This phenomenon also suggests
that obtaining a product free from enzymatic impurities is simplified. Given that the Fe3O4
magnetic core retains minimal magnetization, as evidenced by the low M, values, interparticle
magnetic attraction does not lead to aggregation. Hence, gentle agitation is sufficient to

homogeneously redisperse the enzyme in the reaction medium. This behavior is explicitly



92

illustrated Fig. 27a’s inset, where subsequent stirring uniformly disperses the suspension,

confirming that stability remains unaffected by this separation method.

3.3.2 Immobilization parameters

The immobilization parameters were evaluated using the p-NPB hydrolysis reaction
(50 mM) after 5 hours of immobilization, employing a protein load of 1 mg of protein per g of
support in the presence of 0.01% Triton X-100 in phosphate buffer 25 mM pH 7.0. This
surfactant, commonly used to desorb enzymes from hydrophobic supports, was used to prevent
the formation of enzyme-enzyme aggregates because studies have already shown a positive
effect on enzyme activity (DOS SANTOS et al., 2015; SANCHEZ-OTERO et al., 2008).

The immobilization yield (IY) was calculated by the decrease of activity in the
supernatant, compared to a reference enzyme solution under identical conditions in the absence
of NPs. As shown in Table 6 and in Fig. 28a, CALA immobilized in the glutaraldehyde-
activated support performed better than in non-activated NPs, achieving an IY around
85.0+2.6%. This substantial role of glutaraldehyde in the immobilization could be attributed to
the Schiff base formation when aldehydes groups react with CALA amino-terminal groups,
avoiding its desorption from the support (MONTEIRO, Rodolpho R. C. et al., 2019).
Furthermore, glutaraldehyde is a relatively hydrophobic molecule and acts as a spacer,
facilitating the enzyme accommodation on the NPs surface. The more hydrophobic surface for
Fe;04@LC-GLU, compared to Fe;O4@LC, facilitates enzyme immobilization by interfacial

activation.

Table 6 — Immobilization of CALA (1 mg of protein per 1 g of support) performed in sodium
phosphate buffer solution (pH 7.0 and 25 mM) for 5h at 25 °C. Immobilization Yield (IY),
Theoretical Activity (Atr), Derivative Activity (Atp) and Recovery Activity (Atr).

Sample 1Y (%) Atr (Ulg) Atp (Ulg) Atr (%)
Fe;04@LC-GLU-CALA  85.0+2.6 2125+13  1864+43 87.7+09
Fes04@LC-CALA 33.0+£24  82.5+0.6 517€27  62.7+15

Source: the author.

Dutt and Upadhyay used glutaraldehyde to immobilize lipase from Bacillus subtilis
onto cysteine-capped silver nanoparticles and found an immobilization yield of 70% and a
recovery activity of 66% (DUTT; UPADHYAY, 2018). Monteiro et al. immobilized CALA on
chitosan-coated Fe;O4 NPs and found an IY of 84.1£1.0% using glutaraldehyde-activated
support, which also had better performance than the non-activated NPs (MONTEIRO,
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Rodolpho R. C. et al., 2019). Covalent CALA immobilization was also performed on APTES-
coated magnetic NPs, which achieved an I'Y of 100+1.2%, superior to this work (MONTEIRO,
Rodolpho R.C. et al., 2019). However, the Atp values were not so far from the 198.3 + 2.7 U/g
obtained by the authors.

Figure 28 — Immobilization parameters of CALA on Fe3;04@LC and Fe;O4@LC-GLU supports
and pH profile for free and covalently bound enzyme on Fe;O04@LC-GLU: (a) Comparison of
the CALA immobilization parameters (1 mg of protein per 1 g of support) carried out in 25 mM
phosphate buffer, pH 7.0, at 25 degrees for 5 hours; (b) Immobilization course under similar
loading conditions, pH, and temperature, but with varying times from 0.5 to 6 hours; (c)
Loading capacity of Fe304@LC-GLU for CALA (1-25 mg of protein per 1 g of support)
conducted under conditions of pH, time, and temperature like (a); (d) pH profile of CALA and
Fe304@LC-GLU-CALA, where 100% represents CALA activity at pH 7.0 (optimal conditions
for the enzyme).
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The time dependence on CALA immobilization at pH 7.0 (PBS 25 mM), 25 °C and
enzyme loading of 1 g of enzyme per g of support was investigated by measuring the reduction
in the activity of the supernatant over 30 min to 6 h. As shown in Fig. 28b, the relative activity

for the derivative increases over time and remains constant (close to the activity for the free
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enzyme) after 5 h. Although the reaction between glutaraldehyde and amino groups is usually
fast, more excellent activities for the derivative were favored by longer incubation time. This
observation indicates the occurrence of slower processes involving the mechanism of CALA
immobilization, such as the well-oriented enzymatic adsorption before the formation of
enzyme-support multipoint covalent bonds. The previous adsorption on the support is
particularly necessary for the immobilization of enzymes with pl close to 7.0 at a low ionic
strength medium (BEZBRADICA; MATEO; GUISAN, 2014). Besides, slower immobilization
processes minimize proteins stacking and promote a more homogenous enzyme distribution
across the support’s surface [9].

Bezbradica et al. used glutaraldehyde to immobilize CALB onto cysteine-activated
epoxy-agarose and found a long immobilization time (BEZBRADICA; MATEO; GUISAN,
2014). They attributed this fact to reversible processes involving the formation/cleavage of
Schiff bases until a derivative is irreversibly formed. The chemistry of glutaraldehyde reactions
is complex, and this mechanism has not been clarified (BEZBRADICA; MATEO; GUISAN,
2014; ZHANG, Ting et al., 2022).

3.3.3 Loading capacity

In order to investigate how many enzyme units can be immobilized on the support
and how the enzyme activity is influenced by high enzyme loading, the IY (%) and the
expressed activity for the biocatalyst suspension were evaluated at several enzyme loadings (1-
25 mg of enzyme/g of support). As shown in Fig. 28c, higher Y were obtained with lower
enzyme loading and the optimal condition was observed with 1 mg of enzyme per g of
Fe;04@LC-GLU. As the enzyme covers the support’s surface, it becomes increasingly tricky
to immobilize new ones, and they remain in the supernatant. However, using high enzyme loads
in the immobilization protocol, higher expressed activity is obtained for the biocatalyst,
reaching the maximum with 15 mg of CALA per g of Fe304@LC-GLU. From that peak, the
expressed activity drastically reduces. This phenomenon is probably caused by enzyme-enzyme
interactions and stacks, which generate steric hindrances, inhibiting the flexible stretching of

enzyme conformation and inactivating it (TANG et al., 2019).
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3.3.4 pH profile

Enzymes have their structure stabilized by groups very sensitive to pH changes. To
evaluate pH influence on free and immobilized CALA performance, these biocatalysts' relative
activities were evaluated at pH range from 5.0 to 9.0, as shown in Fig. 28d. Free CALA
presented the highest activity at pH 7 and lower activity at acidic and alkaline pH, which is in
line the findings of other studies (CAVALCANTE et al., 2022; MONTEIRO, R.R.C. Rodolpho
R.C. et al.,2022). This optimum pH for the free enzyme's activity is very close to its isoelectric
point (pI = 7.5) and represents the condition in which this enzyme is explicitly in its most
favorable conformation for catalysis. Neither does an enzyme's optimum pH always coincide
with its pl. At neutral pH, covalently immobilized CALA presented the same free CALA
activity. Still, acidic and alkaline pH increased its relative activity, a behavior somewhat similar
to that found by Monteiro using chitosan-coated magnetite nanoparticles as a support
(MONTEIRO, Rodolpho R. C. et al., 2019). The coincidence between the activities of the free
and immobilized enzyme is because CALA was immobilized at pH 7, its optimum pH. In this
condition, the interaction between the enzyme and the support did not affect its conformation
(no decrease in activity), due to the partially zwitterionic microenvironment on the support
surface. However, the catalyst’s activity tends to increase at pHs other than neutrality. This can
occur due to changes in the enzyme’s conformation resulting from protonation-deprotonation
of its amino acids (while maintaining the integrity of the active site), or due to enhanced
dispersion of the catalyst resulting from surface charge formation, typically facilitated by amino
or carboxylate groups (JAMES et al, 2003; STAUCH; FISHER; CIANCI, 2015). Such
dispersion prevents the formation of aggregates that would occur in the free enzyme under
changes in pH, temperature, and solvent (GUISAN et al., 2022). Nevertheless, the mechanism

behind these observations still requires further study.

3.3.5 Thermal deactivation

Biocatalysts are more sensitive to reactional conditions, such as pH, ionic strength,
and temperature, unlike inorganic catalysts. To assess the resistance of these free and
immobilized CALA in the face of deactivating conditions, the half-lives of these biocatalysts
were measured at 70 °C and pH 5, 7 and 10. As shown in Table 7, free CALA was more stable
under thermal treatment at acidic pH (5.0) and performed worse at alkaline pH (10.0), with a

half-life of just 3.1 hours. However, the performance of CALA was substantially increased after



96

covalent immobilization, which presented a longer half-life at neutral and alkaline conditions
(> 24 h).

Table 7 — Half-life for CALA and Fe304@LC-GLU-CALA at 70 °C and pHs 5, 7 and 10.

Sample Half-life (ti/2, hours)
pH 5.0 pH 7.0 pH 10.0
CALA 16.3 12.8 31
Fe;04@LC-GLU-CALA 22.9 >24 ~24

Source: the author.

3.4 Conclusion

Magnetite nanoparticles coated with L-cysteine were successfully synthesized, as
confirmed by XRD, TEM, SEM, FTIR, XPS, and VSM analyses. Lipase A Candida antarctica
(CALA) was immobilized onto these supports through physical interactions and multipoint
binding facilitated by glutaraldehyde. The immobilization parameters for covalent binding
(85.0% = 2.6 for immobilization yield and 212.5 £+ 1.3 U/g for specific activity) outperformed
physical adsorption (33.0% + 2.4 for immobilization yield and 82.5 + 0.6 U/g for specific
activity). Under optimal immobilization conditions — employing an enzyme load of 1 mg
CALA/g of glutaraldehyde-activated support, a reaction time of 5 hours at 25°C, and pH 7.00
(25 mM) — thermal and pH inactivation analysis revealed that the half-life of the Fe3;O04@LC-
GLU-CALA catalyst exceeded that of free CALA (by more than 8 times at pH 10). These
results, along with the XPS and FTIR analyses, corroborate the successful immobilization of

CALA on this new support.
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4 CHAPTER 4 - GENERAL CONCLUSIONS

In conclusion, the research presented in Chapters 1 and 2 offers valuable insights
into the synthesis and application of innovative nanocatalysts for environmental and enzymatic
processes. In Chapter 1, the synthesis of FeCo nanoparticles through the polyol method
showcased the influence of precursor composition on the resulting material's properties.
Optimal conditions, characterized by [OH-] / [Metal] = 26 and [Fe] / [Co] = 2, led to the
formation of well-defined FeCo nanoparticles with enhanced catalytic properties, particularly
in the degradation of RhB. However, the challenge of metal leaching was observed,
emphasizing the need for further investigations to address this issue.

Chapter 2 delved into the synthesis of magnetite nanoparticles coated with L-
cysteine and their application as a support for immobilizing Lipase A Candida antarctica
(CALA). The detailed characterization using various techniques confirmed the successful
synthesis and immobilization processes. Covalent binding, with impressive results in terms of
immobilization yield and specific activity, outperformed physical adsorption. Moreover, the
Fe304@LC-GLU-CALA catalyst exhibited superior stability compared to free CALA,
especially under conditions of higher pH.

Together, these chapters contribute to the expanding field of nanocatalysts,
providing not only insights into synthesis optimization but also addressing challenges related
to catalytic efficiency and stability. The identified areas for further research, such as preventing
metal leaching in Chapter 2 and optimizing immobilization strategies in Chapter 3, open
avenues for future investigations in the quest for more sustainable and effective catalytic

Processes.
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APPENDIX A — SUPPLEMENTARY MATERIALS FOR CHAPTER 2

Figure A1 — Linearized pseudo-first-order kinetic graph (In(C/Co) versus time) for the
comparative study of the effects of NPs only, PMS only, and the mixture of both on rhodamine
B degradation at 25°C using PMS at 2.0 mM and pH 7.0 (a). The graph also illustrates the effect
of PMS dosage (without no pH control) (b) and initial pH with [PMS]=2.0 mM (c) on
rhodamine B degradation at 25 °C. Additionally, (d) presents the fitting of the variation of PMS
concentration with time in the pseudo-first-order kinetic model.
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Figure A2 — Linearized pseudo-first-order kinetic graph (In(C/Co) versus time) for the study of
the effect of different scavengers — TBA (200 mM), Met-OH (2 M), L-hyst (15 mM) — in RhB
degradation under optimized conditions (pH 7.0, [PMS] = 2.0 mM, 25°C) (a) and for the

kinetics of each reuse cycle (b).
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