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Abstract

This work deals with the development of carbon-coated magnetic cobalt ferrite
nanoparticles as catalysts for the treatment of water containing Contaminants of
Emerging Concern (CEC) by Catalytic Wet Peroxide Oxidation (CWPO), using
paracetamol (PCM) as model pollutant. For this purpose, a magnetic core (CoFe204) is
developed by the sol-gel method, the core is subsequently coated with a resin prepared
from formaldehyde, resorcinol and tetraethyl orthosilicate (TEOS), and later carbonized
by pyrolysis at 600 °C under a N> atmosphere. Afterwards, the silica generated from
TEOS is removed by etching with NaOH to create a void inside the particle, creating a
yolk-shell shape denoted as CoFe;Os@void@C. XRD, TEM and FTIR analysis revealed
that the uncoated core is composed by a CoFe>O4 cubic spinel structure with space group
Fd-3m and a crystallite size of 53 nm, calculated using the W-H method, that matches
very well with the average size observed by TEM equals to 53.51 £ 4.2 nm. The average
size of the nanoparticles for the hybrid coated ferrite increases to 58.7 + 8.1 nm. After the
preparation of the catalysts, reaction runs were performed to assess its suitability for the
degradation of PCM by CWPO. The concentration of paracetamol, hydrogen peroxide
and Total Organic Carbon (TOC) were recorded against the reaction time. The
performance of the CoFexOs@void@C catalyst was compared to that of the uncoated
ferrite, the CoFe2O4 and CoFe Os@void@C materials allowing TOC values of 46 and
58% respectively at 24h. The hybrid coated ferrite succeeds in avoid iron leaching and to
be a stable catalyst. The amount of leached iron at the end of the treatment was equal to
1.59 mg-L"!, which is within the limit concentration of 2 mg-L! of iron allowed in waters,
as established EU regulations. A kinetic model was proposed describing the
decomposition of hydrogen peroxide and the removals of the pollutant PCM and TOC
with the CoFeO4@void@C as catalyst, applying an empirical kinetic model composed
of a second-order and an autocatalytic expression to describe the decomposition of H,O»
and PCM, respectively. The kinetic model for TOC can be well-described as a sum of the
initial pollutant plus the oxidation intermediates from the PCM and the organic

components that are refractory to the process.

Keywords: Magnetic nanoparticles; CWPO; Paracetamol; Yolk-shell.
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Resumo

Este trabalho trata do desenvolvimento de nanoparticulas magnéticas de ferrita de cobalto
revestidas com carbono como catalisadores para o tratamento de agua contendo
contaminantes de preocupacdo emergente por oxidagdo catalitica por perdxido umido
(CWPO), usando paracetamol (PCM) como poluente modelo. Para o efeito foi
inicialmente sintetizado um nucleo magnético pelo método sol-gel, revestido de seguida
com uma resina preparada a partir de formaldeido, resorcinol e tetraethyl orthosilicate
(TEOS), posteriormente carbonizada por pirdlise a 600 °C sob atmosfera de Na.
Subsequentemente, a silica gerada a partir de TEOS ¢ removida com NaOH para criar um
vazio entre o nticleo e o revestimento, criando uma estrutura de nanoparticula denominada
de casca de gema, denotada como CoFexOs@void@C. As analises de XRD, TEM e FTIR
revelaram que o nucleo é composto por uma estrutura espinélica cubica de CoFe;O4 com
grupo espacial Fd-3m e tamanho de cristalito de 53 nm, calculado usando o método W-
H que corrobora com o tamanho médio observado por TEM igual a 53.51 £ 4.2 nm. O
tamanho médio das nanoparticulas de ferrite recoberta aumentam para 58.7 £ 8.1 nm. Os
catalisadores preparados foram testados na degradacio de PCM por CWPO. As
concentragdes de paracetamol, peréxido de hidrogénio e Carbono Organico Total (TOC)
foram registradas em func¢do do tempo de reagdo, sendo o desempenho do catalisador
CoFexO4@void@C comparado com o da ferrite nao revestida. Os catalisadores CoFe;O4
e CoFe,0s@void@C alcangaram valores de TOC de 46 e 58% respectivamente, apos 24h
de reacao. No ensaio realizado com a ferrite revestida observou-se uma lixiviagao de ferro
1.59 mg-L!, provando ser um catalisador estavel, estando a quantidade de ferro no final
do ensaio dentro da concentracdo limite de 2 mg-L™' de ferro permitido em 4guas, como
estabelecido pela legislagdo da Unido Europeia. Foi definido um modelo cinético que
descreve a decomposi¢do de peroxido de hidrogénio e as remogdes do poluente PCM e
de TOC, considerando o CoFe;O4@void@C como catalisador. Foi aplicado um modelo
cinético empirico composto por uma expressdo de segunda ordem e uma expressiao
autocatalitica para descrever a decomposi¢cdo de H»O> e PCM, respectivamente. O
modelo cinético para a evolucao de TOC pode ser bem descrito como a soma do poluente
inicial mais os intermedidrios de oxidacdo do PCM e os componentes organicos

refratarios ao processo.

Palavras-chave: Nanoparticulas magnéticas; CWPO; Paracetamol;Casca de gema.
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Chapter 1: Introduction




1 INTRODUCTION

Due to their importance in catalysis, previous studies on ferrite nanoparticles,
MFe,Os (M= Ni?', Fe?*, Co*"), have intensively investigated its structural and
morphological properties, as well as the synthesis procedures. For example, CoFe;Os,
when used as a water treatment catalyst 1>, has shown remarkable chemical stability, large
magnetic anisotropy, moderate saturation magnetization and predominantly

ferromagnetic behavior '

. These characteristics contribute to easy separation of the
catalyst from the water matrices at the end of treatment, upon application of a magnetic
field through the system . In general, ferrites act not only in water catalytic treatment

8,9

processes, but also in the controlled release of drugs ®” and, due to its ferromagnetic

characteristics, in nuclear magnetic resonance as a contrast agent '°.

There are several methods to produce ferrites, such as co-precipitation '},

hydrothermal synthesis !, combustion '*, solution combustion synthesis * and sol-gel °,
among others. In this work, the sol-gel method was chosen due to the high reproducibility
of the technique, the control of the structural and morphological properties, as well as the
certainty of obtaining a magnetic nanomaterial with high crystallinity '>'%3. After the sol-
gel synthesis, heat treatment is necessary to ensure that there are no impurities or organic

compounds left in the final material, as well as thermo-stability.

The scientific community has been investigating the effects of using carbon to
coat the catalysts used in industrial water treatment. This interest is due to the specific
properties of carbon as stable agent in basic and acidic media, its high surface area, that
allows high dispersion and stability for supported metals, as well as the possibility to
control the morphological properties of the final composite >!”"!8, However, the most
important properties are the increase of the catalyst recovery rate and the

elimination/reduction of metal leaching from the catalyst to the treated waters.

Currently, natural water matrices have been compromised by wastewater
generated at industrial plants, due to the presence of toxic pollutants that cannot be
removed by conventional biological processes. Within this context, Advanced Oxidation
Processes (AOPs) have emerged as technologies able to oxidize a wide range of organic
pollutants contained in wastewater that are refractory to be handled by biological
processes. AOPs are defined as treatment solutions relying on the use of hydroxyl radicals

(HO") produced from different chemical agents, such as H,O», ozone, metal oxides and

2



auxiliary energy sources like ultraviolet-visible light. Due to the high oxidizing power of
hydroxyl radicals (HO"), AOPs may lead to the decomposition of organic compounds into
minerals such as H>O and CO,. Hence, the main advantage of these processes is to convert

toxic organic streams into more biodegradable forms as achieved in this work '»>!7,

Different types of AOPs have been developed over the years, such as
photocatalysis, ozonation, cavitation, Fenton-like process, electrochemical oxidation and
intensification by the combination of these processes (e.g. photo-Fenton)!'*2°. The Fenton
process deals with the use of H,O», which is decomposed into HO® in the presence of
Fe?', acting as a homogenous catalyst. The main drawbacks of this process are the
continuous feeding of the iron catalyst and the generated sludge containing iron, leading
the research community to develop heterogeneous catalysts for a process known as
heterogeneous Fenton, Fenton-like or Catalytic Wet Peroxide Oxidation '7?!. Under this
context, the present work is aimed to develop catalyst composites composed of cobalt
ferrite nanoparticles coated with carbon for application in the CWPO of water streams

containing pharmaceutical compounds.



1.1 Objectives

The main objectives of this study are the synthesis and assessment of carbon-
coated magnetic cobalt ferrite nanoparticles as potential catalysts for the CWPO of
Contaminants of Emerging Concern (CEC), considering paracetamol as model pollutant.

Initial tests for structural, stability and morphological analysis were carried out by
X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM) and Fourier
Transform Infrared Spectroscopy (FTIR). The catalytic activity of the materials were
assessed in the CWPO of paracetamol at mild conditions. A non-catalytic run (wet
peroxide oxidation of paracetamol in the absence of catalyst) and pure adsorption tests of
paracetamol on the synthesized materials (in the absence of H>O;) were conducted in
order to compare their contributions and guarantee the catalytic activity of the materials
in CWPO. Finally, this study attempts to define a kinetic model that describes the
decomposition of hydrogen peroxide and the removal of the pollutant paracetamol and

Total Organic Carbon (TOC).



Chapter 2: State of the Art




2 STATE OF THE ART

2.1  Nanoparticles

Nanotechnology is a large and diverse area for research due to different types of
nanoscaled structured materials, such as polymers, metals, biomaterials and others. The
main concern of this area is the controlled synthesis of these nanometric structures, and
their subsequent arrangement, to form the nanostructured materials for several possible
applications. At nanoscale dimensions, new phenomena appear that is not occurring at
the macro-scale, since nanoparticles have different chemical and physical properties than
macroscopic ones. The new properties that arise at the nanoscale can be described by two
main effects resulting from the formation of nanostructures: size effects and effects

induced by the increase in surface area, respectively 2223 41-42,

Size effects are described by quantum effects, where the normal electronic
structure is replaced by a series of discrete electronic levels. The increase in the surface
area of nanomaterials causes a significant increase in their reactivity, performing an
eminent role in chemical processes, especially in heterogeneous catalysis, since is

observed an increase of catalytic sites at the catalyst surface 22232,

In most applications, particles perform better when their size is lower than a
critical value, which is material dependent, but generally around 10-20 nm ?°. Each
nanoparticle has a large constant magnetic moment and has a fast response to an applied
magnetic field with residual magnetism and Coercivity (Hc) 2°. Coercivity is the
minimum value of magnetizing intensity that is required to bring the material to its
original state. In the case of a ferromagnetic substance, such as cobalt ferrite, if the applied
magnetic field is increased in the reverse direction, the substance completely loses its

magnetization at some point He. This point is known as coercivity '>22.

The magnetic nanomaterial selected in this work is cobalt ferrite CoFe2O4, which
has different properties from those in other ferrites, such as nickel ferrite (NiFe2O4), or in
iron oxides, magnetite (Fe3Os) and maghemite (Fe2Os). Among those properties,
CoFe>Os has high coercivity (about several hundred Oe 27 ?%), good chemical stability
and high mechanical hardness ?°. However, the structural, chemical and morphological
characteristics are dependent on the experimental conditions and the methodology

employed in the synthesis.



2.1.1 Crystal structure of ferrites

Ferrites are a class of varied iron oxides present in their crystalline structure
together with Fe®" ions. The scientific community has been studying a diversity of
divalent cations, such as Fe** (Fe3;04), Ni** (NiFe204), Cd** (CdFeO4 - cadmium ferrite),
Mg?" (MgFe,04 - magnesium ferrite), Co*" (CoFe,04), Cu®" (CuFe 04 - copper ferrite)
and Zn*" (ZnFe,O4 - zinc ferrite) *°. Ferrites can present different types of crystalline
order, such as cubic, orthorhombic or hexagonal, just to name a few. The orders are
according to the position of atoms in the structure *!. Among the class of cubic ferrites,
the ferrites in block d are among the most used in nanotechnology applications, because
of their high response a magnetic field and stability. Ferrites in block d have a spinel

structure of CuFe204 and ZnFe,O4, and inverse spinel of Fe;04 and CoFe204 .

The crystal structure is a description of the ordered arrangement of atoms in a
crystalline material. Ordered structures occur from the intrinsic nature of the constituent
particles to form symmetric patterns that repeat along the principal directions of three-
dimensional space in matter. The smallest group of particles in the material that
constitutes this repeating pattern is the unit cell of the structure. The unit cell completely
reflects the symmetry and structure of the entire crystal ¥, Figure 1 shows the unit cell

of CoFeOq.

¢ ¢
¢ ¢

€O

€ Co,Fe
C L

Figure 1. Unit cell of CoFe204 with spinel crystal structure and space group of Fd-3m 32

Cobalt ferrites possess an inverse spinel structure, where the tetrahedral sites (A-
sites) as well as half of the octahedral sites (B-sites), are occupied with Fe** ions, while

Co*" ions are distributed over the octahedral B-sites .



2.2 Methods of Synthesis

The research on nanoparticles include the development of magnetic materials with
different composition types and phases, including pure metals Fe, Ni, Co, oxides such as
Fe;04 and ferrites CoFe0s, NiFe,0s and MgFe2O4, among others 2. In recent years,
several publications reported efficient routes for the synthesis of nanomaterials with
controlled size, morphology, high stability and homogeneity. Popular methods include
hydrothermal synthesis, co-precipitation, solution combustion synthesis and sol-

gel®133435 " All of these routes can enable high-quality magnetic materials.

2.2.1 Hydrothermal synthesis

Hydrothermal synthesis is performed in aqueous media at high pressure and high
temperature, involving the hydrolysis and condensation of a metal salt to produce

magnetic nanoparticles 43¢,

Wang et al.>® prepared hydrophilic monodispersed CoFe>O4 nanoparticles with a
crystalline phase and uniform sizes between 9 and 12 nm by hydrothermal reduction.
Their system is a generalized hydrothermal method to synthesize a variety of different

nanocrystals by a liquid-solid-solution reaction, as illustrated in Figure 2.

C,H.OH + RCOOH
I Liquid

™
| .

(RCOO),M =—— RCOONa Solid

Readtions

.

Na

ol |
Solution

CH.OH + H:0

uopeledag aseyd

Figure 2. Scheme of a liquid—solid—solution reaction

Figure 2 shows the method considering the use of a metal linoleate, an ethanol-

linoleic acid liquid phase and a water-ethanol solution at different reaction temperatures
8



under high-pressure conditions. The solvents used were ethylene glycol, sodium acetate
and polyethylene glycol. Ethylene glycol served as a high boiling reducing agent known
as the polyol process to produce monodispersed metal nanoparticles or metal oxides.
Wang et al. did another important test. They reported how cobalt ferrite can be recovered

at the end of the process using magnetic separation, as shown in Figure 3.

Figure 3. The separation of CoFe204 nanocrystals from the solution by the action of a magnetic
force *

2.2.2 Co-precipitation

Co-precipitation is a convenient and easy route to synthesize iron oxides and
ferrites. The precursors are generally Fe?* and Fe** salts dissolved in aqueous solutions
by the addition of a base under an inert atmosphere. The synthesis can be carried out
either at room temperature or at high temperature. The material morphology, composition
and crystallinity depend on the anion (sulfates, nitrates or chlorides), reaction
temperature, Fe?/Fe*" ratio, pH value and average ionic strength. The saturation
magnetization values are generally less than 30 to 50 emu- g”! when it is compared to bulk

material (90 emu-g!) 13738,

2.2.3 Solution Combustion Synthesis

Solution Combustion Synthesis (SCS) is seen as a chemical-soft and economically
favorable route in the production of fine powder nanoparticles. This method involves a
redox reaction of an oxidant with a fuel in the presence of metal cations. Oxidants are
usually precursors of metals such as nitrates and chlorides. The fuel is any organic
compound, such as urea, glycine and citrus, capable to form complexes with metal ions.
Generally, SCS consists in three steps, the formation of the combustion mixture, then the

formation of the gel and finally the combustion of the gel !>,



One of the options for SCS is to consider plant extracts, to be used as fuel in the
chemical reactions of solutions containing Fe** and Fe®". However, the control over
material phases, stoichiometry and morphology can be difficult since the precursors are

not pure >°.

2.2.4 Sol-gel

The sol-gel method provides a route for the synthesis of nanomaterials with high-
temperature resistance, ferromagnetic behavior, homogeneity and control in the nano
scale. The sol-gel synthesis is a multistep process which involves the conversion of a
precursor solution into a sol or a gel, then subsequently transitioning the gel to an oxide
compound. The homogeneity of the final product is determined by the distribution of
cations in the gel. Therefore, it is extremely important that the reaction precursors are
capable to form a homogeneous multicomponent gel without any phase segregation
during the sol-gel transition >!63%4,

Cobalt ferrite synthesis by sol-gel is usually performed with the following steps:
mixing, gelation, drying and heat treatment *!'6334% as detailed in the following:

1. Mixing: the process begins by mixing an alcohol solution and a metal
alkoxide catalyst (M), such as nitrates or chlorides in an aqueous network.

Generally, in this part, a hydrolysis reaction occurs followed by poly

condensation, as shown in reactions (1), (2) and (3) >!6-3340,

Hydrolysis reaction
M(OR), + nH,O — M(OH)_+nROH (1)

Poly condensation reaction

M(OH), — MO+ (g) H,0 )

Poly condensation reaction for the formation of CoFe>O4

2Fe(OH), + Co(OH), — CoFe, 04+ 4H,0 3)

2. Gelation: the growth from the grouping of the polymeric units to form a
continuous three-dimensional network of particles. From this point on the

transition from the sol to the gel phase takes place *16:35:40,
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3. Drying: during drying occurs the removal of liquid in the pores of the gel.
The process consists on a slow evaporation of the solvent, producing the
so-called xerogels, that are higher in density than gels 3163540,

4. Heat treatment: this is the transformation of the gels into denser materials.
The treatment helps in the elimination of unwanted radicals and pores
which ensures the use of the material at high temperatures without changes

in structure 3163340,

Giannakopoulou et al.? prepared Ni-ferrite at different temperatures by the sol-gel
method, using nitrates, ethanol and ethylene glycol as precursor. Table 1 and Figure 4
show the results of the density and of the particle size determined by XRD. It can be
observed that the particle size increases with the rise of the annealing temperature. The
intensification of the annealing temperature is the heat treatment that is cited above, which

leads the ferrites to higher surface area and stability against futures fractures.

Table 1. Samples of NiFe;O4 annealed at different temperatures °>.

No. Annealing temperature Density (g.cm?) Crystal size estimate
0 (nm)

N3 300 5.37 15

N6 600 - 20

N9 900 5.36 50

NI11 1100 5.37 >

N16 1600 5.37 >

Figure 4. XRD spectra of samples N3, N6, N11 and N16 shown in Table 1, corresponding to

A

I

25

35

45 35
2 Theta (grad)

65

75

— MN16
M11
MNE

N3
— Ref.

NiFe20s4 nickel iron (III) oxide, Y-axis is arbitrary units 3
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Hashemi et al. * prepared CoFe,O4 nanoparticles by a sol-gel auto-combustion
method in the simultaneous presence of ethylene glycol and agarose as complexing agents
and nitrates as precursors to analyze their effects on the structure, morphology and
magnetic properties of the developed nanoparticles. The samples with the equivalence
ratio Chemical reagents/Nitrates of 1 and 2 obtained a crystallite size of 28 + 3 and 24 +
0.5 nm respectively. The authors revealed that the saturation magnetization and coercivity
could simultaneously be increased by the proper addition of ethylene glycol and agarose
so that these magnetic properties could be used for many applications as sensing devices,

drug delivery or recovery of catalyst in heterogeneous catalysis.

Sink6 and Mezei *! performed tests with different precursors for the synthesis of
aluminosilicate gels. The salts tested were aluminum nitrate and aluminum chloride,
while the solvents tested were ethylene glycol, methanol, ethanol, 1-propanol and 2-
propanol. In their paper, the collaborators concluded that aluminum nitrate was the best
precursor. Among the reasons why, it was given that the extent of Al incorporation into
the gel network was much lower in chloride containing gels than in nitrate containing
gels. The gel structure obtained with Al chloride was not homogeneous. It was dominated
by a silica network with fractal-like structures strongly deformed by unbounded Al
content. Unbounded Al content is associated with hydrated Al (III) ions connected by
weak hydrogen bonds that can result in phase separation. Regarding the solvent, the best

results vary according to the desired molar ratio for the aluminosilicate gel.

2.3 Protection and stabilization of magnetic nanoparticles

Stability is a critical requirement for any application of magnetic nanoparticles,
including their application as catalysts. Therefore, strategies should be developed to
create resistance on these nanomaterials related to agglomeration, precipitation and
leaching. Usually, the protection used is a core-shell (CS) structure to isolate the
nanomaterial from the environment. The applications of these techniques are divided into
two mains groups: the coating with organic materials and the coating with inorganic
materials. Polymers are among the most extensively used organic materials. For inorganic
materials, silica, carbon or precious materials, such as Ag and Au, are used *73%42,

Yolk-shell (YS) appeared as a core-shell development. YS is a hybrid structure

consisting of a movable core inside a hollow shell of the same or different materials. The
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principal difference between the core-shell and the yolk-shell structure is the presence of

a void space created from a sacrificial layer, giving rise to multifunctional properties 543

Among the characteristics that make YS nanoparticles unique are:

o YS nanoparticles can be synthesized even from a single material to
enhance the specific surface area 944,

. The core surface is unblocked compared to nanoparticles synthesized by
CS, so the YS NPs provide more active sites and higher surface area 1944,

. The void space is suitable to accommodate guest molecules %43

. The shell layer provides more active inner and outer surfaces >+,

o The void space provides space for the expansion of core NPs in many

applications, such as biomedical, catalysis, adsorbents, lithium batteries, among
others 1% 373941

The yolk-shell nanoparticles can be classified as spherical and non-spherical,
depending on their morphology. The spherical YS nanoparticles have five classes, as
shown in Figure 5: single-core/shell, multi-cores/single shell, single core/multi-shell,

multi-cores/shells and multi-shells *?

(h) ~~Shell ()

Shell (2) Shells
Core . ore Void &( ore

Figure 5. Different classes of spherical yolk-shell NPs (a) single-core/shell, (b) single core/multi-
shell, (¢) multi-cores/single shell, (d) multi-cores/shells and (e) multi-shells **

Shells

Shells
Void

Cores

2.3.1 Carbon shell

Due to the high stability and biocompatibility of carbon, when recovering a
magnetic core with a carbon shell it is possible to obtain thermally stable magnetic
nanomaterials with high stability against oxidation and acid leaching. In addition, it is

possible to tune the hydrophobicity and hydrophilicity nature of the carbon shell to help
13



in the diffusion of more hydrophobic and hydrophilic molecules into the core region of
the catalyst, which increases its activity !-54346

In addition to the benefits of the use of carbon in magnetic composites, due to its
porosity and high surface area, carbon materials are also used as adsorbents. However,
the separation of nanoscale particles from the suspension after the adsorption process
restricts its practical use. To solve this problem, the incorporation of the magnetic core
inside the hollow carbon shell, allows the magnetic separation of the nanoparticles from
the suspension. Oxide metals are among the metal cores that can be used, such as
CoFe;04, NiFe,04, MgFe,04 and Fe;04 184346,

The Stober *” method to produce silica spheres of uniform size is frequently used
to achieve a carbon shell by the hydrolysis and condensation of silicon alkoxides, such as
Tetraethyl orthosilicate (TEOS), in a water-ethanol mixture in the presence of ammonia
as catalyst. Nowadays this procedure has been extended to the formation of
monodispersed polymeric spheres of resorcinol-formaldehyde (RF). Due to the
hydrolysis polymerization reaction mechanism, the organic sol-gel of RF resins is
analogous to the silicate sol-gel process 5°.

Rodrigues et. al ® developed a protocol to synthesize Yolk-Shell graphene-based
nanoparticles with a magnetic core (Fe3Os, NiFe;O4 and CoFe,0O4) for drug delivery
applications. Figure 6 depicts the synthesis of the nanoparticles, which was divided into
two stages. The synthesis of the magnetic core and then the graphene-based shell.
Following a co-precipitation method, the iron oxide core was synthesized. Subsequently,
the graphene-based shell was accomplished by hydrolysis and polymerization of the
precursors, resorcinol, formaldehyde and TEOS. The authors tested the production of
Graphene-based Magnetic Nanoparticles (GbMNPs) with different hollow cavities
between the shell and the magnetic core, starting with different concentrations of
precursors, as shown in Table 2. The polymerization products, GbMNPs, were washed
and annealed under a N flow in a tubular vertical oven at 120 and 400 °C. Then, the silica
was removed by etching in a strongly basic NaOH solution resulting in the YS
nanostructure. The last step was to achieve hydrophilic GbMNPs to perform drug delivery
studies. For that, the graphene-based shells were chemically functionalized by an acid

treatment at mild conditions.
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Figure 6. Schematic representation of the steps involved in the development of graphene-based
yolk-shell magnetic nanoparticles

Table 2. The effect of the amount of precursors in the synthesis of graphene-based yolk-shell
magnetic nanoparticles .

Material | Magnetic Resorcinol Formaldehyde TEOS Hollow Carbon-Shell
Core (g) (mL) thickness thickness (nm)
(2 (mL) (am)
GbMNP-1 0.25 0.05 0.075 0.10 Not detected 1.41+£0.44
GbMNP-2 0.25 0.10 0.150 0.21 0.70 £0.30 3.55+1.27
GbMNP-3 0.25 0.20 0.300 0.41 2.07 £0.92 7.07 £1.88

Thus, the results achieved by the authors ¥, as seen in Table 2, have shown the
capability to synthesize GbMNPs with very distinctive physicochemical and
morphological properties just by adjusting the number of carbon precursors. Due to the
higher amount used of resorcinol and formaldehyde, a proportionally higher carbon-shell
thickness was achieved. There is a desire to attain the highest carbon-shell thickness

possible to avoid iron leaching and increases the surface of the materials.

2.4 Advanced Oxidation Processes

The development of new efficient and economically viable technologies for water
treatment has been widely investigated. For the treatment of toxic effluents such as
antibiotics, personal care products, metabolites, pesticides and effluents from textile
industries, Advanced Oxidation Processes (AOPs) appear as an answer with low cost and

relative ease of reproduction 204831

Among the advantages most associated with AOPs are:
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. AOPs are not specific techniques, therefore they can be used for the
degradation of substrates of any chemical nature, particularly for the degradation
of refractory contaminants whose biological treatment can be made possible by
partial advanced oxidation 20:4-1:32;

o AOPs can be applied to reduce the concentration of compounds formed in
pre-treatment steps such as halogenated aromatics formed during conventional
disinfection >3;

o AOPs can be applied in the treatment of contaminants whose
concentrations are at low ppb >;

° In most cases, AOPs do not generate waste, except for some processes that

may involve precipitation 2°.

Among AOPs, Catalytic Wet Peroxide Oxidation (CWPO) is a technique that can
be characterized by the employment of hydrogen peroxide (H203) as an oxidation source,
with a suitable catalyst to promote its partial decomposition into hydroxyl radicals (HO").
Magnetic materials can be applied directly as catalysts or included in different

support/hybrid materials in CWPQ 20495152,

2.4.1 The Fenton Processes

Fenton in the 19" century demonstrated the oxidation of tartaric acid by the
interaction of small amounts of Fe?" with oxidizing agents, including H>O; as the better

agent 4853,

After Fenton’s advances, Harber and Weiss reported, in the 20™ century, how the
reactions of H>O, generate the radicals HO" with a radical anion of oxide O,". According
to the authors, the interactions between H20, and Fe?" in an acid medium resulted in the
decomposition of hydrogen peroxide through the oxidation of Fe?" into Fe** with the

formation of hydroxide ions and hydroxyl radicals 2%

, as given in Eq. (4) and (5).

H,0,+ O,¢— < HOe +0H™ + 0, 4)

H,0, + Fe*' < HO-<+ OH + Fe?* (5)
In the 1950s, Barb et al. ® proposed one of the first Fenton mechanism to

demonstrate the participation of Fe?" as catalyst in the oxidation process in two steps.
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In a first step, H>O; reacts with HO" in solution, resulting in the formation of

hydroperoxyl radicals (HOO") and water as shown in Eq. (6).
H,0, + HO*+ — HOO- + H,0 (6)

Subsequently HOO" reduces Fe*, regenerating Fe?* and closing the catalytic

cycle, a represented in equation (7).
Fe** + HOO» — O, + H" + Fe?* (7)

However, the Fenton process possesses some important unfavorable factors:

. Difficult recuperation or elimination of ions Fe**/ Fe*";

. Meaningful production of sludge in the form of Fe(OH); +17:265357;

. High cost of the sludge treatment, accounting to up to 50% of the total
costs 1:17:26:53,57.

. The final solution has to be neutralized before returning to the

environment, since the Fenton process operates in pH acidity between 2.5 — 4

1,17,26,53,57

2.4.2 Catalytic Wet Peroxide Oxidation

As an attempt to remediate the drawbacks of the Fenton process, the use of
heterogeneous catalysts become an important quest. Catalysts containing iron supported
on carbon materials have been used extensively in CWPO. Equations 8 and 9 describe

the multiple possibilities of the state of oxidation of metals (M) contained in

heterogeneous catalysts 121928,
H,0, + M™ & HO e + MDD+ 4 HO- (8)
MM D 1,0, — M™+ HOO- + HY (9)

Although the general reactions are described above, the process is much more
complex and includes many other reactions. In the last decade, the scientific community

has been working to develop techniques to optimize this process.

Figure 7 schematizes the use of heterogeneous catalysts in CWPO. In this
example, the hybrid carbon material can promote the decomposition of hydrogen

peroxide into hydroxyl radicals, which are responsible for oxidizing the pollutants. In this
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case, the catalyst can be recovered at the end with the application of a magnetic field.

Also, if the catalyst is stable enough, it can be used again in another CWPO run.
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Figure 7. Catalytic wet peroxide oxidation: a route towards the application of hybrid
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Wang et. al. °’

were researching how powerful the Fenton-based reaction is in
breaking down refractory organic pollutants, but found it to be limited to a low pH range.
As a proposal, the authors presented Fe3Os-Multi-Walled Carbon Nanotubes (MWCNT),
because of carbon nanotubes have a remarkable feature of a large specific surface area,
hollow and layered structures and the sp? hybridized carbon bonds in MWCNTSs enables
them to be a good electronic transfer support. After obtaining the Fe304~-MWCNT hybrid
via in situ growth of Fe304 MNPs on the surface of the MWCNTs, they tested it as catalyst
for H2Oz reduction. The authors prepared the nanocomposites to remove a typical organic
dye called Methylene Blue (MB) by a Fenton-like reaction. MB has been widely used for
coloring paper, temporary hair dyes, dyeing cotton, wools, and as a coating for paper
stock and other applications. Their results demonstrated that Fe;0s—MWCNT magnetic
nanocomposites could effectively adsorb and degrade MB in the presence of H,O2 in a
wide pH range of 1.0 to 10.0. In addition, the samples presented a high magnetic
sensitivity under an external magnetic field, providing an easy and efficient way for the
separation of the catalysts from the aqueous solution.

Rueda-Marquez et. al. > published a paper involving a sequence of techniques for
the treatment of wastewater. Their paper was focused in a multi-barrier treatment (MBT),
beginning with a microfiltration membrane pretreatment (MF), followed by hydrogen
peroxide photolysis (H2O»/UVC) and finishing with CWPO using granular activated
carbon (GAC).

Table 3 shows related studies on CWPO.
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Ribeiro et al. ! reported CWPO experiments in the presence of an alternating (AC)
magnetic field, using a cobalt ferrite core in a graphitic shell as a catalyst for the
mineralization of a simulated pollutant solution containing 4-nitrophenol. As a result,
high mineralization was obtained (79%) after 4 hours of reaction.

Munoz et al. 2! tested alumina (Al,O3) due to its mechanical, electrical and
chemical stability as catalyst support for Fe>O3 and Fe3;Os4. The activity and stability of
the catalysts were analyzed in 4-chlorophenol, 2,4-dichlorophenol and 2.4,6-
trichlorophenol. The results showed complete dechlorination of all chlorophenols tested
with mineralization above 70% after 4 hours of reaction time.

Sun et. al. *® studied the degradation of two emerging pollutants, carbamazepine
(CBZ) and ibuprofen (IBP), with nano-magnetite as catalyst. Under the ideal conditions
found by the authors, they performed the conversion of CBZ and IBP, reaching values of
86 and 83%, respectively.

Silva et. al. *°

worked on the treatment of paracetamol (PCM) using natural clay-
based materials as catalysts, which were produced using an acid-activated treatment,
calcination and pillarization with Fe and Co. After 6 hours of reaction, all PCM was
removed and insignificant leaching of iron (less than 0.1 mg-L™!) was observed.
Velichkova et. al. ® evaluated the activity of nanostructured magnetite and
maghemite catalysts (6 g'L™") in the oxidation of PCM. Some of the results showed that
PCM mineralization was improved at high temperature. They achieved 50% of

mineralization using nanostructured magnetite as catalyst. All iron oxides exhibited low

iron leaching of less than 1%.

Table 3. Summary of some of the related studies devoted to the CWPO process.

Catalyst T Pollutant [Pollutant] pH | Reference
(°O)
CoFe,04/MGNC 24 4-nitrophenol 5¢gL! 3 | Ribeiro et. al.!
(2019)
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Table 3. Summary of some of the related studies devoted to the CWPO process.

Catalyst T (°C) Pollutant [Pollutant] | pH Reference
Fe;04/y-ALOs 50 4-chlorophenol 100 mg-L"! 3 Munoz et al.?!
Fex03/y-ALOs 2,4-dichlorophenol (2015)

2,4,6-trichlorophenol

nano-Fe;O4 23 Carbmazepine 15 mg-L! 7 Sun et al.>® (2013)
Ibuprofen
Fe/Co-Pillared 80 Paracetamol 100 mg:L' | 3.5 | Silvaetal>® (2019)
Clay
Nanostructured 60 Paracetamol 100 mg:-L' | 2.6 | Velichkova et al.®°
magnetite and (2013)
maghemite

Paracetamol (acetaminophen or 4-acetylaminophene-nol) is extensively used as a
pain reliever and reducing fever. Among contaminants of emerging concern across the
European Union, paracetamol deserves special attention because it has been found as a
potential pollutant of waters and it's not completely removed from wastewater by the
wastewater treatment plant (WWTP) >%1-63_ Therefore, this work seeks to transform
paracetamol in more bio-degradable forms such as CO; and H>O from the CWPO
reactions.

Thus, the hybrid cobalt ferrite NPs can be synthesized to act as catalysts in the
CWPO process, from the synthesis of the core by the sol-gel method * up to the coating
process ®. This process promotes the total degradation of paracetamol, high levels of
mineralization, low iron leaching and easy separation of the catalyst from the media
through a magnetic field. As seen in Table 3, there are works regarding the use of CoFe>O4
as catalyst in CWPO. However, just a few researchers tested this catalyst for the treatment
of the pollutant PCM with the interest to investigate the oxidation reactions involved in

the process through kinetic modeling.
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Chapter 3: Methodology
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3 METHODOLOGY

3.1 Materials

For the synthesis of the magnetic core, iron (III) chloride hexahydrate (99%,
Merck) and cobalt (II) chloride hexahydrate (99%, Fisher Chemical) were used. The
solvents used in the sol-gel reaction of the core were ethylene glycol (99.5%, Fluka
Analytical) and ethanol absolute (99.8%, Fisher Scientific). Ammonium hydroxide
solution (28%, Applichem-Panreac) was used to enable the coprecipitation of the
nanoparticles. In the early stages of the coating reaction, the hybrid cobalt ferrite/carbon
was dispersed in ethanol absolute (99.8%, Fisher Scientific) and distilled water. The
hydrolysis and polymerization of TEOS (98%, Fluka) was favored in this stage of the
process. Subsequently, as the reaction progressed, and the TEOS hydrolysis and
polymerization processes neared completion, the polymerization of resorcinol (99%,
Fisher Scientific) and formaldehyde (37-38% p/p, Panreac) became the predominant
process, resulting in the formation of a phenolic resin polymer. To remove the silica,

sodium hydroxide (99.1%, Fisher Scientific) was used.

The CWPO runs were performed using paracetamol (98%, Alfa Aesar), hydrogen
peroxide (30% w/v, Fisher Chemical), sulfuric acid (98%, Panreac), ultrapure water,
ortho-phosphoric acid (85%, Riedel-de Haen), hydroquinone (99% Merck), 4-
benzoquinone (99%, Acros Organics), resorcinol (99%, Fisher Scientific), 2-nitrophenol
(98%, Aldrich Chemistry), 2-nitroresorcinol (98%, Alfa Aesar) 4-nitrocatechol (> 98%,
Fluka) and pyrocatechol (99%, Fluka).

3.2 Process Flowchart

For a better understanding of the process studied in this work, since the synthesis
of the catalysts until their application in CWPO, the flowchart shown in Figure 8
represents the steps of the methodology used.
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Figure 8. Flowchart of the process

a) Synthesis of the magnetic core;

b) Heat treatment;

c) Coating and carbonization under a N> atmosphere;
d) Silica removal (etching);

e) CWPO of paracetamol.

3.3 Preparation of the catalysts

3.3.1 Synthesis of the Magnetic Core

The magnetic core was synthesized according to the methodology described by
Giannakopoulou et. al. 3, using a solution of Fe (III) and Co (II) with a 1:2 molar ratio of
CoCl,.6H>0 and FeCl;.6H>0. The solvents used were 10 mL of ethyl alcohol and 40 mL
of ethylene glycol.

The CoCl2.6H,O (2.38 g) was weighed and dissolved in ethyl alcohol. This
solution was heated with a magnetic stirring plate with a temperature control (IKA® C-
MAG HS 7, Figure I — Annex A), until reaching the boiling point at 78 °C. The cobalt
solution was then cooled in an ice bath until thermal equilibrium was reached. The
FeCl3.6H>0O (5.41 g) was then weighed and dissolved in ethylene glycol. This solution
was heated with a magnetic stirring plate for 5 minutes at 60 °C. Soon after, the iron

solution was cooled in an ice bath until thermal equilibrium was reached.

When both solutions achieved 25 °C, they were transferred to a single beaker. The
temperature of 25 °C was stipulated to be the initial temperature of the synthesis. The
final red-brown solution was warmed up to 60 °C for 2 h in a round bottom flask under a
magnetic stirring plate. Finally, it was dried at 189 °C in the same round bottom flask,
until it became a gel and then a solid. A representation of this synthesis methodology can

be observed in Figure 10.
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Figure 9. Magnetic core synthesis methodology

Finally, it was transferred to a crucible and the powder was heat-treated in a muffle

(Figure II - Annex A) at 300 °C for 24 h and then at 600 °C for 12 h under ambient

atmosphere where crystallization to cobalt ferrite took place.

3.3.2 Carbon coating of the Magnetic Core

The process of carbon coating of the magnetic nanoparticles is illustrated in Figure 11.

CoFe,0,
Resorcinol | 30°Cfor1h 30°C for 6h 80 °C for 8$h
Ammonia ] - — —_
Léf- d_‘ ™
TEOS
R __§ _ CH,0 L
| & [ & i

COF3204@Si.02

Figure 10. Coating process of the magnetic nanoparticles

The protocol proposed by Rodrigues et. al. ® was used to produce the carbon-based

coating. In a first step, 0.25 g of magnetic nanoparticles synthesized by the method

previously described were measured and placed into a 250 mL Erlenmeyer flask

containing 150 mL of absolute ethanol and 50 mL of distilled water. The solution was

placed in an ultrasonic bath, Ultrasons-H, P- Selecta (Figure III - Annex A), at room

temperature until all the magnetite particles were dispersed in the medium for 1 h. The

24




dispersion was transferred to a 500 mL round bottom flask, which contained 0.1 g of
resorcinol and 1.2 mL of a 28% ammonia solution. The flask was placed in an oil bath
and stirred with a magnetic stirrer at 30 °C for 1 h. Subsequently, 210 uL. of TEOS and
150 pL of formaldehyde (37 — 40%) were added dropwise and stirred for 6 h at 30 °C.
Subsequently, the temperature was raised to 80 °C and the round bottom flask remained
at this temperature for 8 h. The magnetic product resulting from this protocol, denoted as
CoFex04@Si102, was washed using deionized water until neutral pH, the water separated
using a centrifuge (6000 rpm for 5 min) and then washed again with absolute ethanol.
The resulting material was then dried overnight at 60 °C and subsequently weighted and

stored in a vial.

In a second step of the coating process, the polymer-coated nanoparticles were
carbonized under a N> atmosphere in a vertical tubular furnace (ROS 50/250/12,
Thermoconcept, Figure IV - Annex A). The gas phase thermal treatment was conducted
under a N, flow (100 cm® min') at 120 and 400 °C during 1 h at each temperature and
then at 600 °C for 4 h, with an heating ramp of 2 °C-min"!. The resultant carbon-coated

magnetic nanoparticles were denoted as CoFe.O4@Si0>@C.

3.3.3 Removal of silica by etching process

The CoFe;04@Si102@C nanoparticles were etched via stirring with a sodium
hydroxide solution 10 M. For that purpose, 10 mg of nanoparticles were added to 1 mL
of the NaOH solution in an Erlenmeyer and left under vigorous magnetic stirring for 16
h. The resulting material was washed with distilled water untl neutral pH using a
centrifuge (6000 rpm for 5 min) and then washed with absolute ethanol. The material was
dried overnight at 60 °C in a drying chamber, resulting in the carbon-based magnetic

nanoparticles (GbMNPs) with a yolk-shell nanostructure, denoted as CoFe,Os@void@C.

3.4 CWPO of paracetamol

3.4.1 Reaction System

The batch oxidation runs were performed adapting the methodology reported by
Silva et. al. *°. The stoichiometric amount of hydrogen peroxide needed for the complete

mineralization of paracetamol, according to the chemical reaction given by Eq. 9.
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CgHoNO, + 21H,0, — 8CO, + HNO; + 25H,0 (9)

Considering 100 mL of a paracetamol solution with concentration of 100 mg-L™!,
the amount of hydrogen peroxide necessary to proceed with the experiment is 158 pL of
a 30%w/v peroxide solution. The oxidation reactions were carried out in a 500 mL round-
bottom flask reactor with a magnetic stirring plate (600 rpm), equipped with a condenser
and a controller to measure the temperature. The reactor was loaded with 100 mL of a
100 mg-L! paracetamol solution to simulate hospital water effluents. It was previously
acidified until pH 3.5 employing HoSO4 (1M). The paracetamol concentration and the pH
were stipulated so that the degradation of PCM could be clearly shown in the analysis of
HPLC>. The reactor, Figure 11, was heated by immersion in an oil bath monitored by the

temperature controller until 80 °C.

Figure 11. The reaction system used in the CWPO runs

When temperature stabilized, the described amount of hydrogen peroxide was
added to the reactor. After the complete mixing of the reactants, 0.25 g of catalyst was
added into the reactor. This moment was considered as the beginning of the CWPO run
(t=0).

Samples for analysis were periodically withdrawn at selected times: 5, 15, 30, 60,
120, 240, 360, 480 and 1440 min. At each time, 3 samples of 1 mL were collected and
stored in different Eppendorf tubes, previously prepared according to the analysis that
would be done, as determination of H>O> concentration, paracetamol concentration and

TOC. To stop the oxidation reactions at the time of sample collection, approximately 10
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mg of Na>SO3 was placed in the Eppendorfs for the paracetamol and TOC analysis. The
sodium sulfite reacted with the peroxide stopping the formation of hidroxyl radicals and,
consequently, the oxidation reactions. We did not add Na>SOs in the Eppendorfs for the
hydrogen peroxide analysis since our objective is to study the amount of H>O, was
consumed in a determined time of reaction. Each sample was separated by a magnetic
field and the liquid aliquot was reserved for the analysis. After the last sample withdrawal,
the catalyst was separated by a magnetic field and the liquid media stored in a refrigerator
for later analysis by atomic absorption. Finally, the catalyst was washed with distilled

water and dried overnight in an air oven at 50 °C.

A non-catalytic run was conducted in the same conditions as the CWPO run, but

in the absence of catalyst.

3.4.2 Analytical Methods

The quantification of hydrogen peroxide was performed by a colorimetric method,
adapting the methodology reported by Masso . To monitor the decomposition of H,O»
it was necessary to obtain a calibration curve in the concentration range from 0 to 220
mg-L!. For that, I mL of different concentration solutions of HO, was added in a 20 mL
volumetric flask with the solution of H>SO4 (1 mL/0.5 M) and TiOSO4 (0.1 mL) and then
diluted again with distilled water. Then, the samples were analyzed by UV-Vis
spectrophotometry (T70 spectrometer, Figure V - Annex A) at a wavelength of 405 nm

to determine its absorbance. Figure 12 shows the calibration curve obtained.
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Figure 12. Calibration curve for determination of H20: concentration
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The value of R? is 0.997 and 9 points of calibration show a good adjustment.

HPLC measurements were performed with a Jasco HPLC system equipped with
a UV-vis detector (UV-2075 Plus), a quaternary gradient pump (PU-2089 Plus) for
solvent delivery (0.65 mL-min ') and a RES ELUT 5 pu C18-90 A column (150 mm x 4.6
mm) of VARIAN (Figure VI — Annex A). With this methodology, it was possible to
analyze the model pollutant, paracetamol, and its possible oxidized intermediates, such
as hydroquinone, catechol, p-benzoquinone, p-aminophenol and 4-nitrophenol. The
wavelength used to measure the absorbance of these compounds was 277 nm. For the
oxidized intermediates, namely 2-nitrophenol, 2-nitroresorcinol, resorcinol, 4-

nitrophenol, hydroquinone, pyrocatechol and phenol, the wavelength was 244 nm.

For the quantification of TOC, 1 mL of the samples taken from CWPO was diluted
in a 20 mL volumetric flask and then analyzed in the equipment SHIMADZU TOC-L
(Figure VII — Annex A).

The quantification of iron in the remaining solutions after the CWPO runs was
performed to determine the leached iron from both materials, CoFe>Os4 and
CoFex0s@void@C, to the reaction media. The amount of iron in the samples was
determined by atomic absorption, using the equipment Spectra Varian equipped with a
Varian hollow cathode lamp at a wavelength of 248.3 nm. The first step was to obtain the

calibration curve, Figure 13, in the range of 0.06 — 2 mg-L™,

T T T T T T T T T T
204 " -

184 ]
164 ]
14 ]
12 ]
10—- " _-
08 ]

0.6 -

Concentration of Fe (mg/L)

0.4 .

0.24 _

0.0 T T T T
0.00 0.02 0.04 0.06 0.08 0.10

Absorbance

Figure 13. Calibration curve for the measurement of iron leached

The value of R? was found to be 0.999, which shows a good fit for the linear

regression. The effluents from the CWPO runs were filtered in a 45 pm membrane and
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the supernatant was stored in a vial and then analyzed in the equipment, to obtain its

absorbance and consequently the iron concentration.

3.5 Adsorption of paracetamol

For the paracetamol adsorption runs, 100 mL of the same paracetamol solution
used in the CWPO runs (100 mg-L™") was added in a 500 mL round-bottom flask loaded
with 0.25 g of the adsorbent (2.5 g-L! of concentration). The adsorption run was carried
out in a magnetic stirring plate (600 rpm) for 24 h at 80 °C, equipped with a condenser
and a controller to measure/control the temperature. Afterward, the suspension was
separated magnetically, and the remaining liquid was analyzed by HPLC to determine the
concentration of paracetamol. The amount of paracetamol adsorbed was calculated by the

difference between the initial and the final concentration.

3.6 Characterization Techniques

Structural characterization and average crystallite size were measured by X-ray
Diffraction (XRD) using Cu-K, radiation (A = 0.15 nm) in a Bruker D8 Discover
diffractometer (Figure VIII — Annex A) operating in the Bragg-Brentano geometry. The
data were collected at room temperature in the 20 range 5° - 80° at a step of 0.05°. To
identify the phase composition of the samples, structural data from the International
Centre for Diffraction Data (ICDD) was used. The mean crystallite sizes of the samples
were calculated based on the spinel structures of the CoFe>O4 nanocrystals by applying

peak broadening of the (311) peak using Scherrer's formula as seen in Eq. 10.

09
Ba cosd

(10)

where D is the mean crystallite size, A is the wavelength of the Cu-K, radiation (A =0.154
nm), 34 is the full width at half maximum (FWHM) in radians and 6 is the correspondent

Bragg diffraction angle in radians.

To compare the results, another method to analyze the size of the nanomaterials
was conducted. While Scherrer’s formula considers only the effect of crystallite size on
the XRD peak broadening, the Williamson-Hall (W-H) method is based on a physical line

broadening of X-ray diffraction peaks occurring due to the size and micro-strain of the
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nanocrystals %°. Thus, the W-H method takes into consideration the micro-structures of
the lattice about the intrinsic strain, which gets developed in the nanocrystals due to the
point defect, grain boundary, triple junction, and stacking faults %78 The total

broadening can be written as in Eq. 11.

ﬁtotal = ,Bsize + ﬁstrain (11)

The Uniform Deformation Model (UDM) considers a uniform strain deformation
throughout the crystallographic direction, which is introduced in the nanocrystals due to
crystallographic imperfections . The intrinsic strain actually affects the physical
broadening of the XRD profile and this expansion of the strain-induced peak can be

expressed as in Eq. 12.
Bstrain = 4 €. tanf (12)

Hence, the total broadening due to strain and size at a particular peak having the

diffraction plane directions hkl, can be expressed as in Eq 13.

Brki = Bsize + Bstrain (13)

where By 1s the full width at half of the maximum intensity for different diffraction

planes. Re-arranging Equation 10 to 13, Eq. 14 is obtained.
Bhii-cosl = % + 4 £.sinf (14)

To obtain the crystallite size, it’s necessary to plot Su;. cosf (Y-axis) as a
function of 4sinf (X-axis) and, after obtaining a regression equation that described the

data with the independent term, it is possible to calculate D.

Transmission Electron Microscopy (TEM) was performed in an H-9000
instrument operating at 300 kV. Imagel software (NIH, Bethesda, MD, USA) was used

to estimate the size of the magnetic nanoparticles.

The Fourier Transform Infrared Spectroscopy (FTIR) spectra of the
CoFexO4@void@C sample were recorded on a Perkin Elmer FT-IR spectrophotometer
UATR two infrared spectrophotometer, with a resolution of 4 cm™. The range of
wavenumber used in the analysis was from 450 to 4000 cm™'. All the measurements were

done from the solid samples at room temperature.
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Chapter 4: Results and discussion
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4 Results and discussion

4.1 Characterization of materials

4.1.1 X-ray Diffraction (XRD)

Figure 14 shows the XRD patterns of the core CoFe,O4 powders prepared by the
sol-gel method and of the CoFe>Os@void@C. As it can be observed, the diffraction peaks
of the XRD pattern can be indexed to CoFe»O4 cubic spinel structures with space group
Fd-3m (JCPDS Card No 00-001-1121). After coating, the catalyst structure remained the

same, as shown by the characteristic peaks.

The peaks at 18°, 30°, 35°, 37°,43°, 53°, 57°, and 62° are attributed to the crystal
planes of the cobalt ferrite cores at 111, 220, 311, 222, 400, 422, 511, and 440

respectively.

It is perceived that the peaks at 18°, 57°, and 62° in the XRD pattern of the
CoFe;04@void@C sample increases significantly. There are several studies about the
improvement of calcination processes in the synthesis of nanoparticles to achieve
materials with a high degree of crystallinity and no impurities ''*%. Some of the
calcination methods reported the increase of the temperature and time of exposure to
obtain more crystallinity. To avoid impurities, the use of an inert atmosphere provided a
route to purify the nanostructure 7!, Since the peaks of the diffractogram in Figure 15
(b) became sharper and well-defined, although the same as in the diffractogram of the
uncoated ferrite, it is suggested that the coating process favored the development of the
material, taking into account the longer time of heat treatment in the tubular furnace at
400 and 600 °C necessary to synthesize the yolk-shell shape, as well as the N> atmosphere

that the nanomaterial was exposed.

In particular, the crystallite size of the prepared CoFe2O4 powders is 47 nm, as
calculated by the Scherrer equation from the (311) peak. Using the W-H method the

crystallite size is 53 nm.
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Figure 14. XRD diffractograms of the (a) core CoFe204 and of the (b) CoFe:20s@void@C

The crystallite size calculated for the core CoFe;Os is according to the size of
magnetic nanoparticles reviewed in the literature. Giannakopoulou et al.  reported that
the sol-gel synthesis of NiFe>O4 nanoparticles observed an increase in particle size and
crystallinity with the increase of the annealing temperature. The crystal sizes of the
nanoparticles annealed at 600 and 900 °C correspond to 20 and 50 nm, respectively.
Pottker et al. ! prepared NiFe>O4 nanoparticles by the co-precipitation method subjected
to calcination at temperatures of 700, 800, 900, and 1000 °C for 120 min at atmospheric
pressure. No characteristic peaks of impurities were observed in the samples. The

crystallite size was calculated from peak 311 using Scherrer's equation varies from 7.4 to

1. 72

30.1 nm, as a function of the calcination temperature. Hussain et al. '“ created a system

of NijxMnxFe>O4 with x = 0.0 to 0.9 prepared by sol-gel auto combustion technique using
chlorides of Ni, Mn, and Fe. Further heat treatment for 5 h at 500 °C was needed to
enhance the crystallinity. The structure was a single-phase, face-centered cubic with
particle size in the range of 23.86 to 38.30 nm, depending on the composition x. Hashemi
et al. ¥ conducted a study about the synthesis of CoFe>O4 nanoparticles by a sol-gel auto-

combustion method in the simultaneous presence of ethylene glycol and agarose as
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complexing agents and nitrates as precursors. The samples with the equivalence ratio
Chemical reagents/Nitrates of 1 and 2 obtained a crystallite size of 28 + 3 and 24 + 0.5

nm respectively.

4.1.2 Transmission Electron Microscopy (TEM)

The TEM image presented in Figure 15(a) shows the bare cobalt ferrite core
synthesized through the sol-gel method in this work with an average size of 53.51 £ 4.2
nm, determined using the ImageJ software. It almost equals the value obtained by the W-
H method from the XRD spectrum. The observed agglomeration is related to the
ferromagnetic characteristics of the sample. By the shape and morphologies of
CoFexO4@void@C observed in Figure 15(b), the lighted shadowy border evidences the
coating of the magnetic nanoparticles and the cobalt ferrite core shelled by a carbon-based
layer, as observed elsewhere *“*!. As expected, the increment of the number of carbon-
based precursors (resorcinol, formaldehyde, and TEOS) in relation to a fixed mass of the
magnetic core provided an increase of the carbon-based shell thickness, which resulted in

particles with average sizes of 59 £+ 8.1 nm.

Figure 15. TEM image of the: (a) Magnetic core (CoFe204); (b) CoFe204@void@C

The work reported by Ribeiro et al. ! about the preparation of magnetite, nickel,
and cobalt ferrites encapsulated within graphitic shells shows similar results. The core-
shell structures of NiFe,04/MGNC and CoFe;O4/MGNC had a crystallite size of 33 £ 5

and 33 £+ 2 nm, respectively. The average size of the nickel and cobalt ferrites is 36 + 15
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and 56 = 18 nm, respectively determined from TEM measurements. Desai et al. 7*
reported a study regarding the Zn-Zr co-substitutes cobalt ferrite nanoparticles
(CoZnyZrFer2x04, x = 0 — 0.4) synthesized by sol-gel auto-combustion route. The
formation of the cubic phase of CoFe,04 was revealed by X-ray. The particle size was
measured by TEM, being the values for the samples with x = 0.2 and 0.4 of 45 and 80
nm, respectively. Lunhong and Jiang 7° prepared cobalt ferrite NPs by a one-step sol-gel
auto-combustion method. It was found that the particle size and magnetic properties of
the samples showed a strong dependence to the annealing temperature. The samples heat-
treated at 700 °C seem as quasi-spheres with the crystallite size in the range of 25 - 30

nm.

4.1.3 Fourier Transform Infra-Red spectroscopy (FTIR)

Figure 16 shows the FTIR spectra of CoFe>Os4@void@C recorded between 4000
and 550 cm™.
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Figure 16. FTIR spectra of the CoFe:O4@void@C nanoparticles

The bands were compared and analyzed according to the literature of cobalt ferrite
materials "%7"7®, The FTIR spectra of the hybrid coated ferrite showed a strong band at
589 cm’!, which confirms the metal oxide bands in the spinel structure due to the

stretching vibrations of metal oxide in the octahedral group complex Co(II)-O* or in the
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Fe(111)-O* tetrahedral group complex of the cobalt ferrite phase. The band observed at
3430 cm is attributed to the O-H stretching vibrations and the absorption band present
at 1629 cm™ is due to the bending of the absorbed water molecules. Meanwhile, the band
at 1465 cm™ is due to the symmetric C-H stretching vibrations. The band at 1020 cm’!
may be attributed to C-O-C stretching.

4.2 Catalytic Wet Peroxide Oxidation (CWPQO)

In order, to evaluate the efficiency of the CoFe>Os4 magnetic core and of the
CoFe04@void@C, the concentrations of PCM, H>O,, and TOC were followed during
the reaction time. To confirm the activity of the catalysts, a non-catalytic run in the same
conditions was performed. Figure 17 shows the concentrations of H,O,, PCM, and TOC

as a function of time of reaction.
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Figure 17. Normalized concentrations of (a) H202, (b) PCM and (c¢) TOC upon reaction time, under
the following operational conditions: Crcyo = 100 mg- L™, Cry0,0 = 472.4 mg-L™, Cear=2.5 g- L7,
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As observed, both materials are active in the CWPO of PCM. The decomposition
of H,0O,, shown in Figure 17(a), achieved values of 10, 68, and 85% at 24 h of reaction
time for the non-catalytic run, and for the runs with the catalysts CoFe>Os and

CoFexOs4@void@C, respectively.

Regarding the conversion of PCM, Figure 17(b) reveals that the best-tested
material is CoFe2O4@void@C, showing 99.5% of conversion after 6 h of reaction. The
uncoated ferrite after the same time of reaction achieved 70% of PCM conversion, while

in the non-catalytic run only 6% was obtained.

As it can be observed in Figure 17(c), the materials showed higher conversions of
TOC, agreeing with the results obtained so far for conversions of paracetamol and H20».
The core CoFe2O4 and the CoFeO4@void@C achieved mineralization values of 46 and
58% respectively after 24h of reaction time.

The best performance when employing the CoFe,Os@void@C as a catalyst
compared with the uncoated ferrite is conducive since the peaks in the XRD pattern of
the CoFexOs4@void@C sample increases significantly when compared to the CoFe>Oas.
This indicates that the hybrid coated ferrite achieved a higher degree of crystallinity. The
CoFexOs@void@C has also a higher surface area, which also leads to superior catalysis.

There are works regarding the degradation of paracetamol by CWPO ',
oxidation by ozonation with H2O»/UV 7°, and heterogeneous Fenton-like process . Silva
et. al. ¥, under the same conditions as those used in this study, also obtained a conversion
of 90% of paracetamol after 4 h of reaction, but the complete conversion only occurred

after 6 h. Najjar et. al. ”°

used the oxidation by ozonation and H>O»/UV processes for the
removal of paracetamol, with the initial concentration of the pollutant of 100 mg-L "' and
a concentration of H>0; of 1,700 mg-L™!' during 90 minutes of time reaction. However,
the amount of hydrogen peroxide used by Najjar et. al. was 360% higher than the
stoichiometric concentration necessary to degrade the pollutant, which is not favorable
when thinking on cost and safety issues that excess of hydrogen peroxide may bring into
consideration. Velichkova et. al. ® reported a heterogeneous Fenton-like process to treat
paracetamol using iron oxides nano and submicro magnetite as a catalyst. The initial
concentration of pollutant was the same used in this work, and a higher initial

concentration of the catalyst equals to 6 g'L"!. The authors achieved the complete

conversion of the paracetamol within 5 h of reaction.
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In previous studies that analyzed the removal of TOC in the CWPO of
paracetamol %62%° the mineralization values reported in our work at the end of the
process were not achieved. For example, in the work done by Velichkova et. al. %, the

highest mineralization achieved with the best material was 43% after 5 h of reaction.

Figure 18 depicts the liquids recovered after the CWPO runs with both catalysts
(the uncoated and the hybrid coated ferrite).

Figure 18. Reaction medium recovered after the CWPO, upon removal of the catalysts (a) CoFe204
and (b) CoFe:04s@void@C, respectively

The determination of iron leached from the catalysts for the reaction solution was
done for each PCM CWPO run after 24 h of reaction. As expected, the
CoFe04@void@C material with the carbon-coated achieved a better result (iron
leaching of 1.59 mg:L™') when compared to the uncoated ferrite which had an iron
leaching to the solution of 2.54 mg-L!. The information about the percentage of iron
leached also indicates that the hybrid coated ferrite is a more stable catalyst and that the
amount of iron at the end of the reaction run is within the limit concentration of 2 mg-L"

! of iron in water, as established by law.

The conversions of paracetamol and TOC, and the efficiency of H>O»
consumption at 6 h of reaction, are represented in Figure 19. The efficiency of H>O»

(nm202) was determined according to Egs. 15, 16, and 17.

CH,0,.,0 -CH,0
_ “Hy0y, >0y
X = —=—== 15
H,0, Cinonn (15)
Croc,0 -Croc
X = = 16
T0C= T (16)
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Ny, 0,- X10C (17)

*H0,

Analyzing the results, it is possible to observe that the hybrid coated ferrite has

higher conversions and that the paracetamol can be removed more efficiently.
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Figure 19. Removal of paracetamol, TOC and efficiency of H2O: consumption at 6 h of reaction,
under the following operational conditions: Crcy,o = 100 mg- L, Cr,0,0 = 472.4 mg-L, Ceur = 2.5

gL, pHy=3.5and T = 80 °C

To confirm if the removal of the pollutant was occurring by oxidation, rather than
by adsorption on the materials, adsorption runs were performed. From the data of the

HPLC analysis, the absence of paracetamol adsorption after 24 h was observed.

The hybrid cobalt ferrite/carbon catalyst produced by the sol-gel method described
in this work shows high ferromagnetic behavior, even after the CWPO runs, as shown in
Figure 20. During the coating process and the CWPO run, it is important to have a
magnetic material to provide an abundant recovery of the samples. At the end of the
oxidation reactions, it was possible to recover almost 100% of the catalyst using a

magnetic field.
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Figure 20. CoFe:0s@void@C catalysts in the presence of a magnetic field

4.3 Kinetic Modeling

4.3.1 PCM and H20: disappearance rates

To interpret the role of the oxidation reactions in the CWPO process, the kinetics
were modeled from the results shown previously, considering the system as a batch
reactor in a constant volume and perfect mixing, where an irreversible reaction occurs
and that the composition of the aliquot taken at a given time was identical to the internal
composition of the reactor at that time. It was also considered that adsorption was

negligible in the whole process.

Different reaction rate equations have been proposed to fit the experimental data,
namely first order, pseudo-first order, second order for each species and an autocatalytic-
power-law kinetic model developed to predict the observed induction period and the

dependence on the consumption of H>O».

Due to lack of monitoring of the oxidation intermediates resulting from the
oxidation of the model contaminant, only the rate of disappearance of PCM and H>O; can
be defined according to their concentrations, without taking into account the

stoichiometry of the multiple reactions that can occur simultaneously, as shown in Eq.

18.
CgHygNO,+H,0, — non identified oxidized products + CO, + H,O (18)

The kinetic study was done following the methodology proposed by Diaz de
Tuesta et. al. 333 in their work dealing with CWPO.

The numerical integration of the rate equations presented in Table 4, with the

initial conditions Cpcyr = Cpreao, Crz0:= Chz020at t = 0 was solved by using the software
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Python 3.7 (Python Software Foundation, 2020, USA) to minimize the sum of squared
errors (SSE) of the relative concentration of each compound i (r¢c; = Ci/C;p) between the

experimental (exp) and predicted (model) values, as given in Eq. 19.

SSE = Zg=1(rcexp in — TCmodel i,n)2 (19)
The models were also evaluated by the determination factor (R?) calculated by
applying Eq. 20.

. 2
YA (R.Crnodel in - R-Crnodel {)

R* = - 2 7
Zgzl (R~Cm0del in - R'Cmodel i) + erjzl (R-Cexpi,n - R~Cm0de1 i,n)

(20)

where N in the total number of values () in a run and p is the number of predictors.

Table 4. Kinetic models considered to evaluate the disappearance rates of paracetamol and H20: in
the CWPO run with CoFe:04@void@C as catalyst (units in mmol and min).

N° Kinetic model Parameters R? SSE
1 dCy,0, kt,0,= 0.0033 min! 0.951]0.118
T ku,0,Ch,0,
2 dCpcm kpcv = 0.0064 min™! 0.90 | 0.264
T kpcmCrem
3 dCHZo2 2 ktr,0,= 0.00040 L-mmol!*min™! 0.98 | 0.033
—a - fr0,Cimo,

4 dCpem 5 kpcy = 0.0148 L-mmol ™ min™! 0.67 | 0.583
dt =-kpcmCrem
5 dCpcm kpcar = 0.0627 L-mmol!-min’! 0.99 | 0.001
dt =- kPCMCpCM
Cyp =0.6858 mmol-L!
(Co-Cpcem )
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Table 4. Kinetic models considered to evaluate the disappearance rates of paracetamol and H20: in
the CWPO run with CoFe:0s@void@C as catalyst (units in mmol and min).

N° Kinetic model Parameters R? SSE
6 dCh,0, c kiro: = 0.0033 min”! 0.95 | 0.063
.~ ~KH,o
dt 272 0 kpew = 0.0624
dc(;CM = - kpcmCpeyt L-mmol™! - min!
(Cy-C ) Cp =0.6855 mmol-L!
o-“prcMm

7 &0, _ k202 = 0.0033 min! 0.94 | 0.335
202 7,0, kecy= 0.0064 L2 (mmol2)!-min‘!

Cp = 0.6833 mmol-L"!
dCPCM

dt
(Co-Cpcem )Chj0,

= - kPCMCPCM

8 dCp,0, ) kmo>=4.1 10* L-mmol ! min’! 0.98 | 0.252
kpcy= 0.007 L2-(mmol?) ! min!

Cp =0.6832 mmol-L"!

(Co-Cpem )Chi,0,

Figure 21 exhibits the concentrations of H>O, and PCM during the time of
reaction. It is observed that the kinetic models of the first and second order for
paracetamol did not represent well the experimental data, especially in the case of the

second-order model (model N°4).
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Figure 21. Experimental (symbols) and predicted (lines) concentrations of H2O> (models 1 and 3)
and PCM (models 2 and 4)

Regarding the disappearance of H>O>, the proposed model N°3 obtained a good

representation of the values with a determination factor equal to 0.98.
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Figure 22. Experimental (symbols) and predicted (lines) concentrations of H2O: and PCM

The initial low-activity period of paracetamol can be well explained by the
autocatalytic model, with a determination factor equal to 0.99, model N° 5 (Figure 22).
Subsequently, the best models for the pollutants and oxidants were related together and
the constant Co was determined. It is important to highlight that the value Co did not
change significantly regardless of the proposed experimental models (0.6858, 0.6855,
0.6833, and 0.6832 mmol-L"! for the models 5, 6, 7, and 8, respectively).

Initially, taking into account that there was no adsorption, as shown in the
adsorption run performed, there seems to be an oxidation process occurring at the surface
of the catalyst, promoting a higher catalytic activity. As a result of this perceived
oxidation, the induction period occurred at the beginning of the reaction. This behavior

81,84,48

has been reported in various publications regarding CWPO with carbon black as a

catalyst, suggesting the same in this process as a possible explanation.

Van et al. % tested a catalyst derived from iron slag (Fe-S) that was used for
heterogeneous Fenton oxidation (H202/Fe-S) of paracetamol in a range of concentrations

between 100 and 500 mg-L! in an aqueous solution. Kinetic experiments showed that the
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degradation of paracetamol occurs better when the concentration of PCM equals 100
mg-L' and was well fitted with a pseudo-first-order kinetic model. The calculated
constant k was 0.0425 min™'. Some of the reasons why the authors achieved such a
different value for the kinetic constant is because they reported an adsorption process of
paracetamol at the surface of Fe-S, while in this work the adsorption run did not show

any adsorption.

Diaz de Tuesta et. al. * performed work to understand the condensation by-
products in wet peroxide oxidation processes in the absence of a catalyst but in presence
of oxygen to the treatment of phenol. The authors proposed different equations to fit the
experimental data. The models of pseudo-first-order, Langmuir-Hinshelwood-Hougen-
Watson (LHHW), and autocatalytic rate were tested. However, the first two models did
not consider the presence of an induction period in the concentration profiles of the three
variables (phenol, H>O>, and TOC). On the other hand, the autocatalytic model provides
a good fit because it takes into account the activity promoted by the condensation by-
products formed during the reaction.

Najjar et al. ” performed oxidation by ozonation and H,O»/UV processes to treat
paracetamol in a concentration of 100 mg-L™!. The second-order rate constant for the
reaction of PCM with ozone was determined at pH 7.2 (kospry = 2.57 10°° L-mmol s
1. Hydroquinone and two other ozonation transformation products were identified by
LC/UV, LC/MS, and MS/MS analyses

Hassani et al. °

reported the synthesis of monodisperse cobalt ferrite NPs via
assisted high-temperature thermal decomposition method and their assembly on reduced
graphene oxide (rGO) to produce CoFe;O4-rGO nanocomposites, which displayed
heterogeneous sono-Fenton-like processes for the removal of organic dyes from aqueous
solution under ultrasonic irradiation. The maximum removal was 90.5% at pH 3 using 80
mg-L! of catalyst, 3 mM of H,0>, and 10 mg-L! of AO7 dye under a 350 W ultrasonic
power in 120 min of reaction time. Experimental results revealed that the kinetics of the

removal process could be described using a Langmuir-Hinshelwool (L-H) kinetic model.
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4.3.2 Total Organic Carbon abatement rate

After completing a review of different methods to describe TOC kinetics !3-348%-

82 a model was proposed considering the total TOC as the sum of the different compounds

produced during CWPO, as defined in Eq. 21.
TOC=TOCx + TOCg + TOCc (21)

where TOCa corresponds to the initial pollutant (paracetamol), TOCg corresponds to the
oxidized intermediates resulting from the initial pollutant, which are still oxidized to
refractory compounds represented by TOCc. Specifically, TOCc represents those
compounds that do not oxidize and remain in the reaction medium. A reaction pathway

was then proposed as given in Eq. 22.

TOC, + H,0, % T10C, + H,0, —E"f b ToC,

In the case of TOC4, the kinetic equation obtained previously must be used.

(22)

Hence, equations 23 to 26 represent the reaction pathway.

dC
— = ki,0,Cy (23)
dC

Z?C’A =- kJCTOC,A(CO'CTOC,A )CH202 (24)
dC

D= k2Croe A (Co-Croc.a )Ciy0,%3C 100 5Cy0, (25)

dCroc,c
==k ,C
dt 4

TOC,BCHzoz (26)

To solve this model, the initial limit of integration was considered at =0, TOCa o
=TOCoy, TOCa = TOCpcMm, TOCg =0 and TOCc = 0. All calculations were performed
using the python software. The kinetics constants kn202, k1, and Co have been previously
determined. To perform the TOC kinetics model, the values of the constants used are

obtained in the model N°8.

Figure 23 shows the experimental and fitted data recorded by the proposed
method. The calculated determination factor R was 0.98 and the SSE equals 0.18.
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Figure 23. Experimental (dot lines) and predicted (lines) concentrations of TOC

As expected, the TOCx referred to paracetamol is just a part of the total TOC. The

calculated constants obtained are represented in Table 5.

Table 5. Values calculated for the proposed model.

Parameters Values
k> 3.51 107 L?-(mmol?)""- min!
k3 8.71 10”7 L-mmol ! min™!
ky 1.26 10° L-mmol"- min!

There are many approaches in how to describe a TOC kinetic model as those cited
in the following. However, to the best of our knowledge, there are no other works that
describe the kinetic model of concentration profiles of the TOC in the treatment of

paracetamol by CWPO.

Audino et al. 3 conducted a study on photo-induced oxidation for the treatment
of 0.26 mmol-L! of paracetamol in a deionized water matrix, during a reaction span of
200 min. The authors fit the TOC concentration profile in a semi-empirical model. The
semi-empirical model refers to a model that represents a balanced approach between
detailed first-principles modeling and pure empirical modeling. The calculated constant

k was 0.03 min™' and the mineralization value was 77%.
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Diaz de Tuesta et. al. 3! developed a kinetic model with a commercial carbon black
as a catalyst to describe the rate of H2O> consumption and the targeted pollutant phenol
degradation. The authors also took into account the total TOC as the sum of the different
compounds produced during CWPO. Direct mineralization of phenol and the important
selectivity of aromatic intermediates for mineralization have been reported instead of
conversion into carboxylic acids as typically considered in wet oxidation studies of

phenol.

Sun et al. 87 developed a generalized kinetic model for Electro-assisted catalytic
wet air oxidation (ECWAO) for the treatment of triclosan (TCS) in wastewater. A general
kinetic model, based on the depletion of TOC as a lumped parameter, is developed to
adequately describe the kroc as a function of operating parameters. Under the optimal

conditions, TCS was mineralized with efficiencies of 92 + 1.5%.
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Chapter 5: Conclusions and Future Research
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5 Conclusions and Future Research

5.1 Conclusions

Based on the premise of optimizing yolk-shell magnetic nanoparticles for
application as catalysts in catalytic wet peroxide oxidation, this thesis considered the
synthesis of CoFe;Os@void@C materials. XRD, TEM, and FTIR analysis revealed that
the core is composed by a CoFe>O4 cubic spinel structure with space group Fd-3m, with
a crystallite size of 53 nm, calculated using the W-H method which is in agreement with
the average size observed by TEM (53.51 £ 4.2 nm). The average size of the hybrid coated
ferrite nanoparticles increases to 58.7 = 8.1 nm due to the coating introduced.

The treatment of waters containing paracetamol is promising when considering
the CWPO process with CoFexOs@void@C as a catalyst. The CWPO runs conducted
revealed that over half of the paracetamol is converted in less than two hours of reaction
at the operating conditions of 80 °C, Ceo; = 2.5 g'L" and Cparaceramor = 100 mg-L!. During
the oxidation reactions, it was possible to provide an excellent recovery of the catalyst.
For the 0.25 g of catalyst applied in each run, it was possible to recover approximately
0.246 g using a magnetic field. The CWPO of paracetamol with CoFe,Os@void@C lead
to a mineralization value of 58%. The hybrid material succeeds in avoid iron leaching and
proved to be a stable catalyst, the amount of iron at the end of the reaction being equal to
1.59 mg-L!, which is within the limit concentration of 2 mg-L™ of iron in water,

established by the European Union laws.

The CWPO of PCM with the CoFe>O4@void@C catalyst can be well-described
by an empirical kinetic model composed of a second-order and an autocatalytic
expression to describe the decomposition of H,O, and PCM, respectively. In this sense,
it is possible to predict the induction period, which takes place in the process. The kinetic
model of TOC can be well-described as the sum of the initial pollutant plus the oxidation
intermediates from the PCM and the organic components that are refractory to the

process.
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5.2 Future Research

A complementary work that could be done with the CoFe,Os4@void@C catalyst
is its application as a catalyst in the CWPO of other contaminants of emerging concern,
such as ibuprofen, nitrophenol, and chlorophenol, among others. It is also important to
test other samples of the hybrid coated ferrite with the same procedure, but with a lower
time of calcination, to test whether or not the material maintains the same magnetic

behavior.
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ANNEX A
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Figure I — Magnetic stirring plate IKA® C-MAG HS 7 with temperature control IKA® ETS-D5

Figure II — Electric muffle furnaces, N-8 L
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Figure III — Ultrasounds — H, P-Selecta

Figure IV — Vertical tubular furnace ROS 50/250/12, Thermoconcept
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Figure V — T70 UV-Vis spectrophotometer, PG Instruments Ltd
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Figure VI - HPLC High performance liquid chromatography
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Figure VII - Total Organic Carbon - SHIMADZU TOC

Figure VIII - XRD / Bruker D8 Discover diffractometer
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