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RESUMO

CONTRIBUICAO DOS PROCESSOS HOMOGENEO E HETEROGENEO PARA A
ATIVACAO DO PEROXIMONOSULFATO  UTILIZANDO  FERRITA
MAGNETICA DE COBALTO — O processo catalitico (c-POA), que utiliza 6xidos
metalicos (ou outro tipo de material) para a ativacao de varios oxidantes como perdxido
de hidrogénio (H20-), peroxidisulfato (PDS, S;0s?) e peroximonosulfato (PMS,
HSOs"), entre outros, constitui um dos processos oxidativos avangados (POA) que pode
ser usado para o tratamento efetivo de &guas superficiais e de abastecimento
contaminadas por compostos organicos sintéticos. Particularmente, as ferritas
magnéticas possuem a vantagem de serem reutilizadas e separadas com facilidade do
meio reacional. Contudo, hd uma grande lacuna na literatura no que se refere a
participacdo/atuacdo dos ions lixiviados daqueles Oxidos metélicos no processo de
ativacao dos oxidantes, bem como o estudo das modificacOes superficiais que ocorrem
nos oOxidos apos serem utilizados. Desse modo, o0 objetivo do presente trabalho foi
desvendar o papel da ferrita magnética de cobalto (CoFe20.), e ions Co(ll) adicionados
a mistura de reacdo, na oxidacdo quimica in situ (ISCO da sigla em inglés) do inseticida
imidacloprida (IMD) utilizando peroximonosulfato (PMS), bem como os efeitos
superficiais na ferrita e decorrentes do processo ISCO. Para tanto, efetuou-se a sintese
da CoFe204 por meio dos métodos sol-gel (SG) e coprecipitacdo (Cpt), seguida de sua
calcinacdo em mufla (400 °C e 700 °C) por 1 h, e os materiais obtidos foram
caraterizados como preparados (CP) e, apds utilizacdo nos ensaios de degradacdo do
poluente (Us). A aplicagdo da CoFe.O4 para a ativagéo in situ do PMS envolveu o estudo
da concentracdo do catalisador e do PMS, efeito do tampéo fosfato e do pH, bem como
de distintas matrizes aquosas. Com base nos resultados obtidos, baixas concentracdes
de CoFe204 (0.125 g L) e de PMS (500 pmol L) sdo suficientes para a completa
oxidacdo da IMD. Além disso, constatou-se que pequenas concentra¢des (da ordem de
nug L) do fon Co(ll) sdo suficientes para oxidar totalmente a IMD, corrigindo e
monitorando-se 0 pH do meio reacional, o que auxiliou na explicacdo do porqué todos
0s materiais sintetizados conduzirem as mesmas taxas de oxidag¢do da IMD. Algumas
tentativas de se evitar a lixiviacdo de ions Co(ll) foram conduzidas, porém, ndo foram
bem sucedidas. Analises por cromatografia liquida acoplada a espectrometria de massas
possibilitaram a identificacdo de apenas 5 intermediarios, partindo-se da IMD, cujas
principais modificagcbes estruturais foram decorrentes de rupturas no anel
imidazolidinico e/ou hidroxila¢Bes sucessivas. Como esperado, as principais espécies
reativas de oxigénio identificadas foram os radicais hidroxila (HO®) e sulfato (SO4*"),
bem como a espécie nao radicalar oxigénio singleto (*0). As Ultimas espécies levaram
a altos niveis de oxidacdo do IMD, mesmo em uma matriz aquosa complexa, como
aguas residuais municipais simuladas, as custas de uma diminuicdo de uma ordem de
grandeza na taxa de oxidacdo do IMD. Finalmente, foi proposta uma rota de ativacéo do
PMS pelo solido e ions Co(ll) com base nos materiais ensaiados e dados obtidos.

Palavras-chave: Processo de oxidacdo avancado; lixiviacdo de ions Co(ll); catalise
heterogénea; contaminantes emergentes; radicais hidroxila; processo homogéneo
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ABSTRACT

CONTRIBUTION OF HOMOGENEOUS AND HETEROGENEOUS PROCESSES
TO THE ACTIVATION OF PEROXYMONOSULFATE USING COBALT
MAGNETIC FERRITE — The catalytic process (c-AOP), which utilizes metal oxides
(or another type of material) to activate various oxidants such as hydrogen peroxide
(H20.), peroxydisulfate (PDS, S>0s*"), and peroxymonosulfate (PMS, HSOs"), among
others, constitutes one of the advanced oxidative processes (AOP) that can effectively
treat surface and supply waters contaminated by synthetic organic compounds. In
particular, magnetic ferrites have the advantage of being reusable and easily separated
from the reaction medium. However, there is a significant gap in the literature regarding
the participation/action of ions leached from those metal oxides in the oxidant activation
process, as well as the study of the surface modifications that occur in the oxides after
use. Therefore, the objective of the present work was to elucidate the role of cobalt
magnetic ferrite (CoFe204), and Co(Il) ions added to the reaction mixture, in the in situ
chemical oxidation (ISCO) of the insecticide imidacloprid (IMD) using
peroxymonosulfate (PMS), as well as the surface effects on ferrite resulting from the
ISCO process. For this purpose, CoFe;O4 was synthesized using the sol-gel (SG) and
co-precipitation (Cpt) methods, followed by calcination in a muffle furnace (400 °C and
700 °C) for 1 h, and the materials obtained were characterized as-prepared (AsP) and,
after use in the pollutant degradation tests (Us). The application of CoFe2O4 for the in
situ activation of PMS involved studying the catalyst dosage and PMS concentration,
the effect of phosphate buffer and pH, as well as different aqueous matrices. Based on
the results obtained, low concentrations of CoFe2O4 (0.125 g L) and PMS (500 pmol
L!) are sufficient for the complete oxidation of IMD. Furthermore, it was observed that
even small concentrations (in the order of pg L™!) of the Co(II) ion also resulted in the
complete oxidation of the pollutant, with pH correction and monitoring of the reaction
medium contributing to this process. This finding contributes to the understanding of
why all synthesized materials exhibit similar rates of IMD oxidation. Some attempts to
prevent the leaching of Co(II) ions were carried out; however, they were not successful.
Analysis by liquid chromatography coupled to mass spectrometry allowed the
identification of only 5 intermediates, starting from IMD, whose main structural
modifications were due to ruptures in the imidazolidine ring and/or successive
hydroxylation reactions. As expected, the main reactive oxygen species identified were
hydroxyl (HO®) and sulfate (SO4°*") radicals, and the non-radical singlet oxygen (10»).
The latter species led to high levels of IMD oxidation, even in a complex aqueous matrix
such as simulated municipal wastewater (SMWW), albeit with an order of magnitude
decrease in the rate of IMD oxidation. Finally, a mechanism for PMS activation by solid
and Co(II) ions was proposed based on the materials tested and data obtained.

Keywords: Advanced oxidation process; Co(II) ion leaching; heterogeneous catalysis;
emerging contaminants; hydroxyl radicals; homogeneous process
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1. INTRODUCTION

Currently, large quantities of products are being produced and
consumed around the world to improve human quality of life. The residues of
these products often find their way into the environment through various routes
and are not degraded by natural microorganisms due to their non-biodegradable
nature. As a result, they contaminate surface and underground waters. This
situation has become a global problem for modern society, given the scarcity of

natural resources and the growing demand from the population.

Industrial activity, including mining, food processing, textile and
tanning industries, as well as paper and cellulose production, constitutes the
primary cause of water pollution. However, other sources of contamination such
as agriculture, inadequate drinking water supply, and the absence or substandard
quality of sewage and industrial effluent treatment facilities also contribute

significantly.

In recent years, studies on water contamination have garnered
increasing attention, as evidenced by the number of articles published between
2014 and 2023. According to data from the Web of Science database, the number
of papers focusing on this theme (keyword: water pollution) has surged from
4,130 articles in 2014 to over 12,400 in 2023, totaling approximately 84,200
articles over the entire period, as shown in Figure 1.1. These results underscore
the significant interest of the international scientific community in addressing this
issue, which profoundly impacts the health of living organisms and marine

ecosystems.
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FIGURE 1.1 Number of articles published in the Web of Science database
(keyword: water pollution) between 2014 and 2023. Accessed on 01/23/2024.

A report by the World Health Organization (Drinking-water) [1]
revealed that in 2022, approximately 27% of the world’s population lacked access
to basic quality drinking water services, adversely affecting the health and
economies of these countries. It is estimated that each year, approximately
505,000 deaths occur globally due to diarrhea and other preventable diseases such
as cholera, dysentery, and typhoid, caused by consuming contaminated water,

particularly in regions with lower levels of socioeconomic development.

Furthermore, data from the United Nations (World Population
Prospects 2022) [2] indicated that the global population reached 8.00 billion in
2022, with projections suggesting an increase to 9.70 billion by 2050 due to rapid
population growth. This trend is expected to lead to higher levels of production
and consumption of raw materials, products, and services to meet growing needs.
Consequently, there will be an increase in the generation of organic contaminants

in the environment, particularly in water bodies worldwide.

Many of these compounds are classified as emerging pollutants [3],

which refer to natural or man-made chemicals or materials that are not commonly
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monitored but have been detected in water bodies at very low concentrations
(nanograms or micrograms per liter). These pollutants possess toxicity or
persistence characteristics that can significantly impact the metabolism of humans
or aquatic animals [4-5]. Examples of emerging pollutants include pesticides,
pharmaceutical and personal care products, hormones, textile dyes, illicit drugs,

perfluorinated compounds, nanomaterials, and microplastics, among others [6-8].

Numerous emerging pollutants have been detected in various

matrices and regions across the planet, as detailed in Table 1.1:



TABLE 1.1 Distribution of some emerging pollutants on the planet.

Reference Emerging Pollutants Matrix Country Geografical Area
[9] Microplastics Wastewater Uruguay South America
[10] WWTP samples USA North America
[11] 20 types of pharmaceutical products. Drinking water Germany Europe
[12] 26 active pharmaceutical components (APIs) and/or Surface waters USA North America
their metabolites.
[13] 33 pharmaceutical and personal care products (PPCPs) Ground water Korea Asia
and 4 pesticides.
[14] 14 pharmaceutical products and illicit drugs. Wastewater South Africa Africa
[15] A total of 102 pollutants were detected in water, 67 in | Surface water, lake USA North America
sediment and 35 in fish tissue. sediments and fish.
58 compounds (14 pharmaceuticals and personal care Raw and treated
[16] products, 10 illicit drugs, 8 industrial compounds, 9 | sewage, surface and Brazil South America
hormones and 17 pesticides. ground waters and
drinking water.
[17] 15 pharmaceuticals and 25 pesticides. Surface water Brazil South America




Microplastics represent a novel type of emerging contaminant that
currently requires global investigation and monitoring due to the limited
understanding of their distribution and environmental effects. In this context,
Sierra et al., [9] and Conley et al., [10] detected various types of microplastics in
wastewater samples, with concentrations ranging from 5.3 to 8.2x102 items per
m? in Montevideo, Uruguay, and from 1 to 30 particles per liter in wastewater
treatment plant (WWTP) samples in the United States, respectively. Sierra et al.,
[9] identified cellulose fibers and various polymers such as polyethylene (PE),
polypropylene (PP), polyethylene terephthalate (PET), and polyvinyl chloride
(PVC) in their samples, with sizes ranging from 70 to 600 pum. However, Conley
etal., [10] found microplastics with smaller dimensions (20 to 300 pum), classified
as fibers and particles in WWTP samples, demonstrating the high levels of

removal efficiency in US effluent treatment plants (over 85%).

Houtman et al., [11] demonstrated the presence of various
pharmaceutical products in three drinking water production plants in Germany.
Despite being detected at low concentrations (around 25 ng L), the identified
medications included stimulants, antidiuretics, antibiotics, analgesics, and
antidepressants. Moreover, pharmaceuticals products and other pollutants such as
hormones, industrial resides, illicit drugs, pesticides and personal care products,
were found (with concentrations ranging from ng L to mg L) in various
agueous matrices, mainly surface waters and wastewater in other parts of the
world. This was evidenced in the studies by Schwab et al., [12]; Lee et al., [13];
Archer et al., [14] and Deere et al., [15]. These findings indicate that water bodies
are often contaminated not only by individual types of pollutants but also by a
combination of various contaminants, potentially exacerbating the adverse effects

on human health and the environment.

Brazil shares similarities with other countries worldwide, as it also
faces a significant presence of emerging pollutants detected in various water

bodies, as evidenced by studies conducted in different regions [16,17]. Montagner
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et al., [16] identified 58 compounds, including pharmaceutical and personal care
products, illicit drugs, hormones, pesticides, and other industrial products, with
concentrations ranging from 10 to 10,000 ng L, in surface and groundwater,
drinking water, and untreated and treated wastewater from several cities in Sdo
Paulo state. The most frequently detected compounds were caffeine, bisphenol A,
carbendazim, estrone, 17a-cthynylestradiol, 17B-estradiol, malathion,
paracetamol, diclofenac, imidacloprid, and atrazine. The low levels of removal
efficiency of effluent treatment processes (often below 50%) or direct discharge
of untreated wastewater into surface water were identified as possible causes for

their presence.

Perin et al., [17] arrived at a similar conclusion, detecting 25
pesticides and 15 pharmaceuticals (with concentrations ranging from 6 to 580 ng
L-1), and various inorganic contaminants in water samples collected from Lake
Guaiba in Rio Grande do Sul state. Pharmaceuticals detected included B-lactams,
antibiotics, B-blockers, anesthetics, and non-steroidal anti-inflammatories, while
the pesticides atrazine and simazine were consistently present in all samples,
reflecting their common use in soybean crops in the region. Most of these organic
compounds pose a potential risk to aquatic life, particularly algae, invertebrates,
and fish, underscoring the importance of implementing measures to reduce and
prevent their presence. Therefore, comprehensive monitoring analyses are
essential for identifying and quantifying the main contaminants in each region,

taking into account their level of economic and social development.

On the other hand, many of these contaminating substances are not
easily removed by conventional effluent treatment plants, as indicated by the
research conducted by Blackbeard, Diaz-Gardufio and Subedi [18-20].
Consequently, they become persistent organic pollutants (POPs), a matter of
concern within the global scientific community. Ingestion of water contaminated
by POPs can lead to various health problems [7, 21-22], and their presence can

also cause significant harm to aquatic ecosystems due to their bioaccumulative
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nature. In response to these concerns, environmental organizations and the general
population have been exerting consistent pressure to adopt strategies aimed at
reducing water body pollution and controlling the emission and/or elimination of
POPs [23-24]. Improving the quality of drinking water and sanitation is essential
for fostering a more sustainable and environmentally-friendly society, as reflected

in the Sustainable Development Goals outlined by the United Nations [25].

In this scenario, Schwarzenbach et al., [26], described the main
scientific challenges associated with water pollution caused by organic
compounds. These challenges include: i) assessing the impact of these pollutants
on public health and the environment; ii) identifying effective treatment methods;
and iii) minimizing contaminated effluents or developing environmentally-
friendly production processes. Consequently, there is an urgent need to explore
and implement new technologies, preferably sustainable ones, for the efficient
treatment of effluents containing organic pollutants. In this context, the
development of advanced oxidation processes (AOPs) presents a promising

alternative solution.

AOPs comprise a series of processes that generate free radicals,
primarily hydroxyl (HO¢) radical, through different means to degrade organic
pollutants. According to Miklos et al., [27], AOPs are generally categorized into
five groups: i) Os-based; ii) UV-based (ultra-violet); iii) physical (f-AOPSs); iv)
electrochemical (e-AOPs); and v) catalytic (c-AOPs). Specifically, catalytic
oxidative processes (c-AOPs), where reactive species are generated in situ from
the catalytic decomposition of various oxidants (primarily hydrogen peroxide
(H20,), peroxymonosulfate (PMS, HSOs") and peroxydisulfate (PDS, S;0g%?)) in
the presence of catalysts, have garnered significant interest in recent years due to

their simplicity, ease of operation, and versatility [28].

Oxidants are activated by heterogeneous catalysis through electron

transfer reactions with transition metal (or another species), resulting in the



homolytic cleavage of the peroxide bond (-O-O-) and, consequently, the
formation of hydroxyl (HO~-) or/and sulfate (SO4¢") radicals, according the Egs. 1
to 3:

M™ + H,0, — M™D* + HO« + OH" (1)
M™ + HSOs~ — M®™*D* 4+ SO4e~+ OH- (2)
M™ + 5,082 — MO D* + SO4e~ + SO,* (3)

Hydroxyl radicals possess a high oxidation potential (E° = 2.72
V/SCE) and a short half-life (~20 ns) [29]. On the other hand, the sulfate radical,
derived from the activation of persulfate compounds such as peroxymonosulfate
(PMS, HSOs") and peroxydisulfate (PDS, S,0g%") [30] (see Egs. 2 and 3), exhibits
a comparable oxidation potential (E° = 2.44 V/SCE), a longer half-life (t;, ~ 40
us), and greater selectivity compared to the hydroxyl radical [29]. Furthermore,
these radicals display different reactivities depending on the reaction medium; for
instance, HO- radicals prevail under neutral to alkaline conditions, whereas SO4¢~

radicals are generally predominant under neutral to acidic conditions [31].

In particular, the activation of the PMS oxidant can generate not only
the SO+ radical (see Eq. 2), but also other highly reactive species such as the
HO- radical and the non-radical singlet oxygen (*O,). The latter is produced as a
result of the reaction of the SOs*~ species with H,O, as shown below in Egs. 4 to
6 [30]:

M™ + HSOs~ — M®*D* + SO, + HO- (4)
MO*D* + HSO5™ — M™ + SOge™ + H* )

2505+~ + H,0 — 2HSO, + 1.5 10, (6)



Furthermore, the 'O, species can also be formed by the self-
decomposition of the oxidant PMS in a predominantly basic medium, as described
by EQ. 7. This occurs when the pH of the solution exceeds the second pK, (9.4)
value of PMS [32].

HSOs + 80527 — HSO4 + 80427 + 102 (7)

Although the singlet oxygen is a weaker oxidant compared to
hydroxyl and sulfate radicals [30], this non-radical species exhibits greater
selectivity than the other (HO< and SO4¢") radicals. Singlet oxygen exclusively
reacts with persistent organic pollutants (POPs), unaffected by the wide variety of
interferents commonly present in real aqueous matrices such as inorganic ions
(CI-, Br, I, COs?*, HCOs, H,PO,4-, HPO4Z, etc.) and dissolved organic matter,
which comprises a complex mixture of humic acids and other organic compounds
containing aliphatic, aromatic, and olefinic moieties [30]. This unique property of
singlet oxygen makes it particularly valuable for environmental chemistry

applications.

The generation of all these highly reactive species facilitates the
degradation of several organic pollutants, resulting in the formation of byproducts
with lower toxicity. In some cases, complete mineralization is achieved, leading

to their conversion into CO,, H,O, NOs, etc., as shown in Eq. 8:
Pollutant + SO~ + HO* + 10, — Byproducts + CO,+ H,0 (8)

The most commonly utilized materials as catalysts for activating
oxidants and effectively removing numerous organic pollutants include metals
and their mixtures (such as Co, Cu, and Fe), metal oxides (primarily derived from
Fe and Mn), and carbon-derived compounds, among others [33-37]. Particularly
noteworthy is the use of magnetic ferrites, which are metallic oxides, often in
conjunction with other materials, to effectively activate oxidants and generate
both radical and non-radical species. This approach has remained relevant in the
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literature, primarily due to its high oxidation rates and the ease of recovering

solids (enabling water or treated effluent separation) for future reuse [38-40].

Kakavandi et al., [38] synthesized a ferrite composite through the
chemical precipitation of cobalt with carbon nanotubes to activate the oxidants
H,0,, PMS, and PDS, in the presence or absence of ultraviolet light at 254 nm.
They achieved complete oxidation of bisphenol A compound within 60 min of
treatment, with a 70% mineralization rate. The authors suggested a high degree of
synergism of the composite for pollutant degradation, although this claim was not
well supported by the data presented in the study, particularly when comparing
the sum of individual effect values with the experimental value obtained.
Additionally, irradiation with UVC-type light results in high homolysis rates of

the oxidants used.

Y. Li et al., [39] investigated the effect of different compositions of
cobalt ferrite (Co:Fe molar ratio equal to 1:16, 1:8, 1:4, 1:2, and 3:4 and via
chemical precipitation synthesis) on the activation of the PMS oxidant across a
wide pH range (3 to 11) for degrading the antibiotic sulfamethoxazole (SMX).
Although varying molar proportions affected the crystallinity and morphology of
the material, the CoFe,O4 compound (with a Co:Fe molar ratio of 1:2) yielded the
best results, achieving approximately 90% SMX oxidation within 10 min. This
compound effectively activated PMS and generated reactive species (HOe, SO4¢
and 'O,) regardless of the solution’s pH. However, the authors did not provide an
explanation for why varying stoichiometric proportions did not impact the

percentage of SMX oxidation or PMS activation.

In both presented studies, the deleterious effect of the presence of
inorganic ions on the oxidation rates of organic pollutants was observed.
However, according to Y. Li et al., [39], the effect of leached ions (Co(ll) and
Fe(ll1)) was not significant concerning SMX degradation or PMS activation. In

this context, Fontecha-Camara et al., [40] investigated the effect of mixed Fe
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oxides (specifically CuFe,0O,, Fe,O3 and FeTiO3, obtained commercially) on the
oxidation and mineralization of gallic acid via activation of the H,O, oxidant.
Despite achieving complete oxidation and mineralization of gallic acid within 30
min of the experiment, the authors observed a significant leaching of Fe(l1l) and
Cu(ll) species into the solution, at a concentration of a few mg L. Additionally,
they noted that the effect produced on the oxidation and mineralization of the
target compound, due to the presence of dissolved ions, was substantial. In other
words, the effects of homogeneous and heterogeneous catalysis overlapped.
According to the authors [40], the high leaching of the constituent ions of the
compounds could be attributed to the pH of the medium, the type of pollutant
treated, and the organic intermediates produced. These last two aspects are likely
due to the complexation and stabilization of the metal ion in solution. Considering
these factors, it would be beneficial to explore the effect of the type of metal ion

in solution and the catalyst’s synthesis method.

The catalytic effect of dissolved ions is indeed of paramount
importance and has not received significant attention in the literature, as
investigated by Anipsitakis and Dionysiou [41] for Co(ll) species in solution.
Their work revealed that extremely low concentrations of Co(ll) in solution (in
the range of mg L) are sufficient for rapid oxidation (within 1 min) of 2,4-
dichlorophenol via activation of the PMS oxidant in a buffered phosphate
medium. On the other hand, several studies utilizing CoFe,O, magnetic ferrite
(CMF) reported a low contribution (in the pg L™ range) of leached Co(ll) ions to
oxidize various emerging organic pollutants, as indicated in Table 1.2 for selected

papers.
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TABLE 1.2 Some reference papers that utilize CoFe,O, and PMS, as oxidizer, to examine the concentration and role of Co(ll)

ions that have leached into the assayed solution.

Reference Compound Experimental conditions highlights Co(l1) ion leaching issue
Magnetic CoFe,Q, | - Hydrothermal synthesis of TNTSs. The composite led to
[43] nanoparticles -CoFe,04/TNTs composite synthesized by | significant reduction of Co(ll)
supported on titanate impregnation + calcination. ion leaching (from 928 ug Lt
-1
nanotubes - Rhodamine B and phenol: catalyst dosage: 10 mg to | ©© 662 rg L™).
(CoFe,O4/TNTS) 21 mg; Oxone =4 g L1
- Hybrid aerogels synthesized by freeze-drying. All experimental conditions
CoFe,0,@Graphene | - Flowing experiments: 25 to 100 mg L organic | ledto Co(ll) ion leaching lower
[44] hybrid aerogels (indigo carmine, methyl orange, orange 11, malachite | than 1 mg L.
green, phenol and norfloxacin), PMS solution (0.2 - 0.6
g L), flow rates of 60, 90, or 120 mL h
- Salt precursor + 2-methylimidazole followed by | The detected concentration of
CosFe—CoFe,0, pyrolysis under N, atmosphere. Co and Fe ions were 0.052 and
[42] | Ccomposite - 2,4-Dichlorophenol (2,4-DCP: 50 mg L%, 200 mL) + | 0.036 mg L™, respectively.

catalyst (0.05 gL ™) +PMS (1.25¢gL™?)
- Optimum pH: 7.7

Low 2,4-DCP oxidation (20%
in 30 min) was reported for the
homogeneous reaction.
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TABLE 1.2 (continuation) Some reference papers that utilize CoFe,O, and PMS, as oxidizer, to examine the concentration

and role of Co(ll) ions that have leached into the assayed solution.

Reference Compound Experimental conditions highlights Co(ll) ion leaching issue
- Co-precipitation using salt precursors + EG (700°C/1 | Co and Fe leaching equal to
Expanded min) thermally treated at 400 °C/2 h 0.129mg L?! and 0.025mg L*,
[45] | graphite (EG) | Sulfamethoxazole (SMX) at 10 mg L™%: investigation of | respectively, without investigation
loaded with EG/CoFe,O4 mass ratio, catalyst dose (0 — 0.8 g L1, | of homogeneous reactions.
CoFe;04 PMS concentration (0 — 0.4 mM), initial pH (3 — 11),
SMX initial concentration (2.5 — 15 mg L), and
interfering ions (CI-, HCOs~, and HPO4*)
- Co-precipitation using salt precursors + heat treatment | The Fe and Co concentration were
Co,Fes, 04 with | at 600 °C/1 h 0.32 and 0.43 mg L%, respectively,
different molar | - SMX (10 mg L%): investigation of catalyst dose (0.05, | after the 5™ cycle. Only a small
ratios of Co:Fe |0.1, and 0.2 g L%), PMS concentration (0.2, 0.4, 0.6, | contribution from homogeneous
[39] | (1:16, 1:8, 1:4, | and0.8gL™), solutionpH (3.0,5.0,7.0,9.0, and 11.0), | reactions (17% - solution pH
1:2, and 3:4) interfering ions (CI-, HCO3~, NO3~, and SO.2) unknown) was observed. Co ion

concentration also ranged from 0.2
to 0.7 mg L depending on the
solution pH.
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TABLE 1.2 (continuation) Some reference papers that utilize CoFe,O, and PMS, as oxidizer, to examine the concentration

and role of Co(ll) ions that have leached into the assayed solution.

Reference

Compound

Experimental conditions highlights

Co(ll) ion leaching issue

synthesized by

phosphorization

- Hydrothermal synthesis of CoFe,O,4 followed by its
low temperature phosphorization using NaH,PO,

The reported leached Co ions
during the recycling test (5 cycles)
were very low and equal to 0.082,

[46] - Sulphachloropyridazine sodium (SCP) as target
of CoFe;04 pollutant: investigation of distinctly prepared | 0.053, ~ 0.027,  0.024, and
compounds and oxidants, pH values, PMS |0.023mgL™. No homogeneous
concentration, and catalyst dosage. experiments were carried out.
Core-shell - lon exchange calcination method. The reported Co ion leached after
Fe203@CoFe20; | - Phenol (10 mg L) as target pollutant: investigation | the  first cycle (during the
[47] | Nybrids of catalyst dosage (5, 10, 20, 30 mg L), PMS | recycling test) was 0.0198 mg L.

microspheres

concentration (1, 2, 3, 4 mM), initial pH (3, 5, 7, 9),
solution temperature (25, 35, 45, 55 °C), and
interfering ion (SO4*, CI")

Further measurements were below
No
was

detection limit.
experiment

the
homogeneous
carried out.
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TABLE 1.2 (continuation) Some reference papers that utilize CoFe,O, and PMS, as oxidizer, to examine the concentration

and role of Co(ll) ions that have leached into the assayed solution.

Reference Compound Experimental conditions highlights Co(ll) ion leaching issue

CoFe,0y4 - Hydrothermal synthesis of CoFe,O, from salt | The amount of Co ion leached
supported on | precursors and graphene oxide. ranged from 0.18 mg L to 0.35

[48] three-dimensional | . Benzotriazole (BTA: 100 mg L for 100 mL): | Mg L after the 7th cycle during
graphene aerogels | investigation ~ of the  CoFe,O,  composite | the stability test of
(CoFe:04@3DG) | (CoFe,0,@3DG, CoFe,0,@rGO, CoFe;O,s, 3DG), | CoFe:0,@3DG.

pH (3,5, 7,9, 11), PMS concentration (4 — 16 mM)

CoFe bimetallic | - Solvothermal synthesis of CoFe@FS. Up to 0.7 mg L of Co ions was
composite - Ciprofloxacin (100 mL at 10 mg L): investigation | detected. Homogeneous
(CoFe@FS) of catalyst load (0.05, 0.1, 0.2, and 0.3 g L™%), PMS | experiments were carried out, but

[49]

concentration (1, 1.5, 2, 25 mM), initial CIP
concentration (5, 10, 20, 50 mg L™1), initial pH (2.99,
5.09, 7.02, 9.01), temperature (5, 15, 25, 35 °C),
inorganic (CI-, NOs~, SO4* and HCO3") and organic
(humic acid) interferents.

led to a lower oxidation rate and
level with respect to the
CoFe@FS.
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TABLE 1.2 (continuation) Some reference papers that utilize CoFe,O, and PMS, as oxidizer, to examine the concentration

and role of Co(ll) ions that have leached into the assayed solution.

Reference Compound Experimental conditions highlights Co(ll) ion leaching issue

CoFe;04 - Oil sludge activation mixed with Co and Fe salt | The amount of Co ion leaching
nanoparticles | precursor and followed by heat treatment. increased with the recycling
[so] | dispersedinanoil |- Norfloxacin (30 WM) as target pollutant: experimerlns (from ~10 pg L™ to
sludge carbon | jnvestigation of initial pH (3.2, 4.5, 5.9, 7, 8.4), PMS | 50 pg L ™). Acidic solutions also
(OSC), concentration (0.2, 0.4, 0.6, 0.8, 1 mM), catalyst | led to higher Co ion amounts. No
previously dosage (0.125, 0.25, 0.5, 1 g L %), temperature, and | homogeneous —experiment was

activated — cycles of catalyst (10 experiments) carried out.

CoFe,04/0SC
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As observed, the use of CoFe,O,4 and other compounds derived from
magnetic ferrites can indeed result in the liberation of significant amounts of
metallic ions into the reaction mixture. However, since the catalytic effect of these
species is often underestimated or misunderstood, an in-depth investigation is

recommended to clarify this issue.

Considering the above, the objective of this Doctoral Thesis is to:
investigate the contribution of homogeneous and heterogeneous processes,
using a CoFe>0O4 magnetic ferrite (CMF) and metal ions in low concentrations,
for the activation of the PMS oxidant (HSOs") and degradation of the insecticide
imidacloprid (IMD). The primary hypothesis is to determine whether the solid
oxide (CMF) is necessary or if the dissolved metal ions alone are sufficient to
activate the PMS oxidant and degrade the organic contaminant IMD (see chemical
formula in Figure 1.2). Addressing this question will provide valuable insights

that may guide future research in the correct development of catalysts.

NO,
N/

NT N NH

=

Cl

FIGURE 1.2 Chemical structure of imidacloprid (IMD) insecticide -
CoH1oCINsO, and MW: 255.6615486 g mol 2.
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Thus, CoFe,04 nanoparticles were synthesized using the sol-gel (SG)
and co-precipitation (Cpt) methods. The activation of PMS through homogeneous
or heterogeneous processes were investigated with and without a buffer solution
at neutral conditions (~ pH 7), employing different concentrations of CoFe,0,,
Co(ll) ions, and PMS to assess the structural and electrochemical changes
occurring during the catalytic process (mainly on the solid material), including
the effect of the CMF synthesis procedure. All materials were characterized for
their morphology, crystalline structure, surface oxidation state, and
electrochemical parameters. This characterization involved techniques such as
high-resolution transmission electron microscopy (HRTEM), X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), and electrochemical measurements, both before and after use
in the IMD degradation experiments. The main organic intermediates and working
oxidants were identified using liquid chromatography coupled to high-resolution
mass spectrometry (UHPLC-QToF MS).

Further details about additional tests that were carried out, as well as
the analytical techniques applied, will be described in the Materials and Methods
section of this research work. Then, all obtained results and main conclusions will

be discussed in the Results and Discussion and Conclusion sections, respectively.

The primary societal implication of this research is to elucidate the
activation mechanism of the peroxymonosulfate oxidant. This process generates
potent radicals capable of oxidizing organic pollutants frequently found in

effluent streams.
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2. MATERIALS AND METHODS

2.1 Chemical reagents

The chemical reagents, including IMD (Imidacloprid, Milenia
Agrociencias S/A), Fe(NOs3);*9H,O and Co(NOs),*6H,O (analytical grade
reagent — a.r., Acros Organics), NaOH (a.r., Panreac), Ethanol (absolute grade,
Sigma Aldrich), PVA (Polyvinylalcohol, a.r., available as Mowiol® 18-88, Sigma
Aldrich), PVDF (polyvinylidene fluoride, a.r., Sigma Aldrich), K;HPO, (a.r.,
Sigma Aldrich), H,SO, (a.r., Merck), Na,S;03*5H,O (a.r.,, Synth), PMS
(Potassium peroxymonosulfate, a.r., available as Oxone®, Sigma Aldrich), KI
(a.r., Synth), NaHCOg (a.r., Sigma Aldrich), isopropyl alcohol (99.8%, Panreac),
tert-butyl alcohol (99.7%, Neon), furfuryl alcohol (a.r., Sigma Aldrich), L-
histidine (a.r., Sigma Aldrich), 9,10-anthracenediyl-bis(methylene) dimalonic
acid (ABDA: a.r., CaymanChem), DMPO (5,5-dimethyl-1-pyrroline N-oxide,
a.r., CaymanChem), HCOOH (a.r., J.T.Baker), Na,S;0; (a.r. Synth), CH;OH
(HPLC grade, JTBaker) were used as received without prior treatment. All
solutions were prepared using deionized water (Millipore Milli-Q Direct-Q® 5 UV
system, r >18.2 MQ cm).

2.2 Synthesis of CoFe>O4 magnetic ferrite (CMF) nanoparticles

CoFe,O,4 nanoparticles were synthesized by the SG and Cpt methods
as reported in literature (Srinivasa Rao et al., [51]; Basak et al., [52]). Briefly, in
the first case, 0.5 g of polyvinyl alcohol (PVA) was dissolved in 100 mL of water
at 90 °C, followed by the addition of precursor salts, Co(NO3),*6H,0O (0.01 mol)
and Fe(NO3)3*9H,0 (0.02 mol). After complete water evaporation, the resulting
powder was collected and thermally treated in a muffle furnace (400 °C or 700 °C
for 1 h at a heating rate of 20 °C min™') at air conditions. In the second case, the
same amount of the precursor salts was dissolved in absolute ethanol under

magnetic stirring, followed by the dropwise addition (32 mL) of a concentrated
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NaOH solution (3 M). The resulting mixture was kept under constant stirring for
30 min under ambient conditions. Next, the resulting solid material was
centrifuged and washed several times with absolute ethanol and deionized water
(until the washing water reached pH 7) and finally dried at 60 °C for 24 h. After

this step, heat treatment was carried out in a muffle, as described above.

2.3 CMF characterization

X-ray diffraction (XRD) experiments were performed using a D8
Advanced ECO instrument (Bruker) in the reflection mode (Cu-Kay radiation of
1.54 A, 40 kV, and 25 mA) at a scanning rate of 1° min~* from 5° to 90° (26).
High-resolution transmission electron microscopy (HRTEM) was used to analyze

the surface morphology of particles using a TECNAI G2 F20 (FEI) instrument.

The surface analysis of CoFe,O, (nominal composition) was carried
out by XPS using a commercial spectrometer K-alpha XPS (Thermo Scientific).
The Al Ka line (hn = 1.486 eV) was used as the ionization source and the pass
energy of the analyzer was set to 50 eV for the high-resolution spectra. Other
parameters kept constant were spot size (300 um), energy step size (0.10 eV),
dwell time (50 ms), and number of scans (10). The inelastic background of the C
1s, O 1s, Co 2ps2 and Fe 2ps, high-resolution spectra was subtracted using the
Shirley method. The composition was determined by the relative proportions of
the peak areas corrected by the Scofield’s atomic sensitivity factors with an
accuracy of £10%. The deconvolution of the experimental spectra was performed
using a Voigtian type function, with Gaussian (70%) and Lorentzian (30%)
combinations. The width at half height varied between 1.0 and 2.0 eV and the
position of the peaks was determined with an accuracy of 0.1 eV with respect to

the hydrocarbon peak located at 294.9 eV.

The surface functional groups were determined by using Fourier

transform infrared spectroscopy (FTIR) measurements. Samples were analyzed
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using the IR-Prestige 21 spectrometer (Shimadzu), operating from 4200 to 240

cm L,

Inductively coupled plasma optical emission spectrometry (ICP-
OES) was carried out using a Thermo ICP OES iCAP 6000 (from Thermo Fischer
Scientific). The instrumental parameters optimized during analyses are described
in Table Al.

Electrochemical impedance (El: £10 mV perturbation, 5 kHz — 0.5
mHz) and open circuit potential measurements (OCP in presence or absence of
PMS and/or IMD) were performed in 0.5 M Na,SO, solution (at pH 7) at ambient
conditions using a conventional three-electrode cell with a Pt foil and an Ag/AgCl
(3 M KCI) as a counter and reference electrode, respectively. The working
electrode was composed of a carbon paper substrate on which a slurry containing
a mixture of CoFe,04 (75% m/m) was placed. The slurry was prepared at different
treatment times using 20% m/m Ketjen CB 600 (Nouryon) and 5% m/m PVDF
was deposited by drop coating and left at 60 °C for 12 h for solvent evaporation.
The slurry was previously mashed in an agate mortar and dispersed in 500 puL of

N-methyl pyrrolidone. All measurements were carried out in the dark.

The measurements were carried out for the as-prepared CMF
samples (SG and Cpt) and after 2 h of treatment. For this purpose, the catalyst
samples were collected, filtered, washed three times with deionized water, and

dried under vacuum in a desiccator for at least 12 h.

2.4 IMD oxidation and analysis of treated solutions

The in situ chemical activation of PMS using CMF for the oxidation
of IMD (50 mg L) was carried out in a water jacket glass vessel (400 mL) under
constant stirring in the dark. Firstly, 150 mL of a buffered solution (10 mM de
KH,PO, at pH 7) was added to the reaction vessel followed by the solid CMF. A
neutral solution was chosen as previously reported by X. Li et al., [53] and Zhou

et al., [42] (see Figure Al for the evolution of the zeta potential values as a
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function of the solution pH for the CMF sample). Then, the system was left under
constant stirring for adsorption during 2 h. Subsequently, solid PMS was also
added to start the oxidation reaction. The effect of different parameters such as
the CMF dosage (0.125, 0.250, 0.500 and 1.0 g L), PMS concentration (250,
500, and 1000 pM), synthesis method (SG and Cpt), and thermal treatment (400
°C and 700 °C) was studied. The solution pH was continuously monitored and
manually adjusted by adding concentrated/diluted H,SO4 or NaOH solutions.
Other operational variables, such as treatment time, solution temperature, and
stirring were kept constant at 120 min, 25 °C, and 600 rpm, respectively. The
samples were analyzed after being collected from the reaction mixture at
predetermined time intervals, filtered through a 0.22 pm cellulose acetate
cartridge, and quenched with excess Na,S;03; (1.0 M), except when residual
oxidant was quantified. A recycling test (5 consecutive degradation experiments)
was also carried out after optimization of the above conditions. For this purpose,
after each run, the CMF catalyst was recovered by magnetic separation, washed

thoroughly with deionized water, and dried under vacuum before further use.

After initial optimization using deionized water, tap water and a
simulated municipal effluent wastewater (SMWW) were tested (see Table A2 and
A3 and Text Al for characterization and composition of such water matrices of
the Appendix section) to assess the influence of common inorganic and organic

interferences in real situations.

The evolution of the IMD concentration was monitored by high-
performance liquid chromatography (HPLC, Shimadzu 20A) at 270 nm using a
core-shell C-18 reversed-phase column as the stationary phase (150 mm x 4.6 mm
i.d., 5 um particle size, 100 A pore size, from Phenomenex®). A mixture of
aqueous 0.1% (V/V) formic acid (eluent A) and methanol (eluent B) was used as
the mobile phase in a gradient elution mode (from 20% to 90% of B in 8 min and
then, back to 20% after 2 min and keeping this condition for 2 min before further

analyses). The flow rate, injection volume, and temperature of the column were
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kept fixed at 1.0 mL min?, 25 pL, and 24 °C, respectively. When required, the
amount of residual oxidant was determined using the spectrophotometric method

adapted from the work of Liang et al., [54].

Ultra-high performance liquid chromatography coupled to a time-of-
flight mass analyzer (UHPLC-QToF MS) was used in the optimized conditions to
analyze intermediates formed during the IMD oxidation process, according to a
methodology described in Text A2 and Table A4. UHPLC-QToF MS and ESR
analyses were also used to identify the main working oxidant species (mainly
HO*®) using a DMPO solution as spin probe. Experimental details can be seen in
Text A3 in the Appendix.

Experiments in the presence of commonly known scavengers (0.1 M
to assure complete reaction between radical/nonradical species with scavenger),
such as isopropyl alcohol, tert-butyl alcohol, furfuryl alcohol, and L-histidine
were used to assess the effect of HO® and SO,*~ radicals and 'O,. To get further
evidence on the role of 'O, PMS activation using CoFe,O4 and Co(ll) in the
presence of ABDA [55] was carried out, as described in Text A4. ABDA was
considered to be a specific compound to react with O,. Finally, the dissolved

oxygen concentration was measured using a Visiferm DO type sensor.

The chromatographic procedures to determine carboxylic acids and

inorganic ions can be seen in Text A5 of the Appendix section.
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3. RESULTS AND DISCUSSION

3.1 Characterization of the as-prepared CoFe>O4 magnetic ferrite (CMF)

Figure 3.1 (a to d) shows TEM images of the as-prepared cobalt
magnetic ferrite (CMF) material synthesized by SG and Cpt methods. The
morphology of the nanoparticles exhibited a globular structure with many
agglomerates for both synthesized conditions. As expected, the mean particle size
was about 10 nm and larger than 20 nm of samples heat treated at 400 °C and 700
°C, respectively — see Figure A2 and Table A5 of histograms and mean particle
sizes, respectively. The SG 700 °C/1 h compound showed an unusual size (86
nm), which was larger than the mean size of the remaining conditions. The
crystallinity of CMF nanoparticles was confirmed by HRTEM micrographs, as
shown in Figure 3.2. The lattice fringe spacing was close to 4.7 A (SG 700 °C/1
h, Cpt 400 °C/1 h, and Cpt 700 °C/1 h samples) and 2.9 A (SG 400 °C/1 h),
corresponding to the (111) and (022) diffraction planes of CMF, respectively. As
demonstrated below, the lattice fringe spacing, which corresponds to the most
pronounced diffraction peak at approximately 35° (attributable to the (113) plane),

was not discernible in the transmission electron micrographs that were analyzed.

a)

FIGURE 3.1 Transmission electron microscope (TEM) images of the CoFe,0,

magnetic ferrite (CMF) nanoparticles prepared by the sol-gel (SG: a and b) and
co-precipitation (Cpt: ¢ and d) methods and thermally treated at 400 °C (a and c)

and 700 °C (b and d).
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FIGURE 3.2 High-resolution transmission electron micrography (HRTEM)
images of the as-prepared a) SG 400 °C/1 h, b) SG 700 °C/1 h, ¢) Cpt 400 °C/1 h,
and d) Cpt 700 °C/1 h samples.

Figure 3.3 shows the XRD of the as-prepared magnetic material and
for distinct synthesis and thermal treatment. The diffraction pattern of all tested
materials can be indexed to the ICSD card number 98-010-9045 of CoFe,0,. As
expected, high temperatures led to more defined diffraction peaks without
impurities in the XRD pattern.
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FIGURE 3.3 X-ray diffraction (XRD) patterns of the as-prepared CoFe,O,
magnetic ferrite at distinct experimental conditions: SG and Cpt refer to the sol-
gel and co-precipitation synthesis procedure, respectively, followed by thermal
treatment at 400 °C or 700 °C for 1 h. Diffraction peaks were in accordance with

the ICSD card N° 98-010-9045 of CoFe,0,.

FTIR spectra of the AsP magnetic compound are showed in Figure
3.4. In general, some common features can be noticed, i.e., 1) a weak band around
3500 cm™ (more intense for the SG 400 °C/1 h sample) due to the O-H bond
stretching, which can be related by the surface terminations because of exposure
to the environment (and consequent adsorption of moisture) or, in the case of sol-
gel synthesis, to traces of polyvinyl alcohol; ii) O=C=0 stretching vibrations
because of atmospheric CO, at ca. 2350 cm™! ; iii) C=0 stretching ca. 1700 cm™;
and iv) Fe-O and Co-O bond vibration bands at ca. 560 to ca. 400 cm™,

respectively.
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FIGURE 3.4 FTIR spectra the as-prepared CoFe,O, magnetic ferrite at distinct
experimental conditions: SG and Cpt refer to the sol-gel and co-precipitation
synthesis procedure, respectively, followed by thermal treatment at 400 °C or
700 °C for 1 h.

The surface composition and bonding states of the AsP CMF
nanoparticles were investigated by ex situ XPS measurements. As can be noted in
Figure 3.5, the O 1s core-level spectra were deconvoluted into four peaks. The
main components of all spectra are related to O-Metal (O2) bonds at 530.0 eV,
hydroxyl groups (HO-Metal) at 531.2 eV, O-C and O-C=0 type bonds of surface
contamination (adventitious carbon) at about 532.0 and 533.0 eV, respectively
[56]. The main difference among these spectra is a higher contribution of
oxygenated groups of adventitious carbon and a higher intensity of the O-H bonds
due to traces of PVA observed in the SG 400 °C/1 h sample, in agreement with
infrared results. The Co 2ps, high-resolution spectra were deconvoluted into five

peaks, three of them shake-up satellites. The most intense components refer to
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CoFe,04 (and/or Co30,) at 779.7 eV and Co(OH), surface groups at 781.4 eV
[56], as shown in Figure 3.6. Clearly, for samples prepared by the sol-gel method,
the Co-OH peak intensities are higher due to the PVA precursor. The Fe 2psp
spectra, highlighted in Figure 3.7, were fitted by four components and attributed
to FeO at 709.5 eV, the most intense to CoFe,O,4 at 710.8 eV, and FeOOH at 712.3
eV. In general, all deconvoluted spectra are similar, confirming the presence of
the CoFe,O4 phase, except for the sol-gel samples where traces of PVA were
detected. Finally, as can be observed in Figure 3.8, the C 1s spectra were
deconvoluted into four peaks related to hydrocarbons (C-H) at 284.9 eV and
oxygenated groups of alcohol/ether (C-O type at 286.3 eV), carbonyl (C=0 at
287.7 eV, except for the Cpt samples), and carboxyl (-O-C=0 at 289.4 eV) and

mainly because of carbon contamination of the surface and synthesis conditions.
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FIGURE 3.5 High-resolution spectra of O 1s for the as-prepared CoFe,O4
magnetic ferrite at distinct experimental conditions: SG and Cpt refer to the sol-
gel and co-precipitation synthesis procedure, respectively, followed by thermal

treatment at 400 °C or 700 °C for 1 h.
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FIGURE 3.6 High-resolution spectra of Co 2ps;, for the as-prepared CoFe;O4
magnetic ferrite at distinct experimental conditions: SG and Cpt refer to the sol-

gel and co-precipitation synthesis procedure, respectively, followed by thermal

treatment at 400 °C or 700 °C for 1 h.
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FIGURE 3.7 High-resolution spectra of Fe 2ps, for the as-prepared CoFe;O4
magnetic ferrite at distinct experimental conditions: SG and Cpt refer to the sol-

gel and co-precipitation synthesis procedure, respectively, followed by thermal

treatment at 400 °C or 700 °C for 1 h.
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FIGURE 3.8 High-resolution spectra of C 1s for the as-prepared CoFe,O4
magnetic ferrite at distinct experimental conditions: SG and Cpt refer to the sol-
gel and co-precipitation synthesis procedure, respectively, followed by thermal
treatment at 400 °C or 700 °C for 1 h.

3.2 Catalytic performance evaluation: heterogeneous vs. homogeneous

[Processes

3.2.1 PMS activation by CoFe>O4 for IMD oxidation: effect of [CoFe.O4] and
[PMS]

Figure 3.9 shows the evolution of the remaining fraction of IMD and
PMS consumption as a function of treatment time using 500 uM of PMS at pH 7.
As noted in Figure 3.9a for the SG 400 °C/1 h sample, there is a clear synergism
between CMF and PMS showing a fast decrease in the IMD concentration. This
can be seen when comparing the summation curve (dashed line in Figure 3.9a)
from experiments without catalyst and PMS (0.125 g L of CMF), being well

above the curves when using a mixture of catalyst and oxidant. Concerning the
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oxidation rate, no significant difference of the IMD degradation curves was
observed for CMF concentrations, tested in the range of 0.125 to 1.00 g L. Al
these points indicate that i) PMS is being activated to produce HO® radical species
(see discussion in section 3.3); and ii) low amounts of CMF are sufficient for a
complete IMD oxidation. The unexpected low PMS consumption when using
high amounts of CMF is due to its agglomeration in solution (Figure 3.9b) leading
to a decrease in the available surface sites [57-58]. Consequently, 0.125 g L of
CMF is enough to assure complete oxidation of IMD and total PMS consumption.

Lower values of CMF were not assessed due to experimental limitations.
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FIGURE 3.9 a) Remaining fraction of IMD (IMD fraction) and b) PMS
consumption as a function of treatment time (t) using distinct amounts of CoFe,0,
(obtained by the sol-gel method and thermally treated at 400 °C for 1 h — SG 400
°C/1 h). Conditions: 500 uM PMS, pH 7.0, 10 mM KH,PO,, 150 mL of treating
solution with 50 mg L™! IMD at 25 °C. Error bars refer to two repetitions, except
for the oxidant consumption. All experiments were carried out in the dark. w/o =

without.
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The evolution of the IMD fraction and PMS consumption as a
function of time when using distinct concentrations of PMS (from 0 t01000 puM)
and 0.125 g L! of CMF at pH 7 can be seen in Figure 3.10a. For PMS
concentration values higher than 250 uM, complete oxidation of IMD is achieved
after 30 min. In all experiments, PMS is completely consumed within 60 min of
experiment (see Figure 3.11a); however, the initial amount of PMS seems to be
insufficient to completely oxidize IMD when using 250 uM of PMS. Similar
experiments were also carried out in the absence of the CMF material to assess
the influence of PMS to solely oxidize IMD. As can be seen in Figure 3.10b,
complete oxidation was only reached after 2 h of experiment when using 1000
UM of PMS (less than 50% of PMS consumption — see Figure 3.11b). For lower

concentrations, more than 6 h is required to oxidize IMD (to ca. 90%).
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FIGURE 3.10 Remaining fraction of IMD (IMD fraction) as a function of
treatment time (t) using distinct concentrations of PMS (see inset) a) in the
presence and b) absence (control experiments) of 0.125 g L' CMF (SG 400 °C/1
h sample). Conditions: pH 7.0, 10 mM KH,PQO,, 150 mL of treating solution with
50 mg L' IMD at 25 °C. Error bars refer to two repetitions. All experiments were

carried out in the dark.
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FIGURE 3.11 PMS consumption as a function of treatment time (t) using distinct
PMS concentration values (see inset) a) in the presence and b) absence (control
experiments) of 0.125 g Lt CMF (SG 400 °C/1 h sample). Conditions: 50 mg
L1 IMD, pH 7.0, 10 mM KH,PQO,, 150 mL of treating solution at 25 °C.

After this initial optimization concerning the catalyst load (0.125 g
L-1) and PMS concentration (500 uM) at neutral conditions, new experiments
were carried out to compare the performance of the different synthesized
materials, i.e., SG 400 °C/1, SG 700 °C/1 h, Cpt 400 °C/1 h, and Cpt 700 °C/1 h,
as shown in Figure 3.12a. For all prepared materials, the oxidation rate (close to
0.5 min?) and levels as well as the oxidant consumption were similar
independently of the synthesis conditions and particle size. This was an
unexpected behavior and may address to some uncontrolled variables, such as
Co(ll) ion leaching or even the use of buffered solution. In the latter case, as
shown in Figure 3.12b and Table A6, for a complete oxidation (~30 min) only a
small decrease in the IMD oxidation rate (0.53 min™) was observed when

compared to the condition without buffer (0.14 mint). As the amount of PMS
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was high enough, no further deleterious effects on the oxidation rate and level of
IMD were observed. In the absence of buffer and with no pH control, the IMD
oxidation rate dropped one order of magnitude (0.020 min=*) with 90% oxidation
in 120 min. In addition, a high consumption of PMS is observed when phosphate
buffer was used (see Figure 3.13). Such behavior is due to the scavenging effect
of H,PO,4 ions [59] on produced reactive oxygen species. Undoubtedly, pH
monitoring and control (see the pH evolution without buffer in Figure 3.13c) is of
paramount importance as well as the use of buffer (type and concentration) [60]

and PMS concentration.
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FIGURE 3.12 Remaining fraction of IMD (IMD fraction) as a function of
treatment time (t) using a) CMF (cobalt magnetic ferrite) catalysts prepared at
different conditions (see inset) and b) in the presence (w/= with) or absence (w/o
= without) of a phosphate buffer solution (see inset) using the CMF material
prepared by the sol-gel method and thermally treated at 400 °C for 1 h (SG 400
°C/1 h). Conditions: 0.125 g L™! CMF, 500 uM PMS, pH 7.0, 10 mM KH,POy,
150 mL of treating solution with 50 mg L™! IMD at 25 °C. Error bars refer to two

repetitions. All experiments were carried out in the dark.
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FIGURE 3.13 PMS consumption as a function of treatment time (t) using a) CMF
(cobalt magnetic ferrite) catalysts prepared at different conditions (see inset),
b) in the presence (w/ = with) or absence (w/o = without) of a phosphate buffer
solution (see inset) using the CMF (cobalt magnetic ferrite) material prepared by
the sol-gel method and thermally treated at 400 °C for 1 h (SG 400 °C/1 h), and
¢) pH evolution (for the condition with no pH control) as a function of treatment
time (t). Conditions: 0.125 g L™ CMF, 500 uM PMS, pH 7.0, 10 mM KH,POQy,
150 mL of treating solution at 25 °C. Error bars refer to two repetitions, except
for the oxidant consumption. All experiments were carried out in the dark with

manual pH corrections.
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FIGURE 3.13 (continuation) PMS consumption as a function of treatment time
(t) using a) CMF (cobalt magnetic ferrite) catalysts prepared at different
conditions (see inset), b) in the presence (w/ = with) or absence (w/o = without)
of a phosphate buffer solution (see inset) using the CMF (cobalt magnetic ferrite)
material prepared by the sol-gel method and thermally treated at 400 °C for 1 h
(SG 400 °C/1 h), and c) pH evolution (for the condition with no pH control) as a
function of treatment time (t). Conditions: 0.125 g L CMF, 500 uM PMS, pH
7.0, 10 mM KH,PQ,, 150 mL of treating solution at 25 °C. Error bars refer to two
repetitions, except for the oxidant consumption. All experiments were carried out

in the dark with manual pH corrections.
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Considering Co(ll) ion leaching, ICP-OES measurements were
carried out as shown in Table A7. In all experiments shown in Figure 3.12, Co
(from 170 to 49 pg L 1) and Fe (from 300 to 32 pg L 1) ions were detected, but
without interferences in the CMF oxidation performance towards IMD.
Unfortunately, the World Health Organization has not established a specific
allowable limit for Co(ll) ions in potable water. To verify a possible influence of
these ions on IMD oxidation, an additional experiment was performed concerning
the addition of Co(ll) and Fe(lll) ions in the absence of the CMF nanomaterial.
As can be seen in Figure 3.14, the use of 200 or 20 pg L~ of Co(ll) ions led to a
prompt oxidation of IMD in less than 30 min with almost complete PMS
consumption after 1 h and 2 h, respectively. This result was very similar to that
when the CMF nanoparticles (see red square) were used. On the other hand, the
use of 50 pg Lt of Fe(l1) ions led to 80% of IMD oxidation after 2 h with only
10% PMS consumption after 2 h.
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FIGURE 3.14 a) Remaining fraction of IMD (IMD fraction) and b) PMS
consumption as a function of treatment time (t) using distinct concentration values
of Co(ll) and Fe(lll) ions (see inset). Conditions: 0.125 g L™! CMF, 500 uM
PMS, pH 7.0, 10 mM KH,PQ,, 150 mL of treating solution with 50 mg L™! IMD
at 25 °C. Error bars refer to two repetitions, except for the oxidant consumption.

All experiments were carried out in the dark.

Other experiments were carried out using decreasing amounts of
Co(ll) ions, as shown in Figure 3.15. For Co(ll) ion concentration higher than
15.6 pug L, complete oxidation of IMD was achieved in less than 30 min, whereas
7.8 and 3.9 pg L required ca. 1 h of reaction. Currently, and although some
studies do not address the effect of PMS activation upon Co(ll) ion leaching (see
Table 1.2), only a marginal influence is claimed on Co(ll) ions, i.e., only a small
contribution of homogeneous reaction. To fully address this issue, experiments
with Co(ll) addition were performed without phosphate buffer (with or without
pH control by manual additions of diluted H,SO, and/or NaOH solutions). As

seen in Figure 3.16, no deleterious effect on IMD oxidation level or rate (see Table
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A6) was observed for the homogeneous process in the presence or absence of
buffer if pH was kept at ~7. When solution pH was left varying in the absence of
buffer (Figure 3.16c) a significant decrease in the IMD oxidation rate (one order
of magnitude: 0.039 mint) and complete oxidation after 60 min were observed
after the solution pH dropped to 3 (after addition of PMS) and then remained
constant during the entire experiment. Once again, the key difference among
tested conditions was the highest PMS consumption (Figure 3.16b) in the
presence of phosphate buffer (~100% compared to less than 40%) due to
quenching promoted by H,PO,4 ions.
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FIGURE 3.15 Remaining fraction of IMD (IMD fraction) as a function of
treatment time (t) using distinct Co(ll) ion concentration values (see inset —
dilution factor of 2). Conditions: 50 mg L™ IMD, 500 uM PMS, pH 7.0, 10 mM
KH,PO,, 25 °C and 0.125 g L CMF when SG 400 °C/1 h compound was used.
No repetitions were carried out. CMF = cobalt magnetic ferrite (CoFe,0,).
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FIGURE 3.16 a) Remaining fraction of IMD (IMD fraction), b) PMS
consumption, and ¢) pH monitoring as a function of treatment time (t) in the
presence (w/ = with) or absence (w/o = without) of a buffer solution using distinct
Co(ll) ion concentration values (see inset). Conditions: 50 mg Lt IMD, 500 uM
PMS, pH 7.0 (see inset), 10 mM KH,PO, (see inset) and 25 °C. Error bars refer
to two repetitions, except for the oxidant consumption. All experiments were

carried out in the dark with manual pH corrections.
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FIGURE 3.16 (continuation) a) Remaining fraction of IMD (IMD fraction), b)
PMS consumption, and ¢) pH monitoring as a function of treatment time (t) in the
presence (w/ = with) or absence (w/o = without) of a buffer solution using distinct
Co(ll) ion concentration values (see inset). Conditions: 50 mg L™t IMD, 500 uM
PMS, pH 7.0 (see inset), 10 mM KH,PO, (see inset) and 25 °C. Error bars refer
to two repetitions, except for the oxidant consumption. All experiments were

carried out in the dark with manual pH corrections.

Based on the results of the experiments with Co(ll) ions and CMF
material at different conditions, the oxidation of IMD seems to be mediated by
Co(ll) ions leaching from the magnetic ferrite particles. In fact, the solid material
act as a Co(ll) ion source, which efficiently activates PMS if pH is kept under
neutral conditions (pH 7). Therefore, correction and monitoring of solution pH

is highly recommended.
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To tackle the issue of Co(ll) leaching from CMF, two strategies were
applied (see Text A6): i) carbonization of the CMF nanoparticles obtained by the
Cpt method at 700 °C/1 h (no interferences from PVA) using glucose; and ii)
carbonization of the resulting products from the sol-gel synthesis at 400 °C (SG
400 °C/1 h @C) and 700 °C (SG 700 °C/1 h @C) for 1 h. Both strategies aimed to
coat CMF nanoparticles with a carbon layer using a tube furnace at anoxic
conditions (N2 gas). As can be seen in Figures 3.17 and 3.18, the oxidation rate
and levels remained equal to those previously obtained without carbonization, i.e.,
the IMD molecule was promptly oxidized in less than 30 min. The only observed
difference refers to the PMS consumption rate (see Figure 3.18b). The amount of
Co and Fe ions detected in experiments of Figures 3.17 and 3.18 is presented in
Table A8. Under all analysis conditions, Co and Fe ions were detected at
unexpected high values, particularly for the surface modification carried out using
glucose. Low values of Co and Fe ions were only observed for the SG 700 °C/1
h@C samples, i.e., tens of micrograms per liter. The detected quantities of Co
ions explain the extraordinarily high values of IMD oxidation rate and levels
shown in Figures 3.17 and 3.18. The reason for that lies in the non-uniform carbon
particle passivation, which enabled ion leaching, as shown by the HRTEM images
in Figure A3. Nevertheless, more research is needed to address the metal ion

leaching issue from metallic oxide compounds.
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FIGURE 3.17 a) Remaining fraction of IMD (IMD fraction) and b) PMS
consumption as a function of treatment time (t) using CMF nanoparticles
previously obtained from the Cpt method (Cpt 700 °C/1 h) and carbonized in an
anoxic atmosphere (N2 gas). The carbon source was glucose at a mass ratio of
1:0.25 (Cpt: 700 °C/1 h : glucose (1:0.25)) and 1:1 (Cpt: 700 °C/1 h : glucose
(1:1)). Conditions: 50 mg L™ IMD, 500 uM PMS, pH 7.0, 10 mM KH,PQ,,
25 °C and 0.125 g Lt of CMF. Error bars refer to two repetitions, except for the
oxidant consumption. The Cpt 700 °C/1 h data was included for comparison

purposes. CMF = cobalt magnetic ferrite (CoFe,Oy).
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FIGURE 3.18 a) Remaining fraction of IMD (IMD fraction) and b) PMS
consumption as a function of treatment time (t) using CMF nanoparticles
previously obtained from the SG synthesis and carbonized in an anoxic
atmosphere (N2 gas). The carbon source was the resulting powder of the SG
synthesis that was carbonized at 400 °C (SG 400 °C/1 h@C) and 700 °C (SG 700
°C/1 h@C) for 1 h. Conditions: 50 mg L* IMD, 500 uM PMS, pH 7.0, 10 mM
KH,PO,, 25 °C and 0.125 g L of the solid materials. Error bars refer to two
repetitions, except for the oxidant consumption. CMF = cobalt magnetic ferrite
(CoFey0,).

Thus, for experiments with tap water and simulated municipal
wastewater (SMWW), the oxidation performance of IMD was evaluated using the
CMF SG 700 °C/1 h@C sample as heterogenous and Co(ll) (38 pg L™: the same

value reported in Table A8 ) as homogenous catalyst.
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3.2.2 PMS activation by modified CoFe>O4 and Co(l1) ions for IMD oxidation
in a SMWW and tap water

The activation of oxidants in real water matrices is challenging due
to the scavenging effect promoted by inorganic ions (such as HCOs~, CO3%, ClI,
etc.) and organic matter, such as humic acid. SMWW and tap water matrices,
detailed in Tables A2 and A3 and Text Al, were used to access the oxidation
performance of the SG 700 °C/1 h@C sample towards the IMD insecticide. To
compare this process with the in situ chemical activation of PMS using dissolved
Co(ll) ions, the same experiments were carried out using 38 pg L1 of Co(ll) ions.
As can be seen in Figure 3.19a (see Figure 3.20a for the PMS consumption), the
use of SG 700 °C/1 h@C and Co(ll) ions led to 70% and 85% IMD oxidation in
SMWW, respectively, after 120 min. As expected, the oxidation rate (ca. 2x1072
min-t for SG 700 °C/1 h@C and Co(ll) ions) in the simulated effluent decreased
due to the presence of inorganic and organic species that consumed the generated
HO?* radical species. The latter behavior is significant and might indicate different
oxidizing species [30], such as 'O, rather than HO* and/or SO,*~ (see discussion
below). The distinct oxidation levels of IMD achieved for Co(ll) ions and solid
CMF might be due to complete PMS consumption. As expected, in the
experiments using tap water (see Figure 3.19b and Figure 3.20b for the PMS
consumption), the oxidation rate was higher than those using SMWW due to a
lower content of inorganic ions and dissolved organic matter. Compared to
experiments with ultrapure H,O the oxidation rate decreased only slightly (ca. 0.3
min~t for SG 700 °C/1 h@C and Co(ll) ions). Nevertheless, from the results of
PMS consumption, it’s possible to assure that the oxidant is being activated by
Co(ll) ions (compare the low chemical oxidation ability of PMS in Figure 3.19
and its low consumption in Figure 3.20 — magenta circles). Clearly, the presence
of organic matter and inorganic ions dropped the oxidation ability (by providing

more organic moieties to scavenge radicals) of non-selective HO® and/or SO4*~ in
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SMWW, as also described in literature [61-62], compared to tap water (most

inorganic species to scavenge radicals) and ultrapure water.
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FIGURE 3.19 Remaining fraction of IMD (IMD fraction) in a) a simulated
municipal wastewater model effluent matrix and b) tap water as a function of
treatment time (t) using Co(ll) ions and CMF nanoparticles previously obtained
from the sol-gel synthesis and carbonized at 700 °C for 1 h (SG 700 °C/1 h@C)
in an anoxic atmosphere (N gas). Conditions: 50 mg L™! IMD, 500 uM PMS,
pH 7.0, 10 mM KH,PQy4, 25 °C, and 0.125 g L ! of the SG 700 °C/1 h@C sample.

Error bars refer to two repetitions.

51



J4a b u
1004 @) “ ) 0 100
. o)
%
80 - - 80
X
= *
c
S 60+ - 60
g— %*
a O SG 700°C/1 h@C
c
g 401 % [Co(ll)] = 38 ug L™ - 40
<2 O [PMS] = 500 uM
=
% 20- - 20
o) o)
o)
0de © 0 )
0 60 120 180 O 60 120 180
t/ min

FIGURE 3.20 PMS consumption in a) a simulated municipal wastewater model
effluent matrix and b) tap water as a function of treatment time (t) using Co(ll)
ions and CMF nanoparticles previously obtained from the SG synthesis and
carbonized at 700 °C for 1 h (SG 700 °C/1 h@C) in an anoxic atmosphere (N
gas). Conditions: 50 mg Lt IMD, 500 pM PMS, pH 7.0, 10 mM KH,PQy, 25 °C,
and 0.125 g L of the SG 700 °C/1 h@C sample. Error bars refer to two

repetitions, except for the oxidant consumption.

3.3 UHPLC-QToF MS and carboxylic acid determinations: IMD

degradation byproducts and pathways

For the UHPLC-QToF MS experiments, only five intermediates
were detected when using the optimized conditions (0.125 g L catalyst, 500 uM
PMS and pH 7.0) for the SG 400 °C/1 h compound. The latter was chosen due to
the similarities observed among the assayed compounds (see Figures 3.12 and
3.18). The extracted ion chromatogram and tandem mass spectrometry (MS/MS)
analyses of IMD and its byproducts can be seen in Figures 3.21 and A4,

respectively.
52



x10%
11
1.0 -
0.9 -
0.8 -
0.7 -
0.6 -
0.5
0.4
0.3
0.2 -
0.1 -

P2

IMD

L e e e e
15 20 25 30 35 40 45 50 55 6.0 65 70 75 80 85 9.0 9510.0105
Counts vs. Acquisition Time (min)

FIGURE 3.21 Extracted ion chromatogram (EIC) of the main detected byproducts
(5 in total) resulting from IMD oxidation by radical species resulting from PMS
activation by CoFe,O4 (SG 400 °C/1 h sample). Conditions: 50 mg Lt IMD, 500
UM PMS, pH 7.0, 10 mM KH,PQO,, 25 °C and 0.125 g L of the SG 400 °C/1 h

sample.

Figure 3.22 shows the intermediates and proposed degradation route,
which is in agreement with that reported by Bourgin et al., [63]. More information
regarding the retention time and main ionic fragments as well as the proposed
fragmentation route of the main intermediates can be seen in Table A9 and Figure
Ab5.
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FIGURE 3.22 Proposed degradation pathways of IMD using the SG 400 °C/1 h
compound to the in situ chemical activation of PMS. Conditions: 0.125 g L™
CMF, 500 uM PMS, pH 7.0, 10 mM KH,PO,, 150 mL of treating solution with
50 mg L™ IMD at 25 °C. CMF = cobalt magnetic ferrite (CoFe,Oy).

As observed, all oxidation steps occur on the imidazolidine ring,
mediated by HO® in consecutive oxidation steps, (see byproducts P3 and P4) or
even SO,* radicals (followed by hydrolysis reaction for the latter) and to a less
extent by 0,. Three intermediates (P1, P2, and P5) exhibited a rupture or loss of
the imidazolidine ring. All proposed chemical structures of intermediates agree
with those previously reported [63-66]. Although a low number of intermediates
was detected, all of them were organochlorine byproducts and persistent, mainly
P2 and P1 as well as IMD until 120 min of treatment, as shown in the extracted
ion chromatograms of Figure A6. In the final stages of the oxidation process, only
three carboxylic acids (see Figure A7) were detected at concentrations as low as
1 mg L and close to the quantification limit. Inorganic ions resulting from IMD

oxidation (i.e., NOz and CI") were not detected by ion chromatography because
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of interferences in conductivity of the baseline promoted by the PMS salt

precursor.

3.4 Determination of the main working oxidants

To confirm the main produced byproducts resulting from DMPO
oxidation by HO* radicals, UHPLC-QToF MS measurements were carried out as
described in Text A3. An overview of the main detected DMPO byproducts can
be seen upon analyses of the total and extracted ion chromatograms of Figure
3.23. Independently of the activation agent (CoFe,O4 and Co(ll) ions) used, the
obtained profile and detected species were the same and mainly due to HO®
addition reactions or H abstractions (typically promoted by HO® as the SO4*
radicals are predominant under acidic conditions) [67-68], i.e., DMPO/20H,
DMPO*/20H, DMPO’/O, DMPO/OH, 2DMPO/-OH, 2DMPO/0-3H, 2DMPO/-
H e DMPO/-3H. The MS/MS spectra of previous intermediates is showed in
Figure A8. As expected, because of the low stability of DMPO-SO, [69] and
solution pH, no intermediates resulting from SO,°*  addition reactions were
detected. The proposed fragmentation route of the main reported DMPO
intermediate species can be seen in Figure A9, which is in agreement with that
previously reported by Nufiez-de la Rosa et al., [70] considering the DMPO/OH,
DMPO/20H, DMPO*®/20H and DMPO*®/O intermediates. Electron spin
resonance measurements were also performed to elucidate DMPO-OH patterns,

but they led to inconclusive results (see Figure A10).

55



164 (a) DMPO —— DMPO+Co**
] —— DMPO+CoFe,0,

2DMPO/-OH

]-g DMPO/20H 2DMPO/O-3H

04 | | ;

05 DMPOIOH |/ 2DMPOIH
DMPO*/O ' 2DMPOL-3H

-
-

0.6 .
041 A ﬁ DIVIPQ\/ZOH
0.2 A

T T T T T T T T T T T T T 1
00 05 10 15 20 25 30 35 40 45 50 55 60 65 7.0
Counts vs. Acquisition Time (min)

x108 S
1754 (b) 2DMPO/O-3H  2pMPO/-H

1.50 s 3 | 2DMPQ/-3H
125 DMPO- 2DMPO/-OH

075 3 DMPOIOH |
75 1 pMPO/20H o
. " DMPO*20H | DMPO"/0

Counts vs. Acquisition {(Time)

FIGURE 3.23 a) Total ion chromatogram (TIC) and b) Extracted ion
chromatogram (EIC) of the main detected byproducts resulting from reaction
between DMPO and oxygen radical species (produced by the reaction between
CoFe;04/Co(ll) ions with PMS oxidant — see Text A4). CMF = cobalt magnetic
ferrite (CoFe,O4 — SG 400 °C/1 h sample).

The scavenging experiments using isopropyl alcohol, tert-butyl
alcohol, furfuryl alcohol, and L-histidine can be seen in Figure 3.24a. As
expected, IMD oxidation was completely inhibited in the presence of isopropyl
alcohol due to its prompt reaction with HO® and SO,* species (similar second-
order rate constants: 2.8x10° L mol s for HO® and 6x107 L mol~ s~ for SO4*-
) [71]. However, when tert-butyl alcohol was used, commonly known as a more
selective scavenger for HO® radical than SO,*~ (second-order rate constant of 3.8
— 7.6x108 L mol s, compared to 4 — 9.1x10° L mol s* for the reaction with
the SO,* radical — due to the faster hydrogen abstraction) [71], IMD was
completely oxidized. Clearly, that behavior suggests that HO® and SO,* radicals
participate in the IMD oxidation. When analyzing the deleterious effects of
furfuryl alcohol (1.2x108 L mol? s for the reaction with PMS) [72] and L-
histidine (2 — 3x10%° L mol* s1) [73] on IMD oxidation, the role of 1O, is readily
corroborated. To get further evidence on the production of O, since controversy
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on the use of furfuryl alcohol as scavenger exists [74-75], experiments were
carried out using ABDA, which is a specific compound to react with 'O, [55] as
can be seen in Figures 3.24b through 3.24e. For both tested processes, i.e., using
CoFe,04 (Figures 3.24b and c) and Co(ll) ions (Figures 3.24d and e), the UV vis
signal of ABDA was depleted after 5 min reaction, implying a prompt addition of
10, compound to the intermediate aromatic ring of ABDA (see Figure 3.24f ) and
with cessation of the m-conjugated system. The role of HO® and SO4* was
eliminated by conducting the same measurements in the presence of methanol
(0.1 M). In addition to this, a significant increase in the level of dissolved oxygen
(see Figure 3.25) was observed. No side reactions between PMS and ABDA were
observed (see Figure 3.26). Thus, considering the reported tests, IMD oxidation
by PMS activation using CoFe,O4 and Co(ll) ions led to radical (HO® and SO,*")

and non-radical (*O,) species.
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FIGURE 3.24 a) Remaining fraction of IMD (IMD fraction) as a function of
treatment time (t) using distinct compounds (isopropyl alcohol, t-butyl alcohol,
furfuryl alcohol, and L-histidine) as scavengers and evolution of UV vis spectra
for the 9,10-anthracenediyl-bis(methylene)dimalonic acid (ABDA) compound
using the CMF compound (in the presence and absence of methanol — see b and
c, respectively) and Co(ll) ions (in the presence and absence of methanol — see d
and e, respectively) to activate peroxymonosulfate without imidacloprid, and f)
the specific reaction between ABDA and !O,. Conditions: a) 0.125 g L' CMF
(SG 400 °C/1 h sample), 500 uM PMS, pH 7.0, 10 mM KH,PO,4, 150 mL of
treating solution with 50 mg L' IMD at 25 °C and b) through e) pH ~7 and

without buffer — see Text A4 for further details.
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FIGURE 3.25 Evolution of dissolved oxygen as a function of time (t) using CMF
nanoparticles (0.125 g L* of the SG 400 °C/1 h sample) and 200 pg Lt of Co(ll)
in the presence of PMS (500 uM). Conditions: No IMD addition, pH 7.0, 10 mM
KH,PO, at 25 °C.
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FIGURE 3.26 Evolution of the UV vis spectra for the 9,10-anthracenediyl-
bis(methylene)dimalonic acid (ABDA) compound in the presence of PMS (500

KUM) and without CMF or Co(ll) ions. Conditions: No IMD addition, pH ~7 and
without buffer — see Text A4 for further details.

3.5 Recycling test, time evolution changes of the CMF compound and

proposed PMS activation mechanism

Five consecutive tests were carried out using the SG 400 °C/1 h
compound in the optimized conditions (0.125 g L™ catalyst, 500 pM PMS and
pH 7.0) as shown in Figure 3.27. As expected and due to leaching of Co(ll) ions,
the performance of the SG 400 °C/1 h compound was not altered during
consecutive experiments. The average mass percentage recovery for the recycling
test remained close to 69% (see values on Table A10 for each experiment), when

using a neodymium magnet.
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FIGURE 3.27 Remaining fraction of IMD (IMD fraction) as a function of
treatment time (t) using CMF (cobalt magnetic ferrite) prepared by the sol-gel
method and thermally treated at 400 °C during 1 h (SG 400 °C/1 h) for the
recycling test. Conditions: 0.125 g L CMF, 50 mg L™ IMD, 500 uM PMS, pH
7.0, 10 mM KH,PO,, 1000 mL of treating solution at 25 °C. All experiments were

carried out in the dark.

To verify possible modifications on the crystalline integrity, surface
morphology, surface chemical groups and charge transfer resistance of the CMF
compounds, TEM, XRD, XPS, and electrochemical impedance measurements
were carried out in all samples after their use in the IMD oxidation. The studied
powders resulted from the experiments reported in Figure 3.12. As can be seen in
Figures 3.28a and 3.28b, no structural (see Figure 3.29 for the Cpt samples) or
morphological changes (similar particle sizes — see Table A5 and Figure 3.28a for
the histogram) were observed after the in situ chemical activation of PMS and

degradation of the IMD insecticide.
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Concerning the XPS, used to analyze the evolution of near-surface
layer, no pronounced changes (see Figure 3.28c for the O 1s) were observed as
shown in the deconvoluted high-resolution spectra of Figures A1l to Al4. To
simplify the visualization of XPS results, the evolution of the peak area percentage
of the surface chemical states was compiled in bar graphs and displayed in Figures
3.30 to 3.32. The main differences observed between the as-prepared (AsP) and
used (Us) samples are: i) appearance of K 2p peaks on the C 1s spectra for the Cpt
samples after their use, a contamination which comes from the PMS salt (K* ion
source); ii) an increase in hydroxyl groups, as observed in the O 1s, Co 2p3/,, and
Fe 2ps/, spectra, and a decrease in the lattice oxygen (O 1s O-Metal peak at ~530
eV) observed for the SG samples due to the presence of oxygenated hydrocarbons,
as reported by X. Li et al., [48]; and iii) evident decrease of Co(ll) (~780 eV) and
Fe(lll) (~711 eV) species for both SG and Cpt samples, indicating the occurrence
of leaching of these species. The Fe(ll) component exhibited a distinct behavior,
namely a reduction in the SG samples with an increase in Cpt sample. The absence
of IMD adsorption and its oxidized byproducts on the surface of the material were
also confirmed before and after testing by FTIR measurements (data not shown).
The spectra showed no changes before and after the reaction, indicating that the

initially absorbed IMD molecules were transferred into the solution.
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FIGURE 3.28 a) TEM and histogram of CMF nanoparticle size, b) X-ray
diffraction (XRD) patterns, c) XPS spectra of O 1s, and d) EI complex plane for
the as-prepared (AsP) and after use (Us) CMF synthesized by the sol-gel (SG)
method and thermally treated at 400 °C and 700 °C for 1 h, i.e., SG 400 °C/1 h
and SG 700 °C/1 h (see inset).
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FIGURE 3.29 X-ray diffraction (XRD) patterns of the as-prepared (AsP) and after
use (Us) CoFe,O, magnetic ferrite synthesized by the co-precipitation (Cpt)
method and thermally treated at 400 °C or 700 °C for 1 h, i.e., Cpt 400 °C/1 h and
Cpt 700 °C/1 h (see inset), respectively. Diffraction peaks were in accordance with

the ICSD card N° 98-010-9045.
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FIGURE 3.30 Peak areas of the surface bonding states obtained from the O 1s
spectra (see Figure Al12) using the a) sol-gel (SG) and b) co-precipitation (Cpt)
samples that were thermally treated at 400 °C or 700 °C for 1 h.
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FIGURE 3.31 Peak areas of the surface bonding states obtained from the Co 2ps,
spectra (see Figure A13) using the a) sol-gel (SG) and b) co-precipitation (Cpt)
samples that were thermally treated at 400 °C or 700 °C for 1 h.
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FIGURE 3.32 Peak areas of the surface bonding states obtained from the Fe 2ps
spectra (see Figure Al4) using the a) sol-gel (SG) and b) co-precipitation (Cpt)
samples that were thermally treated at 400 °C or 700 °C for 1 h.
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Considering the reported results on the role of Co(ll) ions in the PMS
activation and surface changes of the CMF compound, the following mechanism
might occur: i) Co(II) species on the nanoparticle surface (=Co(Il)) are oxidized
and leached (leaving an empty site =0) into the solution (Eq. 9) resulting in a
homogeneous reaction (Eqgs. 10 — 13) [76]; and ii) Fe(l1l) is reduced to Fe(ll) (Eq.
14) that is possibly leached into the solution (Eq. 15). As previously discussed,
10, was detected and could be produced according to Eq. 16. At neutral solutions
(pH 7), the produced SO,4°*" radical might be readily converted to HO® (Eq. 17),
as detected during UHPLC-QToF MS measurements.

=Co(Il) + HSOs™ — =00+ Co(lll) + SO,*” + OH" 9)
Co(ll1) + HSOs™ — Co(ll) + SOs*™ + H* (10)
Co(ll) + H,O 5 CoOH* + H* (11)
CoOH* + HSOs™ — CoO* + SO4*~ + H,0O (12)
CoO* + 2H* 5 Co(l11) + H,0 (13)
=Fe(lll) + HSOs™ — =Fe(ll) + SOs* + H* (14)
=Fe(ll) + HSOs™ — =0 + Fe(l1l) + SO4*~ + OH~ (15)
2505 + H,0 — 2HSO; + 1.5 10, (16)
SO,*” + H,0 — SO, + HO®* + H*  k[H,0] < 1.0x10°L mol!s™! (17)

H. Li et al., [60] reported that Co(ll) ions can complex with PMS
leading to Co(I1)-OOSO;" species (strongly pH dependent) prone to form Co(lll)
and SO,*" radical (Eq. 18). The use of a phosphate buffer solution can also result
in complexation among PMS, Co(ll), and H,PO, (L) ions forming
L—Co(I)-O0S0j3" of distinct reactivity [77]. However, in the present study, no
differences in IMD oxidation were observed in the presence or absence of a
buffered solution (except of increased PMS consumption) probably due to the
amount of PMS used. The coupling between CMF and PMS was indirectly

68



observed during OCP measurements carried out using electrodes made with
distinctly prepared CMF nanoparticles (see Figure A15). As can be apprehended
from that figure, electrode potential increased continuously after PMS addition
into solution (i.e., oxidation through surface modification), without interferences
from IMD.

Co(Il) + HSOs™ — Co(I1)~00S0s — Co(lll) + SO4*~ + OH" (18)

To access the evolution of the charge transfer resistance of the CMF
oxide, electrochemical impedance measurements were carried out for the AsP and
Us samples synthesized by the SG and Cpt methods. The results are shown in
Figures A16 to A19. The equivalent circuit used to obtain the best fits of the
experimental data was composed of the solution resistance (Rso), carbon support
charge transfer resistance (R¢) in parallel with constant phase elements CPEc, and
the oxide charge transfer resistance (Roxige) in parallel with CPEoxige. Among these
parameters, the values of Roxiqe Defore and after testing are shown in Figure A20.
An abrupt rise of the Roxide Values (see the slope variation at low frequencies, i.e.,
0.5 mHz, in Figure 3.28d for the SG samples) was observed after use for the SG
400 °C/1 h sample (the other Us values also increased but were not determined
due to a lack of fit). This behavior could be due to the increased hydroxyl groups
on the solid surface [78], which, however, did not affect the oxidation
performance of the CMF since the IMD oxidation reaction through PMS
activation proceeded by the leached Co(ll) ions (Egs. 10 and 13). Surface
hydroxylation can occur on defects of the particle surface, specially at oxygen
vacancies, that may lead to important surface reactions [79-81] or at metal sites
(EQ. 19) as shown in the work of Lyu et al., [82].

=Metal(l11/11) + H,O — =Metal(III/II)-OH" + H* (19)
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Finally, the use of CMF resulted in the dissolution of distinct
quantities of Co(ll) and Fe(lll) ions. Among these ions, Co(ll) demonstrated
superior effectiveness over the solid material in activating PMS, leading to the

generation of both radical and non-radical species.
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CONCLUSIONS

Nanometric CoFe,O4 magnetic ferrite was successfully synthesized
and characterized using the sol-gel and co-precipitation methods to activate
peroxymonosulfate (PMS) oxidant under neutral conditions. After optimization
of the catalyst load and PMS concentration, IMD oxidation rate and levels
remained constant showing complete oxidation of IMD within 30 min
independently of the preparation procedure. Further experiments showed that this
was due to Co(ll) ion leaching from the catalyst particles. Efforts to minimize ion
leaching were unsuccessful since Co(ll) ion concentrations as low as 20 pg L™
were sufficient to activate PMS by the Co(l1)/Co(lll) redox couple in the presence
or absence of a phosphate buffer at pH 7. The effect of Fe(lll) ions on PMS
activation was observed, but their impact was underestimated in the presence of
Co(ll) ions. Future studies should therefore apply consistent approaches to
determine the effect of ion leaching from any solid oxide catalyst to find out the
role or contribution of homogeneous and heterogeneous reactions. In addition, pH
monitoring and correction are recommended as well as the correct choice of

concentration between buffer (if used) and PMS.

PMS activation by CoFe,O, and/or Co(ll) ions led to the production
of radicals (HO® and SO,*) and non-radical (*O,) species as detected and
confirmed through UHPLC-QToF MS measurements using DMPO as spin probe
and scavenging experiments, particularly 9,10-anthracenediyl-bis(methylene)
dimalonic acid for O,. The latter led to high oxidation levels even in a complex
medium such as simulated municipal wastewater. Concerning the oxidation
byproducts of IMD, only five intermediates derived from hydroxylation addition
reactions on the imidazolidine ring were detected along with short chain
carboxylic acids. Considering the structural and electrochemical analysis carried
out on the assayed CoFe,O4 samples, no significant changes were observed except

a decrease in Co(ll) and Fe(l11) phases and an increase in the oxide charge transfer
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resistance. These findings confirm the unique role of CoFe,O,4 nanoparticles as

efficient Co(ll) ion source.
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APPENDIX

TABLE Al Instrumental parameters optimized during ICP-OES analyses.

Parameters Values
Integration time for the emission line (s) 5
Sample flow rate (mL min™t) 4.2
Sample flow rate during analysis (mL min?) 2.1
Peristaltic pump stabilization time (s) 25
Applied radio frequency power (W) 1200
Aucxiliary gas flow rate (L min™?) 0.25
Nebulizing gas flow rate (L min™t) 0.83
Cooling gas flow rate (L min™) 16
Co emission line used (nm) and signal observation 228.616 (Axial)
Fe emission line used (nm) and signal observation 259.940 (Axial)
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FIGURE Al Evolution of the zeta potential values as a function of the solution pH for the as-
prepared (AsP) CoFe>O4 magnetic ferrite (CMF) synthesized by the sol-gel (SG) method and
thermally treated at 400 °C for 1 h.
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lon composition of tap water and some of its physicochemical parameters can be seen
below.

TABLE A2 Chemical composition of tap H2O.

Parameters Experimental values
pH 6.14 — 6.20 (21.6 °C)
Conductivity / mS cm™ 32 uScm™ (21.2°C)
TOC (mg L O 0.0
[Na*]/mg Lt 1.85
[K*]/mg L™ 2.96
[Mg?*]/mg L™ 1.47
[Ca?"]/mg L™* 2.61
[Brl/mgL* 5.32
[CIF]/mg L™ 0.58
[F]1/mgL? Traces (not quantified)
[SO4*]/mg L™ 0.28

*Total organic carbon (TOC) measurement carried out as described in [2].
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TEXT Al
Simulated municipal wastewater (SMWW)

The SMWW was used as wastewater model for a secondary effluent matrix. The
composition of SMWW was prepared considering the work of Sdnchez-Montes et al., [3], as
well as receipts described in Zhang et al., [4], and in APHA Standard Methods [5] with
modifications. The following chemicals were used:

i) inorganics salts: NaHCO3 (96 mg L), MgSO: (60 mg L), NaCl (580 mg L), K;HPO,
(7.0 mg L), CaS0O4*2H,0 (60 mg L), (NH4)2S04 (23.6 mg L) and KCI (4 mg L ™).

i) organic matter: beef extract (1.8 mg L 1), peptone (2.7 mg L1), humic acid (4.2 mg L),
sodium lignin sulfonate (2.4 mg L), sodium lauryl sulphate (0.9 mg L™1), tannic acid (4.2 mg

L-1) and acacia gum powder (4.7 mg L™?).

Some of the physicochemical parameters of the produced SMWW can be seen below:

TABLE A3 Physicochemical parameters of SMWW effluent.

Parameters Experimental values
pH 7.43 - 750 (21.6 °C)
Conductivity / mS cm™ 1,309 uS cm (20.8 °C)
TOC (mg L " 2.76 +0.33

*Total organic carbon (TOC) measurement carried out as described in [1].
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TEXT A2

UHPLC chromatographic conditions and Q-TOF/MS analyses for elucidation of IMD

oxidation byproducts

Samples at varying treating times were analyzed using an Agilent 1290 Infinity Il Ultra
High-Performance Liquid Chromatograph (UHPLC — from Agilent Technologies, Santa Clara,
CA, USA). Chromatographic separation was performed using a Zorbax Eclipse Plus C18
column (50 mm x 2.1 mm i.d., 1.8 um, Agilent, USA). The mobile phase consisted of 0.1%
formic acid solution (solvent A) and acetonitrile (solvent B). The chromatographic gradient
used was as follows: 0-2 min, 20% B; 2.1-2.5 min, from 20 to 50% B; 2.5-7.0 min, from 50%-
90% B. Column oven and autosampler temperatures were both set to 25 °C. The mobile phase

flow and injection volume were 0.40 mL-min~" and 0.20 pL, respectively.

Mass spectra were obtained using an Agilent 6545B Q-ToF MS system (Agilent
Technologies, Santa Clara, CA, USA) equipped with an ESI Jet interface and operated in the
positive ion mode using a capillary voltage that varied from 2.0 to 3.0 kV. Table A4 shows the

parameter values used during MS experiments that were optimized for the IMD standard.

TABLE A4 Q-ToF MS parameter values.

Parameters Value
Desolvation gas flow rate 10 L min?
Gas temperature 250 °C
Nebulizer pressure 30 psi
Sheath gas temperature 275°C
Sheath gas flow rate 10 L min!
Nozzle voltage 115V
Fragmentor voltage 60 V
Skimmer voltage 30V
Octopole RF peak voltage 250 V
Collision energy 2to5V

Molecular ions were simultaneously obtained by the MSE acquisition mode. Data were
collected in a range of 50 to 600 Da, with a sweep rate of 3.0 spectrum s™ and processed by

MassHunter Workstation Software, version B.08.00.
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TEXT A3

UHPLC chromatographic conditions and Q-TOF/MS analyses for elucidation of DMPO

oxidation byproducts

The presence of radical (mainly HO¢) oxidizing species were confirmed by UHPLC-
Q-ToF MS and ESR measurements and using DMPO as spin probe. All experiments were
performed using 10 mL of deionized H2O (pH 7). In a typical experiment, 1.25 mg of CoFe204
and 1.54 mg of PMS (corresponding to 0.125 g L™ of CoFe;04 and 500 uM of PMS) were
transferred to a 20 mL glass vial. Then, 10 mL of ultrapure H2O (pH 7) was added to the flask
to start the reaction under vigorous stirring. After 1 min reaction, 125 pL of a 4 M DMPO
solution (final concentration of 100 mM) were added to a 5 mL of the resultant solution and the
mixture was left under stirring for an additional 1 min. After this time, 1 mL of sample was
transferred to a plastic vial that was centrifuged for 15 s at 8000 rpm. For the homogeneous
process, i.e., when using Co(ll) ions, 10 mL of a Co(NOz)2+6H-0 solution (replacing 10 mL of
ultrapure H.0) was used (corresponding to a final concentration of 200 pg L™ of Co(ll) ions).
Then, the same procedure (including PMS amount) was adopted, except the centrifugation step

to remove the solid material. More experimental details can be seen in [6].

UHPLC analyses were carried out using a Zorbax Eclipse Plus C18 column (50 mm x
2.1 mm i.d., 1.8 um, Agilent, USA) as stationary phase. The mobile phase consisted of 0.1%
formic acid solution (solvent A) and acetonitrile (solvent B). A gradient elution mode at 0.350
mL min~* was used to separate the main products according to the following sequence: 0-1 min,
5% B; 1-10 min, 95% B; 10-10.1 min, 95-5% B; and 10.5-13 min, 5% B. The injection volume,
column, and autosampler temperatures were set to 1.0 pL and 35 °C, respectively. Qualitative
analyses were performed using an Agilent 6545B Q-ToF MS system (Agilent Technologies,
Santa Clara, CA, USA) equipped with an ESI Jet interface, operated in positive ion mode using
a capillary voltage of 2.0 kV. The desolvation gas flow and gas flow in the cone were 11 and
10 L min™, respectively. For the mass confirmation of the detected byproducts, the collision
energies ranged from 5 V to 16 V. Other variables such as source temperature, fragmentation
voltage, skimmer voltage, and nozzle voltage were set to 300 °C, 40 V, 35 V and 225 V,
respectively. Molecular and fragment ions were simultaneously obtained by the MSE
acquisition mode. Data collected were analyzed ranging from 50 to 600 Da and processed by
the MassHunter Workstation Software version B.08.00 (Agilent Technologies, Santa Clara,
CA, USA).
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ESR measurements were performed on a Varian E-109 X-band spectrometer, using a
rectangular cavity at room temperature. A 200 pL flat quartz cell was used to analyze samples

from the test experiments.
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TEXT A4
Use of 9,10-anthracenediyl-bis(methylene)dimalonic acid to quench 02

The adopted procedure was similar to the one described in Text A3. In a typical
experiment, 1.25 mg of CoFe>O4 was transferred to a 20 mL glass vial. Then, 10 mL of ultrapure
H20 (pH ~8.3 spiked with 125 mM NaOH solution) was added to the flask under vigorous
stirring. After 1 min reaction, 40 pL of a 100 mM ABDA solution (final concentration of 0.4
mM) were added and the mixture was left under stirring for an additional 1 min. The UV vis
spectra corresponding to this point was set to “t =0 min”. Then, 1.54 mg of PMS (corresponding
to 500 uM of PMS and to a final pH value close to 7) was added to start reaction. UV vis spectra
were obtained every 5 min. For the homogeneous process, the same procedure was adopted
except for the 10 mL of a Co(NOz)2#6H20 solution (replacing 10 mL of ultrapure H-O)
corresponding to a final concentration of 200 pg L of Co(ll) ions). No pH corrections were

carried out during measurements, since it resulted in variations in the UV vis spectra of ABDA.

The reaction between ABDA and produced 'O species, with gradual attenuation of
the UV vis bands, is [7]:

O OH O OH
s

+'0, —
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TEXT A5

The short-chain carboxylic acids were determined by HPLC. For such, a Rezex™
ROA-H column (300 mm x 7.8 mm i.d., 8 um particle size, from Phenomenex®) as the
stationary phase and a 2.5 mM H2SOQj4 solution as the mobile phase were used at 0.5 mL min2.
The carboxylic acids were identified by comparing their retention times with those of
previously analyzed standards. The injection volume, detection wavelength, and the

temperature of the column were 25 pL, 210 nm, and 23 °C, respectively.

Inorganic ions were also analyzed by HPLC with a conductivity detector (Shimadzu
CDD-10A SP). For anion determination, a Shodex SI-52 4E column at 45 °C and 3.6 mM
Na2COj3 solution at 0.8 mL min~! was used as the stationary and mobile phases, respectively.
For this analysis, a chemically suppressor system (Thermo Scientific™ ACRS 500) pumping a
regenerating solution of 3.6 mM H,SO; at 0.8 mL min! was used. Concerning cation
determination, a Shodex YS-50 column at 40 °C and a mixture of 4.0 mM oxalic acid and 6.0
mmol tartaric acid solution at 1.0 mL min~! was used, as the stationary and mobile phase,

respectively, without the suppressor system.

93



SG400°C/1h

SG 700°C/1h

Cpt 400°C/ 1 h

Frequency / a.u.

Cpt 700°C/ 1 h

! I I ! I ! I ! I ! I !

0 20 40 60 80 100 120 140 160 180
Particle size / nm

FIGURE A2 Histogram of the as-prepared CoFe>O4 magnetic ferrite (CMF) nanoparticles

prepared by the sol-gel (SG) and co-precipitation (Cpt) methods and thermally treated at 400

°C and 700 °C forl h (see inset).

TABLE A5 Mean particle size of the as-prepared CoFe.Os magnetic ferrite (CMF)

nanoparticles obtained from Figure A2.

Material Mean particle size / nm
SG400°C/1h-AsP 9+3
SG 400°C/1 h - Us 7+2
SG 700 °C/1 h — AsP 86 7
Cpt 400 °C/1 h — AsP 10 +1
Cpt 700 °C/1 h — AsP 23 9
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TABLE A6 Pseudo first order kinetic constants (kist) for the experiments in Figures 3.13 and
3.16 (see below).

Conditions kist / mint R?
SG 400 °C/1 h: w/buffer — pH 7 0.53 0.99
SG 400 °C/1 h: w/o buffer —pH 7 0.14 0.99
SG 400 °C/1 h: w/o buffer — no pH control 0.020 0.97
[Co(11)] = 20 pg L: w/ buffer — pH 7 0.26 0.99
[Co(1)] = 50 pg L1: w/o buffer — pH 7 0.11 0.97
[Co(1D] = 50 pg L: w/o buffer — no pH control 0.039 0.97

TABLE A7 Concentration of Co and Fe ions determined by the ICP-OES technique in
degradation experiments of Figure 3.12 using the CoFe204 magnetic ferrite.

Samples ID [Co]/mg L [Fe]/ mg L™
SG 400 °C/1 h, t =0 h (after 2 h adsorption) 0.097 0.043
SG400°C/1h,t=2h (4 hin total) 0.19 0.057
SG 700 °C/1 h, t =0 h (after 2 h adsorption) 0.05 0.032
SG 700°C/1 h,t=2h (4 hin total) 0.049 0.036
Cpt 400 °C/1 h, t = 0 h (after 2 h adsorption) 0.098 0.281
Cpt 400°C/1 h,t=2h (4 hin total) 0.128 0.159
Cpt 700 °C/1 h, t = 0 h (after 2 h adsorption) 0.172 0.306
Cpt 700°C/1 h,t=2h (4 h in total) 0.117 0.13

QL = Quantification limit for both metals: 10 pg L™
DL = Detection limit for both metals: 4 ug L™=
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TEXT A6

Carbonization of CoFe.O4 magnetic ferrite (CMF) nanoparticles using glucose and polyvinyl
alcohol (PVA)

CMF nanoparticles previously prepared by the Cpt method (thermally treated at 700
°C for 1 h) were mixed and ground with glucose using two different proportions (CMF to
glucose, in mass: 1:0.25 (Cpt: 700 °C/1 h : glucose (1:0.25)) and 1:1 (Cpt: 700 °C/1 h : glucose
(1:1)) — see below). After grinding and homogenizing in an Agata mortar, the powder was
transferred to a Al2Os crucible that was placed inside a quartz tube. Then, the latter was
connected to gas hoses and put inside a tube furnace. The treating temperature and time were
adjusted to 600 °C during 30 min.

Concerning the samples that were previously prepared by the sol-gel method and using
PVA, the obtained powder from the sol-gel synthesis were ground (not previously heat treated)
in an Agata mortar and transferred to a Al.Oz crucible. Then, the latter was placed in a quartz
tube that was connected to gas hoses and put inside a tube furnace. The treating time was set to
1 h and the target temperature was adjusted to 400 °C and 700 °C. Thus, two samples were
prepared and labeled as SG400 °C/1 h@C and SG700 °C/1 h@C.

In all reported procedures and before the heating program, the system was left under a
constant N2 flow for 20 min (purging step). The same N> gas flow was set also during the

heating and cooling steps. The heating rate was set to 15 °C min™2.
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TABLE A8 Concentration of Co and Fe ions determined by the ICP-OES technique for the
degradation experiments of Figures 3.17 and 3.18 using the CoFe-O4 magnetic ferrite.

Samples ID [Co]/mg L [Fe] / mg L
0 =
Cpt 709 C/1 h t=0h (after 2 h 0.273 0.0669
adsorption), without glucose
5 - . .
Cpt 700 °C/1 h, t =2 h (4 h in total), without 0.313 0.0450
glucose
Cpt 700°C/1 h,t=0 h (after 2 h
adsorption), 1:0.25 (glucose) m/m 119 0.704
Cpt 700°C/1 h,t=2h (4 hin total),
1:0.25 (glucose) m/m 503 1.25
Cpt 700 °C/1 h,t =0 h (after 2 h
adsorption), 1:1 (glucose) m/m 0.769 0.141
o} - i
Cpt 700°C/1 h,t=2h (4 hin total), 0.828 0.139
1:1 (glucose) m/m
SG 400 °C/1 h@C (after 2 h adsorption) 0.103 0.0748
SG 400 °C/1 h@C (4 h in total) 0.175 0.0918
SG 700 °C/1 h@C (after 2 h adsorption) 0.0384 0.0635
SG 700 °C/1 h@C (4 h in total) 0.0559 0.0653

QL = Quantification limit for both metals: 10 pg L™

DL = Detection limit for Co and Fe ions were 6 and 4 pg L2, respectively.
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nanoparticle

""Possible

carbon layer

a)

FIGURE A3 a) TEM images of the resulting powder of the SG synthesis that was carbonized
at 700 °C for 1 h (SG 700 °C/1 h@C) and b) HRTEM image of a selected area showing a
nanoparticle that is i) completely exposed; and ii) possibly exhibiting a carbon layer (see details

in the micrograph).
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FIGURE A4 MS/MS spectra of the main detected byproducts (5 in total) resulting from IMD
oxidation by radical species resulting from PMS activation by CoFe204 (SG 400 °C/1 h sample):
a) IMD, b) P1, ¢) P2, d) P3, ) P4, and f) P5. Conditions: 50 mg L™ IMD, 500 uM PMS, pH
7.0, 10 mM KH2POg, 25 °C and 0.125 g L™* of the SG 400 °C/1 h sample.
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FIGURE A4 (continuation) MS/MS spectra of the main detected byproducts (5 in total)
resulting from IMD oxidation by radical species resulting from PMS activation by CoFe;O4
(SG 400 °C/1 h sample): a) IMD, b) P1, ¢) P2, d) P3, e) P4, and f) P5. Conditions: 50 mg L™
IMD, 500 uM PMS, pH 7.0, 10 mM KH2POs, 25 °C and 0.125 g L™* of the SG 400 °C/1 h

sample.
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TABLE A9 Retention time, main detected intermediates (m/z) and error of the main detected

byproducts resulting from IMD oxidation by radical species resulting from PMS activation by
CoFe;04 (SG 400 °C/1 h sample).

# | Compound |t (min) .ES.I mode
m/z Attribution (ESI+) Error (ppm)
1 P5 1.841 143.0358 | [M+H]* 9.0885
114.0092 | [M+H-CH2-NH]*
107.0603 | [M+H-CI]*
78.0334 [M+H-CI-CH2-NH_]*
2 P2 6.139 230.0416 | [M+H]* 9.9980
186.0420 | [M+H-NO]*
169.0154 | [M+H-NHNO,]*
148.0728 | [M+H-NO,-CI]*
141.0198 | [M+H-CH;N2NO,]*
126.0093 | [M+H-CH3N4O]*
3 P3 6.246 272.0512 | [M+H]* 12.1299
225.0514 | [M+H-NO,]*
228.0522 | [M+H-N.0O]*
210.0406 | [M+H-N.0O-H.0]*
191.0906 | [M+H-NO,-CI]*
100.0500 | [M+H-NO,-CI-CgHsN]*
4 P4 6.414 288.0464 | [M+H]* 10.4148
244.0459 | [M+H-N.O]*
241.0468 | [M+H-NO,]*
226.0346 | [M+H-NO,-OH]*
207.0851 | [M+H-NO,-CI]*
189.0743 | [M+H-NO,-CI-H,0]*
169.0140 | [M+H-NO,-OH-C,HsN,]*
5 IMD 6.762 256.0572 | [M+H]* 9.3728
210.0629 | [M+H-HNO,]*
209.0567 | [M+H-NO,]*
175.0960 | [M+H-HNO-CI]*
128.0251 | [M+H-HNO,-CsHiNs]*
99.0545 [M+H-NO,-CsHsCIN]*
84.0551 [M+H-HNO2-CI-CsH2N]*
56.0496 [M+H-HNO-CI-C3H,N-CH;N]*
6 P1 7.130 157.9985 | [M+H]* 11.3923
140.0713 | [M+H-OH]*
122.0227 | [M+H-CI]*
111.9939 | [M+H-COOH]*
78.0334 [M+H-CI-COOH]*

Experimental conditions: 50 mg L™ IMD, 500 uM PMS, pH 7.0, 10 mM KH2PO,, 25 °C and 0.125 g L of the

SG 400 °C/1 h sample.
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FIGURE A5 Proposed fragmentation route of the main detected intermediates showed in Table
A4: a) IMD (m/z 256.0572), b) P1 (m/z 157.9985), ¢) P2 (m/z 230.0416), d) P3 (m/z 272.0512),
e) P4 (m/z 288.0464), and f) P5 (m/z 143.0358).
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FIGURE A5 (continuation) Proposed fragmentation route of the main detected intermediates
showed in Table A4: a) IMD (m/z 256.0572), b) P1 (m/z 157.9985), ¢) P2 (m/z 230.0416), d)
P3 (m/z 272.0512), e) P4 (m/z 288.0464), and f) P5 (m/z 143.0358).

103



+
H
o,
N/N N/

QAA —’QA —‘*QALA_’OAA

m/z 288 2241 /2207

-
o
J T ﬂw SR

m/z 244
m/z 226 m/z 189

-C,HN,
_\ .

OH

Y
Cl /

m/z 169

):j/\ O/\NHQ -CH,NH, O
2T

vz 143 m/z 107 m/z 78

-CH,NH,
N + N
\ —a_ . |
a / + /
/114 m/z 78

FIGURE A5 (continuation) Proposed fragmentation route of the main detected intermediates
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FIGURE A6 Extracted ion chromatogram of the main detected intermediates showed in Table
A4 and at distinct treatment time 0, 5, 10, 20, 30, 45, 60, 90, and 120 min (from top to bottom).
Conditions: 50 mg L* IMD, 500 uM PMS, pH 7.0, 10 mM KH2PQ4, 25 °C and 0.125 g L ! of
the SG 400 °C/1 h samples.
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FIGURE A7 Time evolution of the main detected carboxylic acids resulting from IMD
oxidation by radical species resulting from PMS activation by CoFe2O4 (SG 400 °C/1 h sample).
Conditions: 50 mg L* IMD, 500 uM PMS, pH 7.0, 10 mM KH2PQ4, 25 °C and 0.125 g L of
the SG 400 °C/1 h sample.
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FIGURE A8 MS/MS spectra of the main detected byproducts resulting from reaction between
DMPO and oxygen radical species (produced by the reaction between CoFe204/Co(ll) ions with
PMS oxidant): a) DMPO/20H, b) DMPO®/20H, ¢) DMPO, d) DMPQ*®/O, ¢) DMPO/OH, f)
2DMPO/-0OH, g) 2DMPO/O-3H, h) 2DMPO/-H, and i) DMPO/-3H. CMF = cobalt magnetic
ferrite (CoFe204 — SG 400 °C/1 h sample).
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FIGURE A9 Proposed fragmentation route for the main detected DMPO byproducts resulting
from reaction between DMPO and oxygen radical species (produced by the reaction between
CoFe;04/Co(ll) ions with PMS oxidant): a) DMPO/20H, b) DMPQO*/20H, c) DMPO, d)
DMPO®*/O, ¢) DMPO/OH, f) 2DMPO/-OH, g) 2DMPO/O-3H, h) 2DMPO/-3H, and i)
2DMPO/-H. CMF = cobalt magnetic ferrite (CoFe204 — SG 400 °C/1 h sample).
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FIGURE A9 (continuation) Proposed fragmentation route for the main detected DMPO
byproducts resulting from reaction between DMPO and oxygen radical species (produced by
the reaction between CoFe204/Co(ll) ions with PMS oxidant): a) DMPO/20H, b)
DMPO*/20H, ¢) DMPO, d) DMPO*/O, ¢) DMPO/OH, f) 2DMPO/-OH, g) 2DMPO/O-3H, h)
2DMPO/-3H, and i) 2DMPO/-H. CMF = cobalt magnetic ferrite (CoFe204 — SG 400 °C/1 h

sample).
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FIGURE A10 Intensity as a function of magnetic field for distinct experiments using CMF
nanoparticles (0.125 g L) and 200 pg L of Co(ll) in the presence of PMS (500 uM) and
DMPO. CMF = cobalt magnetic ferrite (CoFe204— SG 400 °C/1 h sample). See Text A3 for

further details.
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TABLE A10 Percentage of CMF recovery after each experiment of the recycling test of Figure
3.27.

Experiment number Mass percentage recovery / %
1% run 67
2" run 75
3 run 65
4" run 68
51 run 69

Conditions: 0.125 g Lt CMF, 50 mg L™ IMD, 500 uM PMS, pH 7.0, 10 mM KH2POy4, 1000
mL of treating solution at 25 °C. CMF = cobalt magnetic ferrite (CoFe2Os — SG 400 °C/1 h
sample). All experiments were carried out in the dark. The CMF solid was separated from the
treating solution using a neodymium magnet. The resulting powder was washed (one time) with

ultrapure H-O followed by vacuum drying.
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FIGURE A1l High-resolution spectra of C 1s for the as-prepared (AsP) and used (Us) CoFe;04
magnetic ferrite samples obtained by the a) sol-gel (SG) and b) co-precipitation (Cpt) methods

and thermally treated at 400 °C or 700 °C for 1 h.
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FIGURE A12 High-resolution spectra of O 1s for the as-prepared (AsP) and used (Us) CoFe2O4
magnetic ferrite samples obtained by the a) sol-gel (SG) and b) co-precipitation (Cpt) methods
and thermally treated at 400 °C or 700 °C for 1 h.
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FIGURE A13 High-resolution spectra of Co 2ps; for the as-prepared (AsP) and used (Us)
CoFe>04 magnetic ferrite samples obtained by the a) sol-gel (SG) and b) co-precipitation (Cpt)
methods and thermally treated at 400 °C or 700 °C for 1 h.
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FIGURE A14 High-resolution spectra of Fe 2ps> for the as-prepared (AsP) and used (Us)
CoFe>04 magnetic ferrite samples obtained by the a) sol-gel (SG) and b) co-precipitation (Cpt)
methods and thermally treated at 400 °C or 700 °C for 1 h.
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FIGURE A15 Electrode potential (vs. Ag/AgCI/KCI 3 M) as a function of time for distinctly
prepared CMF nanoparticles (see inset for further details). A 0.5 M Na;SOs (corrected to pH
~T7) solution at ambient conditions was used. The arrows indicate the moment (after 1 h) when
PMS and IMD were added into solution.
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FIGURE A16 a) Complex plane, b) Bode plots for the CoFe2O4 magnetic ferrite samples (in
the as-prepared (AsP) and after use (Us) — see legend in the inset) obtained by the sol-gel (SG)
method and heat treated at 400 °C for 1 h, and c) the equivalent circuit used to fit data generated
(see continuous line) by electrochemical impedance. A 0.5 M Na>SO4 (no pH correction)

solution at ambient conditions was used.
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FIGURE Al7 a) Complex plane, b) Bode plots for the CoFe>O4 magnetic ferrite samples (in
the as-prepared (AsP) and after use (Us) — see legend in the inset) obtained by the sol-gel (SG)
method and heat treated at 700 °C for 1 h, and c) the equivalent circuit used to fit data generated
(see continuous line) by electrochemical impedance. A 0.5 M Na>SOs (no pH correction)

solution at ambient conditions was used.
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FIGURE A18 a) Complex plane, b) Bode plots for the CoFe>O4 magnetic ferrite samples (in
the as-prepared (AsP) and after use (Us) — see legend in the inset) obtained by the co-
precipitation (Cpt) method and heat treated at 400 °C for 1 h, and c) the equivalent circuit (see
above) used to fit data generated (see continuous line) by electrochemical impedance. A0.5 M

Na2SO4 (no pH correction) solution at ambient conditions was used.
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FIGURE A19 a) Complex plane, b) Bode plots for the CoFe2O4 magnetic ferrite samples (in
the as-prepared (AsP) and after use (Us) — see legend in the inset) obtained by the co-
precipitation (Cpt) method and heat treated at 700 °C for 1 h, and c) the equivalent circuit used
to fit data generated (see continuous line) by electrochemical impedance. A 0.5 M Na>SOs (no

pH correction) solution at ambient conditions was used.
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FIGURE A20 Oxide charge transfer resistance (Roxide) for the as-prepared (AsP) and after use
(Us) samples of the CoFe,O4 magnetic ferrite. The exposed area was close to 1 cm?. Error bars
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°C/1 h conditions after use (Us) were not determined due to lack of fit.
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