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Abstract

This work focuses on the use of carbon-coated magnetic
cobalt ferrite nanoparticles as catalysts for catalytic wet
peroxide oxidation (CWPO) of the emerging concern
pollutant paracetamol (PCM). The magnetic core of the
catalyst is composed of CoFe204 developed by a sol-gel
method. The core is subsequently coated with a
formaldehyde-resorcinol  resin and TEOS, further
carbonized at 600°C, and etched with NaOH to create a
yolk-shell structure denoted as CoFe;Os@void@C. X-ray
diffraction (XRD), transmission electron microscopy (TEM),
and Fourier transformed infra-red (FTIR) analysis revealed
that the uncoated core is composed of a CoFe204 cubic
spinel structure with a crystallite size of 53 nm calculated
using the Williamson-Hall (W-H) method, matching very
well the average size observed by TEM (53.51 + 4.2 nm).
Comparing the performances of CoFe:0s@void@C and
the bare CoFe20s4 in the CWPO of paracetamol, total
organic carbon (TOC) removals of 58% and 46% are
obtained respectively after 24 h of reaction. An empirical
kinetic model based on second-order and autocatalytic
expressions was developed to suitably describe the
decomposition of H202 and the removal of paracetamol
using CoFe204@void@C as catalyst. The disappearance of
TOC was well-described (r?> = 0.98) by a lumped kinetic
model as the sum of TOCa, TOCs and TOCc, where TOCA is
the TOC of the PCM, TOCs refers the intermediate

products and TOCc is the TOC of the final products
obtained during the CWPO of PCM.

Keywords: ferrite, nanostructure, nanocatalyst, advanced
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1. Introduction

During the past decade, the European Union (EU) has
been increasing efforts to monitor, control, and invest in
research to find methods to eliminate pharmaceuticals of
emerging concern in water matrices. The European
Commission of 2015 established 10 pharmaceuticals to be
monitored closely regarding their toxicity and possible
threat in the aquatic environment, at the Union level
(Decision/495/EC, 2015). Even though the amount of
pharmaceuticals detected were in trace concentrations,
they can cause a chain reaction of damage. This is because
the pharmaceuticals have been found in water supplies to
be affecting human life and also affecting the ecosystems,
i.e., in the development of antibiotic-resistant microbes
(Munoz et al.,, 2017; Gadipelly et al.,, 2014). Among
contaminants of emerging concern across the EU,
paracetamol (acetaminophen or 4-acetylaminophene-nol)
is extensively used as a pain reliever and reducing fever
(Van et al., 2020). It deserves special attention regarding
its effects of toxicity on humans and the environment
because, as other pharmaceuticals, paracetamol can not
be retained in conventional wastewater treatment plants
(WWTP) (Silva et al., 2019; Huaccallo-Aguilar et al., 2021).
Furthermore Zhang et al., 2019, demonstrated the
extensive impact of paracetamol in the endocrine
interference to the body, as well as its nefarious effects to
the environment. Therefore, this work seeks to transform
paracetamol into more bio-degradable forms such as CO:
and H20 from the CWPO reactions.

The development of new efficient and economically viable
technologies for the treatment of water containing
pharmaceuticals has been widely investigated. Advanced
oxidation processes (AOPs) appear as an answer with low
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cost and relative ease of reproduction. Among AOPs,
catalytic wet peroxide oxidation (CWPO) is a technique
that can be characterized by the employment of hydrogen
peroxide (H202) as an oxidation source, with a suitable
catalyst to promote its partial decomposition into
hydroxyl radicals (HO®). Magnetic materials can be applied
directly as catalysts or included in different
support/hybrid materials in CWPO (Diaz de Tuesta et al.,
2021; Diaz de Tuesta et al., 2020; Huaccallo-Aguilar et al.,
2021, Duan et al., 2017; Munoz et al., 2020).

In this study, the hybrid carbon material can promote the
decomposition of hydrogen peroxide into hydroxyl
radicals, which are responsible for oxidizing the
pollutants. In this case, the catalyst can be recovered at
the end with the application of a magnetic field. Also, if
the catalyst is stable enough, it won’t generate dangerous
levels of iron leaching and will lead to a shorter time of
catalytic reaction (Huaccallo-Aguilar et al., 2021;.
Huaccallo-Aguilar et al., 2021).

Due to their importance in catalysis, previous studies on
ferrites nanoparticles (NPs), such as cobalt ferrites
CoFe204, have been intensively investigated especially in
terms of structural and morphological properties, as well
as the synthesis procedures. CoFe204, when used as a
heterogeneous catalyst for water treatment (Ribeiro et
al., 2018; Ribeiro et al., 2017, Cai et al., 2020), has shown
remarkable chemical stability, large magnetic anisotropy,
moderate saturation magnetization, and predominantly
ferromagnetic behavior (Giannakopoulou et al., 2002;
Pullar, 2012; Ribeiro et al., 2018; Ribeiro et al., 2017).
These characteristics contribute to easy separation of the
catalyst from the water matrices at the end of treatment,
upon the application of a magnetic field through the
system (Heidari et al., 2019; Kim et al., 2016; Senapati et
al., 2012).

There are several methods to produce ferrites. The sol-gel
method is a technique with high reproducibility, the
control of the structural and morphological properties,
and the certainty of obtaining a magnetic nanomaterial
(Kiani et al., 2021; Dippong et al., 2021; Giannakopoulou
et al., 2002). After the sol-gel synthesis, heat treatment is
necessary to ensure the nanomaterial thermo-stability.

The scientific community has been investigating the
effects of using carbon to coat the catalysts used in
industrial water treatment. This interest is due to the
specific properties of carbon as a stabilizer agent in basic
and acidic media, its high surface area, which allows high
dispersion and stability for supported metals, as well as
the possibility to control the morphological properties of
the final composite (Oliveira et al., 2018; Ribeiro et al.,
2016; Rodrigues et al., 2018, Masudi et al., 2020).
However, the most important properties in this study are
the increase of the catalyst recovery rate and the
elimination/reduction of metal leaching from the catalyst
to the treated waters.

The present work aims to develop carbon-coated catalyst
composites constituted of yolk-shell cobalt ferrite NPs
CoFe 0s@void@C for application in CWPO of water
streams containing the model pollutant paracetamol.
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Also, an empirical kinetic model was developed to study
the decomposition of H202, the removal of paracetamol,
and the Total Organic Carbon (TOC) rate.

2. Materials and methods

2.1. Reagents

For the synthesis of the magnetic core, iron (Ill) chloride
hexahydrate (99%, Merck), cobalt (ll) chloride
hexahydrate (99%, Fisher Chemical), ethylene glycol
(99.5%, Fluka Analytical) and ethanol absolute (99.8%,
Fisher Scientific) were used. Tetraethyl orthosilicate
(TEOS, 98%, Fluka), resorcinol (99%, Fisher Scientific) and
formaldehyde (37-38% wt., Panreac) were used for the
coating of the NPs. To remove the silica, sodium hydroxide
(99.1%, Fisher Scientific) was used.

The CWPO runs were performed using paracetamol (98%,
Alfa Aesar), hydrogen peroxide (30% w/v, Fisher
Chemical), and sulfuric acid (98%, Panreac). For analytical
techniques, ortho-phosphoric acid (85%, Riedel-de Haen),
and titanium (1V) oxysulfate (15 wt% in dilute sulfuric acid
99.99%).

All reagents were used without further purification and,
ultrapure water and ethanol absolute (99.8%, Fisher
Scientific) were used as solvents throughout this work.

2.2. Synthesis of CoFe204 yolk-shell NPs

The magnetic core (CoFe204) was synthesized according to
the Sol-gel methodology described by Giannakopoulou et
al., 2002. In this methodology, the metal precursor
undergoes rapid hydrolysis to produce a metal hydroxide
solution, with a consecutive condensation leading to
formation of a three-dimensional gel structure. The gel is
dried and the resultant solid is calcined to remove organic
impurities. The carbon-based yolk shell architecture was
achieved by a sequential procedure summarized in
coating, annealing, and etching. The coating consisted in a
one-pot strategy for the synthesis of YS nanoparticles by
hydrolysis of TEOS and polymerization of the precursors
1,3-benzenediol (resorcinol) and methanal
(formaldehyde). Annealing was performed in inert (N2)
atmosphere at 120 and 400 °C for 1 h at each
temperature, and 600 °C for 4 h. At last, silica was
removed to achieve YS architecture upon etching with
NaOH 10 M solution during 16 h. Coating conditions were
the same as used in previous works, and described in
more detail by Rodrigues et al., 2018.

2.3. Characterization techniques

Structural characterization and average crystallite size
were measured by X-ray Diffraction (XRD) using Cu-Kq
radiation (4 = 0.15nm) in a Bruker D8 Discover
diffractometer. Transmission Electron Microscopy (TEM)
was performed in an H-9000 instrument operating at 300
kV. Imagel software (NIH, Bethesda, MD, USA) was used
to estimate the size of the magnetic NPs. Fourier
Transform Infrared Spectroscopy (FTIR) spectra of the
CoFe204@void@C sample were recorded on a Perkin
Elmer FT-IR spectrophotometer UATR two infrared
spectrophotometer, with a resolution of 4 cm™.

2.4. CWPO experiments
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Batch CWPO runs of PCM were performed in a stirred
glass reactor. The reactor was loaded with 100 mL of PCM
solution (Ceemo = 0.6615 mmol-L') acidified until pH 3.5
employing H2SOs4, and 0.25 g of catalyst. 158 pL of a
30%w/v peroxide solution was then added to obtain the
concentration of H0:, required for complete
mineralization of PCM (Ck,0,0 = 13.8881 mmol-L?). The
controller maintained the temperature at 80 °C. In this
study, pH and temperature were the same for all
experiments, and were chosen based on previous
observations to maximize H202 conversion into hydroxyl
radicals (Diaz de Tuesta, Quintanilla, Casas, et al., 2020).
The samples were periodically withdrawn at selected
times from 5 to 1440 min to analyze PCM degradation,
H202 consumption, TOC abatement and iron leached from
catalysts, following the methodology described in
previous works (Silva et al., 2019; Diaz de Tuesta et al.,
2021). Percentage of iron leached was calculated
considering the mass of reagents used to synthesize the
magnetic nanoparticle and the mass of iron leached at the
end of experiments.

The kinetic study of the oxidation was carried out as
detailed in previous works (Diaz de Tuesta et al., 2021;
Diaz de Tuesta et al., 2019; Quintanilla et al., 2019).

3. Results and discussion

3.1. Characterization of ferrite nanocatalyst

Figure 1 shows the XRD patterns of the core CoFe204 and
CoFe204@void@C powders samples, prepared by sol-gel
method. The position and relative intensities of the peaks
correspond well to the standard XRD pattern of CoFe204

indicating retention of the crystalline cubic spinel
structure during funcionalization with carbon-coated.
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Figure 1. XRD diffractograms of the (a) core CoFe;0,, (b)
CoFe,0,@void@C and, (c) reference cards.

As it can be observed, the diffraction peaks of the XRD
pattern can be indexed to CoFe204 cubic spinel structures
with space group Fd-3m (JCPDS Card No 001-1121). After
coating, the catalyst structure remained the same, as
shown by the characteristic peaks.

An analysis with the Rietveld method (Rietveld, 1969)
confirmed that the face-centered cubic spinel structure of
synthesized cobalt ferrite is present in the nanoparticles,
coexisting with a secondary phase corresponding to 4.7 %
of Fe203 (JCPDS Card No 024-0072).

The results of the Rietveld refinement for all samples are
summarized in Table 1.

Table 1: The values of the refined lattice parameters, unit cell
volume, crystalline size, average grain size of the samples as-
prepared.

Samples Lattice constant a (A) Volume (A3)
CoFe,04 8.393 591.223
CoFe20,@void@C 8.393 591.223

In particular, the crystallite size of the prepared CoFe204
powders is 53.3 £ 0.6 nm, as calculated by the Williamson-

Hall method (W-H) (Hall, 1949; Nath et al., 2020). The
TEM image presented in Figure 2a shows the bare cobalt
ferrite core synthesized through the sol-gel method with
an average size of 53.5 + 4.2 nm, in agreement with the
value obtained by the W-H method from the XRD
spectrum. The observed agglomeration is related to the
ferromagnetic characteristics of the sample. By the shape
and morphologies of CoFe,0:@void@C observed in Figure
2b, the lighted shadowy border evidences the coating of
the magnetic NPs and the cobalt ferrite core shelled by a
carbon-based layer, as observed elsewhere (Ribeiro et al.,
2017; Rodrigues et al., 2018; Zhang et al., 2010). The
nanoparticle’s size increased to 58.7 + 8.1 nm according
to TEM results, as expected due to carbon coating and
void.

a)

Figure 2. TEM image of the: a) magnetic core (CoFe,04); b)
CoFe,0,@void@C.

The morphological properties found in this work agree so
far with other studies of synthesis of NPs. The work
reported by Ribeiro et al., 2017 about the preparation of
magnetite, nickel, and cobalt ferrites encapsulated within
graphitic shells shows similar results. The core-shell
structures of NiFe204/MGNC and CoFe204/MGNC had a
crystallite size of 33 £ 5 and 33 + 2 nm, respectively. The
average size of the nickel and cobalt ferrites is 36 + 15 and
56 + 18 nm, respectively determined from TEM
measurements. Desai et al., 2020 reported a study
regarding the Zn-Zr co-substitutes cobalt ferrite
nanoparticles (CoZnxZrxFe2-2x0s, x = 0 — 0.4) synthesized by
sol-gel auto-combustion route. The formation of the cubic
phase of CoFe:04was revealed by X-ray. The particle size
was measured by TEM, being the values for the samples
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with x = 0.2 and 0.4 of 45 and 80 nm, respectively. Ai &
Jiang, 2010 prepared cobalt ferrite NPs by a one-step sol-
gel auto-combustion method. It was found that the
particle size and magnetic properties of the samples
showed a strong dependence to the annealing
temperature. The samples heat-treated at 700 °C seem as
quasi-spheres with the crystallite size in the range of 25 -
30 nm.
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Figure 3. FTIR spectra of CoFe;0,@void@C.

The bands of the FTIR spectra (Figure 3) of
CoFe204@void@C were compared and analyzed according
to the literature of cobalt ferrite nanomaterials (Bagade et
al., 2017; Hamdi El Najjar et al., 2014; Wang et al., 2014).
The strong band at 589 cm™ confirms the metal oxide in
the spinel structure due to the stretching vibrations of
metal oxide in the octahedral group complex Co(ll)-0% of
the cobalt ferrite phase. The band observed at 3430 cm
is attributed to the O-H stretching vibrations and the
absorption band present at 1629 cm™ is due to the
bending of the absorbed water molecules. Meanwhile, the
band at 1465 cm™is due to the symmetric C-H stretching
vibrations.

3.2. Performance of ferrite nanocatalyst in CWPO

The efficiency of the CoFe204 magnetic core and of
CoFe204@void@C as catalyst in the CWPO of PCM are
addressed through the monitoring of the concentrations
of PCM, H20;, and TOC over reaction time, as depicted in
Figure 4. Figure 5 shows the conversions of paracetamol,
TOC, the efficiency of H202 consumption at 6 h of
reaction, and the percentage of iron leached at 24 h of
reaction. To confirm the activity of the catalysts, a non-
catalytic run at the same operational conditions was
performed.

As observed, both catalyst show activity in the CWPO of
PCM. The decomposition of H202, shown in Figure 4(a),
achieved values of 10%, 68%, and 85% after 24 h of
reaction in the non-catalytic run, and in the runs with the
catalysts CoFe204and CoFe204@void@C, respectively.

Regarding the conversion of PCM, Figure 4(b) and Figure 5
reveal that the best-tested material is CoFe;0s@void@C,
showing 99.5% of conversion after 6 h of reaction. As can
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be observed in Figure 4(c) and 5, the catalysts allow to
obtain the highest conversions of TOC, agreeing with the
conversion results obtained for PCM and H:02. The core
CoFe204 and CoFe:04@void@C achieved mineralization
values of 46% and 58%, respectively, after 24 h of
reaction.
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Figure 4. Normalized concentrations of (a) H,0,, (b) PCM and (c)

TOC. (Operational conditions: Cpcm,0 = 0.6615 mmol-L, Cy,0,0 =

13.8881 mmol-L, pHy = 3.5, 80°C). Lines connecting points are
only intended to show the trend of concentration profiles.
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reaction. (Operational conditions: Cpcn0 = 0.6615 mmol-L2,

CHZOZ/O =13.8881 mmoI-L’l, pHo =35, 80°C).

The absence of PCM adsorption over CoFe;Os and
CoFe04@void@C catalysts after 24 h of contact time was
confirmed at the same operational conditions than those
used in CWPO runs, evidencing those removals obtained
though CWPO are due to the oxidation. The best
performance of CoFe,04@void@C as a catalyst when
compared with the uncoated ferrite can be explained by
the higher degree of crystallinity of the hybrid coated
ferrite, as inferred from the peaks in the XRD pattern of
the CoFe,04s@void@C sample, which increases
significantly when compared to those of CoFe20a.
CoFe204@void@C also has a higher surface area, which
also contributes to superior catalysis and its coated
leading to runs of CWPO with a minimal amount of iron
leaching.

Figure 5 shows that the CoFe;Os@void@C had lower
amounts of iron leached. The determination of iron
leached from the catalysts to the reaction solution was
done after each CWPO run (24 h of reaction). As expected,
the CoFe0:s@void@C material with the carbon-coated
achieved a better result (iron leaching of 1.59 mg:L?)
when compared to the uncoated ferrite which had an iron
leaching of 2.54 mgL?, value above the Ilimit
concentration of 2 mg-L? of iron in water established by
European Union standards (Council Directive 98/83/EC).

(a) (b)

CoFe,0,@void@C

Figure 6. CoFe;0,@void@C catalysts (a) far and (b) close to the
presence of a magnetic field.

The CoFe0s@void@C catalyst produced by the sol-gel
method described in this work shows high ferromagnetic

behavior, even after the CWPO runs, as shown in Figure 6.
During the coating process and the CWPO run, it is
important to have a magnetic material to provide an
abundant recovery of the samples. At the end of the
oxidation reactions, it was possible to recover almost
100% of the catalyst using a magnetic field.

3.3. Kinetic modeling
3.3.1. PCM and H:0: disappearance rates

To interpret the role of the oxidation reactions in the
CWPO process, the kinetics were modeled from the
results shown previously for the CoFe:04@void@C as a
catalyst. Considering the system as a batch reactor in a
constant volume and perfect mixing, where an irreversible
reaction occurs and that the composition of the aliquot
taken at a given time was identical to the internal
composition of the reactor at that time. It was also
considered that adsorption was negligible in the whole
process.

Different reaction rate equations have been proposed to
fit the experimental data, namely first order, pseudo-first
order, second order for each species and an autocatalytic-
power-law kinetic model developed to predict the
observed induction period and the dependence on the
consumption of H20..

Due to lack of monitoring of the oxidation intermediates
resulting from the oxidation of the model contaminant,
only the rate of disappearance of PCM and H.0: can be
defined according to their concentrations, without taking
into account the stoichiometry of the multiple reactions
that can occur simultaneously, as shown in Eq. 1.

C,H,NO, + H,0, — non identified oxidized products 1
+ CO,+ H,0 (1)

The kinetic study was done following the methodology
proposed in other works that analyzed kinetic studies of
oxidations reactions (Diaz de Tuesta et al., 2017; Diaz de
Tuesta et al., 2019; Quintanilla et al., 2019; Diaz de Tuesta et
al., 2019). The numerical integration of the rate equations
presented in Table 2, with the initial conditions Cecnv =
Cpcm,0, CH202 = CHaoz0at t = 0 was solved by using the
software Python 3.7 (Python Software Foundation, 2020,
USA) to minimize the sum of squared errors (SSE) of the
relative concentration of each compound i (rci = Ci/Cio)
between the experimental (exp) and predicted (model)
values, as given in Eq. 2.

N

SSE:Z(r Cexpin ~ TCoodelin ) (2)

n=1
The models were also evaluated by the determination
factor (R?) calculated by applying Eq. 3.
RZ
N -
— Zn=1(R'Cmodel in 7R'Cmudeli)2 (3)
an:l(R‘Cmodel i,n _R'Cr:mdel i )2 +ZnN:1(R'Cexpi,n _R'Cmadel i,n )2

where N in the total number of values (n) in a run and p is
the number of predictors.
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Table 2. Kinetic models considered to evaluate the disappearance rates of PCM and H;,0; in the CWPO run with CoFe,0,@void@C as
catalyst (units in mmol and min).

No. Kinetic model Parameters R? SSE
dc
1 B T C ki,0,= 0.0033 min 0.95 0.118
dt H,0, = H,0,
2 c]’Cﬂ——k c kpcm = 0.0064 mint 0.90 0.264
dr M- pcm = U min . .
dcC k+.,0,=0.00040 L-mmol-
3 B Y _ 0.98 0.033
dt U, 2V, 1~m|n’1
dCpey, 2 kpem = 0.0148 L-mmol-
4 B o Cocmr i 0.67 0.583
dcﬂ=— c Ki202= 0.0033 mint
dt H,0, ~H,0, H202= Y-
dc
6 %:—kwc,,cM kpcw = 0.0624 0.95 0.063
(Co —Cocnr) L-mmolL-min
Co=0.6855 mmol-L?
dc
%:— 120,Civo, Ki202= 0.0033 min
7 dCoqy kpcar =0.0064 L2-(mmol?2) 0.94 0.335
dt - PCMCPCM Lmin-t
(Co = Coem Cio, Co=0.6833 mmol-L'1
dCo, c 2 keoa=4.1104Lmmol
dt - H,0, ~H,0, l.min—l
8 dCpqy c kpc =0.007 L2-(mmol2)- 0.98 0.252
dt = Rpem™pem Lmint

(Co - CPCM )C/-/zo2

Co=0.6832 mmol-L1

Figure 7 exhibits the concentrations of H.0, and PCM
during the time of reaction. It is observed that the kinetic
models of the first and second order for paracetamol did
not represent well the experimental data, especially in the
case of the second-order model (model N24).
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Figure 7. Experimental (symbols) and predicted (lines)
concentrations of H,0, (models 1 and 3) and PCM (models 2 and
4).

Regarding the disappearance of H;0;, the proposed
second order power-law kinetic model (N°3) obtained a
good representation of the values with a determination
factor equal to 0.98.
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Figure 8. Experimental (symbols) and predicted (lines)
concentrations of H,0, and PCM.
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The initial low-activity period of paracetamol can be well
explained by the autocatalytic model, with a
determination factor equal to 0.99, model N° 5 (Figure 8).
Subsequently, the best models for the pollutants and
oxidants were related together and the constant Co was
determined. It is important to highlight that the value Co
did not change significantly regardless of the proposed
experimental models (0.6858, 0.6855, 0.6833, and 0.6832
mmol-L? for the models 5, 6, 7, and 8, respectively). From
Table 2 and Figure 8 the model N° 8 achieved the best
result in terms of RZ and SSE. Thus, the CWPO of PCM with
the CoFe20:@void@C catalyst can be well-described by
an empirical kinetic model composed of a second-order
and an autocatalytic expression to describe the
decomposition of H202 and PCM, respectively. In this
sense, it is possible to predict the induction period, which
takes place in the process.

Taking into account that there was no adsorption, there
seems to be an oxidation process occurring at the surface
of the carbon-shell promoting a higher catalytic activity,
thus leading to an induction period. This behavior of
carbon-based catalysts in oxidation reactions has been
reported in various publications (Diaz de Tuesta et al.,
2017; Enterria & Figueiredo, 2016; Zhu et al., 2019)
suggesting that the same phenomenon can be occurring
in this process, as a possible explanation.

The kinetic behavior expressed in the model's equations
above is in alignment with previous research on oxidation
reaction applying an iron-supported catalyst. Van et al.,
2020 tested a catalyst derived from iron slag (Fe-S) that
was used for heterogeneous Fenton oxidation (H202/Fe-S)
of paracetamol in a range of concentrations between 100
and 500 mgl?! in an aqueous solution. Kinetic
experiments showed that the degradation of paracetamol
occurs better when the concentration of PCM equals 100
mg-L't and was well fitted with a pseudo-first-order kinetic
model. The calculated constant k was 0.0425 min'l. Some
of the reasons why the authors achieved such a different
value for the kinetic constant is because they reported an
adsorption process of paracetamol at the surface of Fe-S,
while in this work the adsorption run did not show
significant removal of pollutant.

Diaz de Tuesta et al., 2019 performed work to understand
the condensation by-products in CWPO processes in the
absence of a catalyst but in presence of oxygen to the
treatment of phenol. The authors proposed different
equations to fit the experimental data. The models of
pseudo-first-order, Langmuir-Hinshelwood-Hougen-
Watson (LHHW), and autocatalytic rate were tested.
However, the first two models did not consider the
presence of an induction period in the concentration
profiles of the three variables (phenol, H202, and TOC). On
the other hand, the autocatalytic model provides a good
fit because it takes into account the activity promoted by
the condensation by-products formed during the reaction.

3.4. TOC abatement rate

After completing a review of different methods to
describe TOC kinetics (Diaz de Tuesta et al, 2019;

Quintanilla et al., 2019; Sun et al., 2020), a model was
proposed considering the total TOC as the sum of the
different compounds produced during CWPO, as defined
in Eq. 3.

TOC = TOC, + TOC, + TOC, (3)

where TOCa corresponds to the TOC of PCM, TOCs refers
the oxidized intermediates resulting from the initial
pollutant, which are still oxidized to refractory compounds
represented by TOCc. Specifically, TOCc represents those
compounds that do not oxidize and remain in the reaction
medium. Hence, equations 4 to 7 represent the reaction
pathway.

dc, .
Lo Ko, Co” (4)
dc
—A = - klcTOC,A (Co - CTOC,A )CHZOz )
dt
dcC
CTf‘;C’B - kZCToC,A (Co ~Croca )CHzoz - kscroc,BCHZOz (6)
dc
% - k4CTOc,BCHzOz 7

To solve this model, the initial limit of integration was
considered at t =0, TOCa,0 = TOCo, TOCa = TOCpcm, TOCgo =
0 and TOCco = 0. The kinetics constants k.0, k1, and Co
have been previously determined. To perform the TOC
kinetics model, the values of the constants used were
obtained in model N°8 (with CoFe,0s@void@C as a
catalyst). Figure 9 shows the experimental and fitted data
recorded by the proposed method. The calculated
determination factor R? was 0.98 and the SSE equals 0.18.

1.0
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) — TOC
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Figure 9. Experimental (dot lines) and predicted (lines)
concentrations of TOC obtained in the CWPO of PCM
(Operational conditions: Crem,0 = 0.6615 mmol-L2, Cy,0,0 =

13.8881mmol-Lt, pH, = 3.5, 80°C).
There are many approaches in how to describe a TOC

kinetic model. However, to the best of our knowledge,
there are no other works that describe the kinetic model
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of concentration profiles of the TOC in the treatment of
paracetamol by CWPO employing ferrites yolk-shell NPs as
a catalyst.

Audino et al., 2019 conducted a study on photo-induced
oxidation for the treatment of 0.26 mmol-L! of
paracetamol in a deionized water matrix, during a
reaction span of 200 min. The authors fit the TOC
concentration profile in a semi-empirical model. The
kinetic was done calculating TOC in terms of conversion of
the pollutant into CO2 and H20. The k value calculated to
achieve the maximum conversion was 0.007 min.

Diaz de Tuesta et al., 2017 developed a kinetic model with
a commercial carbon black as a catalyst to describe the
rate of H202 consumption and the targeted pollutant
phenol degradation. The authors also took into account
the total TOC as the sum of the different compounds
produced during CWPO. Direct mineralization of phenol
and the important selectivity of aromatic intermediates
for mineralization have been reported instead of
conversion into carboxylic acids as typically considered in
wet oxidation studies of phenol.

4, Conclusions

Based on the premise of synthesizing yolk-shell magnetic
NPs for application as catalysts in CWPO, this work
considered the synthesis of CoFe 0s@void@C materials.
XRD, TEM, and FTIR revealed that the core is composed of
a CoFe204 cubic spinel structure with space group Fd-3m,
with a crystallite size of 53 nm, calculated using the W-H
method which is in agreement with the average size
observed by TEM (53.51 + 4.2 nm). The average size of the
hybrid coated ferrite NPs increases to 58.7 £ 8.1 nm due
to the coating introduced.

The treatment of waters containing paracetamol is
promising when considering the CWPO process with
CoFe 04s@void@C as a catalyst. The CWPO runs
conducted revealed that over half of the paracetamol is
converted in less than two hours of reaction. The CWPO
of paracetamol with CoFe:0s@void@C led to a
mineralization value of 58%. The CoFe:04s@void@C
succeeds in avoiding iron leaching and proved to be a
stable catalyst, the amount of iron at the end of the
reaction being equal to 1.59 mg-L.

The CWPO of PCM with the CoFe204@void@C catalyst can
be well-described by an empirical kinetic model composed
of a second-order and an autocatalytic expression that
describe the decomposition of H20, and PCM,
respectively. In this sense, it is possible to predict the
induction period, which takes place in the process. The
kinetic model of TOC can be well-described as the sum of
the initial pollutant plus the oxidation intermediates from
the PCM and the organic components that are refractory
to the process.
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