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ABSTRACT

Clean water availability is becoming a matter of global concern in the last decades. The responsible entities for
wastewater treatment do not have the proper facilities to deal with a wide range of pollutants. Special attention
should be given to emerging contaminants, whose presence in water bodies may cause adverse effects on the
aquatic ecosystem and human health. Most studies in the literature do not consider the development of their
solution in real matrices, which can hinder the applicability of the explored alternative in the real scenario.
Therefore, in this work, we demonstrate the applicability of hybrid magnetic nanoparticles for removing para-
cetamol (PCM) from simulated and real matrices by catalytic wet peroxide oxidation (CWPO). To achieve carbon
coating, the nanoparticles were prepared via the traditional route (resorcinol/formaldehyde, CoFe@CRF). A new
methodology was also considered for synthesizing thin-layered carbon-coated magnetic nanoparticles (phlor-
oglucinol/glyoxalic acid, CoFe@Cpg). TEM images revealed a multi-core shell structure formation, with an
average carbon layer size of 7.8 + 0.5 and 3.2 £+ 0.3 nm for resorcinol/formaldehyde and phloroglucinol/
glyoxalic acid methodology, respectively. Screening the materials’ activity for PCM oxidation by CWPO revealed
that the nanoparticle prepared by phloroglucinol/glyoxalic acid methodology has higher performance for the
degradation of PCM, achieving 63.5% mineralization after 24 h of reaction, with similar results for more complex
matrices. Iron leaching measured at the end of all reactions has proven that the carbon layer protects the core
against leaching.

1. Introduction

and disturbance of ecological stability are the main factors leading to
increased awareness of the scientific community of the dangers of CECs

Unplanned city growth is currently pressing the systems dealing with
solid and liquid waste management [1,2]. The contamination of water
bodies with a wide range of pollutants is being reported worldwide due
to the increased utilization of personal care products, pharmaceuticals,
pesticides, and natural and synthetic hormones [3-6]. These are known
as contaminants of emerging concern (CECs), and commonly, their
presence in water bodies is not monitored [3]. The ubiquitous presence

presence in water bodies [7-12].

Since the late 60 s, scholars have demonstrated that wastewater
treatment plant facilities cannot properly remove a wide range of CECs.
The lack of proper treatment at this stage is a major environmental
problem, considering that this leads to the accumulation of CECs in
water bodies, threatening water ecosystems and human health [13,14].
Pharmaceuticals have been recognized as increasingly troublesome

* Corresponding authors at: Centro de Investigacao de Montanha (CIMO), Instituto Politécnico de Braganca, Campus de Santa Apoldonia, 5300-253 Braganca,

Portugal.

E-mail addresses: adriano.santossilva@ipb.pt (A.S. Silva), htgomes@ipb.pt (H.T. Gomes).

https://doi.org/10.1016/j.jece.2023.110806

Received 29 May 2023; Received in revised form 17 July 2023; Accepted 18 August 2023

Available online 22 August 2023

2213-3437/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:adriano.santossilva@ipb.pt
mailto:htgomes@ipb.pt
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2023.110806
https://doi.org/10.1016/j.jece.2023.110806
https://doi.org/10.1016/j.jece.2023.110806
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2023.110806&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.S. Silva et al.

contaminants, with many studies reporting their presence in rivers,
lakes, and other water bodies [15,16]. This class of compounds is used
for several purposes, such as nutrition, prevention, treatments and di-
agnostics. The most common path for discharging pharmaceutical
compounds in water bodies is improper human waste disposal of un-
wanted medication and pharmaceuticals in agriculture [17,18].

Several options for the treatment of CECs are reported in the litera-
ture, such as adsorption [19], forward osmosis [20], nanofiltration [21],
ultrafiltration [22], biodegradation [23], and advanced oxidation pro-
cesses [24-27]. Advanced oxidation processes (AOPs) emerge as a group
of technologies based on the formation of highly oxidizing species, such
as hydroxyl radicals, hydroperoxyl radicals, superoxide radicals, and
sulfate radicals, for the degradation of organic pollutants [28,29]. There
are several AOPs reported in the literature, such as photochemical [30],
radiation-induced [31], cavitation [32], and electrochemical oxidation
[33]. Despite the many approaches developed towards AOPs, the major
and recognized limitation is the large-scale cost of implementing the
treatments [34].

Among the AOPs, catalytic wet peroxide oxidation (CWPO) is typi-
cally conducted with a solid material as a catalyst [35]. A wide range of
materials has been reported in the literature for removing organic pol-
lutants, such as clay-based [24], carbon-based [36], waste-based [37],
and magnetic catalysts [38]. The typical catalyst for this purpose com-
prises an active phase, such as transition metals (Fe, Ni, Co) supported
on a highly stable material. The activity of the pioneer metal-based
materials comes from the metal phase. Still, the operating conditions
during oxidation reactions might lead to the release of metallic particles
into the liquid media if the catalyst is not stable enough, resulting in
pollution and activity loss [39]. Evolutions in research towards solving
the iron leaching issue have led to using non-metal catalysts, for
example, carbonaceous materials for CWPO, which returned promising
results for mineralizing organic pollutants [40]. The activity in these
catalysts comes from the redox properties of carbon-based materials,
allowing the catalyst to interact with HoO5 to form hydroxyl radicals
[41]. In general, most works dealing with CWPO explore the degrada-
tion of model pollutants in distilled or pure water (synthetic waste-
water), which is far from real scenarios. Real matrices present several
challenges to implementing CWPO technology, such as the presence of
radical scavengers that may result in parasitic reactions affecting the
amount of hydroxyl radicals available for pollutant degradation [42]. In
addition, many pre-treatment and primary treatments (e.g,
coagulation-flocculation) cannot completely remove hydroxyl radical
scavengers [26].

In most recent approaches, magnetic metal nanoparticles were car-
bon coated, showing a promising application in the catalytic degrada-
tion of pollutants [43]. Carbon-coated nanocatalysts have revealed a
synergistic effect between the carbon layer and the inorganic core,
typically composed of an active phase. This may be ascribed to the ca-
pacity of the carbon layer and the metal core to interact with the oxidant
and contribute to hydroxyl radical formation. In addition, the carbon
coating protects the metal core against metal leaching. Most works
dealing with carbon-coated magnetic nanoparticles explore the utiliza-
tion of phenol or resorcinol/formaldehyde (RF) phenolic resin for the
coating procedure [44-46]. Despite the interesting approach and results
with RF carbon-coated nanocatalyst, RF resin formulation is hazardous
due to the utilization of carcinogenic reactants (i.e., formaldehyde) [47].
In this regard, there are scarce studies dealing with novel carbon coating
methods for metal nanoparticles to develop efficient catalysts for
advanced oxidation processes. In this work, we propose an alternative
route for coating particles with a carbon shell using a phlor-
oglucinol/glyoxylic acid (PG) resin, which is less hazardous than
traditional RF methodology [48]. Similarly, most works explore archi-
tectures such as the traditional core-shell [38] or the yolk-shell [45]
structure. In both cases, the authors do not discuss the coating effect on
the magnetic properties of their nanomaterial, which is a desired feature
to be maintained after coating. In contrast, carbon-coated multi-core
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shell magnetic nanoparticles (MCSNPs) are known to preserve the
magnetic characteristics after the coating procedure [49], and, as far as
we are aware, there are no studies in the literature considering the
utilization of MCSNPs for advanced oxidation processes, especially
considering novel coating procedures.

The present study focus on developing efficient hybrid multi-core
shell magnetic nanocatalysts for removing a micropollutant by CWPO.
Two methodologies were considered for synthesizing hybrid materials;
one previously reported in the literature (resorcinol-formaldehyde, RF)
[50], allowing the formation of a carbon layer around the core, and an
innovative methodology (phloroglucinol-glyoxal acid, PG), allowing to
obtain a thin carbon layer around the core. Both the core and the
carbon-coated nanomaterials were evaluated as catalysts for paraceta-
mol (PCM) mineralization, chosen as a model pharmaceutical pollutant
by CWPO. The screening of the nanocatalysts was carried out in a matrix
comprised of ultrapure water and pollutant. The stability of the best
catalyst was further studied in ultrapure water matrices, maintaining a
similar profile of PCM removal for up to 3 cycles. Finally, the best
nanocatalyst was further used to remove PCM in three more complex
matrices: bottled water, hospital wastewater, and river water.

2. Methodology
2.1. Reagents

The reagents used in this study are described in Text S1 in the SI.
2.2. Multi-core shell magnetic nanoparticles (MCSNPs) synthesis

The procedure used to achieve the desired multi-core shell archi-
tecture is based on a step-by-step methodology comprised of 4 phases:
(a) synthesis of the magnetic core, (b) resin coating, (c) annealing, and
(d) etching. The coating procedures considered in this work to achieve
the multi-core shell architecture have two purposes: use a new meth-
odology based on the employment of glyoxal and phloroglucinol resin
for the development of thin carbon coating and compare the new
methodology with the more traditional formaldehyde and phenol resin
[50]. The general procedure adopted is illustrated in Fig. S1.

The magnetic core was prepared following a sol-gel methodology
described elsewhere [45]. The detailed synthesis procedure can be seen
in Text S2 in the SI.

Two methodologies were carried out for coating the particles: a
traditional resorcinol-formaldehyde (RF) route and an innovative route
considering phloroglucinol-glyoxal acid (PG). In brief, for the traditional
methodology, 0.25 g of the magnetic core is suspended in 50 mL of
distilled water with the aid of an ultrasonic bath. The suspension is then
transferred to a two-necked round bottom flask previously loaded with
0.12 mL of ammonia reagent and 0.1 g of resorcinol. This mixture will
remain stirring at 30 °C for 1 h to ensure proper dispersion of reactants.
After this period, 0.21 mL of TEOS and 0.15 mL of formaldehyde are
poured into the mixture, so the condensation reaction of TEOS and
polymerization reaction of resorcinol and formaldehyde (RF) can start.
Once the reaction starts, temperature and stirring are kept the same for
6 h, when the temperature is raised to 80 °C, remaining at this tem-
perature for another 8 h. Once finished, the final solid is recovered from
the mixture and washed several times with distilled water until rinsing
waters reach neutral pH. The washing process is performed with the aid
of a neodymium magnet, which is enough to recover the magnetic
nanoparticles from liquid media. The final nanomaterial was named
CoFe@Rgg.

For the second methodology followed to coat the core, phlor-
oglucinol and glyoxal were used instead of resorcinol and formaldehyde.
In addition, Pluronic ® F-127 was also added to develop the porosity of
the thin carbon layer. Pluronic ® F-127 was previously loaded in the
two-necked round bottom flask along with other reactants. The re-
actants were chosen based on studies reporting the possibility of
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achieving carbonization of the phloroglucinol/glyoxalic acid resin [51].
The final nanomaterial was washed until rinsing waters reached neutral
PH, dried, and labeled as CoFe@Rpg.

CoFe@Rgr and CoFe@Rpg coated nanoparticles were annealed in an
inert atmosphere in a tubular furnace (ROS 50/250/12, Thermoconcept)
following the heat treatment illustrated in Fig. S2, resulting in CoFe@-
SiO;. Cgr and CoFe@SiOa. Cpg, respectively. Finally, the carbon-coated
nanoparticles underwent an etching process by stirring them in a 10 M
NaOH solution for 16 h at room temperature to remove the silica con-
tent. The final nanoparticles were washed until rinsing waters reached
neutral pH and labeled as CoFe@Cpg and CoFe@Cgr (product of
CoFe@8SiO2. Cpg and CoFe@SiO3. Cgy, respectively).

2.3. Characterization techniques

The MCSNPs were characterized throughout the synthesis procedure
to identify the chemical path during the production of the desired
nanocatalysts, as described in other studies [52]. The samples were
analyzed by transmission electron microscopy (TEM), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FT-IR), thermogravi-
metric analysis (TGA), and magnetometer. Textural properties were
determined upon analysis of Ny isotherms. For a more detailed
description of the characterization techniques and calculation methods,
please consult Text S3 and Table S1.

2.4. Aqueous-phase oxidation runs

The procedure considered for the liquid-phase oxidation runs is well
described in previous works. For further information, please consult
Text S4, Fig. S3, and Eq. (S1-5) in SL

3. Results and discussion
3.1. Morphology and textural properties of nanomaterials

The TEM images recorded from samples CoFe, CoFe@Cgg, and
CoFe@Cpg are shown in Fig. 1(a, b, c¢). The images revealed the suc-
cessful synthesis of nanoparticles for the bare core, with an average size
of 45.5 + 8.1 nm. Energy-Dispersive X-Ray Spectroscopy (EDS) images
of the CoFe sample in Fig. S4 confirm the presence of cobalt and iron on
the sample, indicating the formation of cobalt ferrite structures.
Furthermore, Fig. S4(b) reveals the presence of a region (upper part of
the image) with a predominance of iron-only phase, which is probably
related to the presence of hematite in the sample, also observed by XRD
results which will be discussed in Section 3.4. Previous works have re-
ported cobalt ferrite nanoparticles sizes in the range of 34.7-69.5 nm,
depending on the method considered to prepare the nanoparticles [53].
Another work has reported achieving smaller cobalt ferrite nano-
particles, with particle size in the range of 7-28 nm [54]. However, their
sample had about 29% mass loss in TGA, indicating a high amount of
impurities due to inadequate heat treatment. For the CoFe sample syn-
thesized in this work, the higher size found for the sample is related to
the heat treatment performed to remove impurities, which increases
particle size due to sintering [55].

The formation of a multi-core shell structure for CoFe@Cgr and
CoFe@Cpg is confirmed by TEM images shown in Fig. 1(b) and (c),
respectively. The carbon layers around the multi-core shell have a
thickness of 7.8 +0.5nm for CoFe@Crr and 3.2+ 0.3nm for
CoFe@Cpg samples. The different thickness is related to the different
methodologies used to obtain the desired architecture. Previous studies
dealing with RF methodology to prepare carbon-coated magnetic
nanoparticles claimed to achieve a yolk-shell structure, which makes it
difficult to compare the thickness of the shell obtained in this study. To
the best of our knowledge, no other works report similar carbon coating
to the material CoFe@Cpg and thus, no comparisons with previously
reported results can be made. EDS images obtained for CoFe@Cgr and
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Fig. 1. TEM images of (a) CoFe, (b) CoFe@Cgy, (c) CoFe@Cpg samples.

CoFe@Cpg samples shown in Figs. S5 and S6, respectively, also
confirmed the formation of the carbon layer. Additionally, the images
revealed no presence of silica in the final multi-core shell nanoparticles,
which indicates the successful silica removal in the etching process.
The N3 adsorption isotherms of CoFe, CoFe@SiOs. Crg, CoFe@SiO».
Cpg, CoFe@Cgp, and CoFe@Cpg are depicted in Fig. S7, and the textural
properties obtained are outlined in Table S2. It can be seen from the
figure that all nanomaterials show typical type IV isotherms with type
H2 hysteresis, according to the classification established by IUPAC. This
type of isotherm is given by mesoporous materials in which the
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adsorbent-adsorptive interactions and the interactions between the
molecules in the condensed state determine the adsorption behavior.
The BET surface area for the materials presents a similar behavior for
both synthesis routes, where the surface area increases with each step.
The correlation coefficient obtained for each sample is displayed in
Table S2. For instance, the surface areas for annealed samples CoFe@-
SiO,. Cgr (43 m? g'l) and CoFe@SiO,. Cpg (16 m? g'l) increased by
377% and 78%, respectively, compared to the bare core (9 m? g!). The
nanomaterials obtained after the etching process (CoFe@Cgrr and
CoFe@Cpg) resulted in an increase in surface area of 533% and 144%
(57 and 22 m? g, respectively) compared to the bare core. Previous
studies dealing with carbon-coated magnetic nanoparticles reported
higher surface areas than reported in this study, in the range of
200-300 m? g [43,46]. However, the step-by-step characterization
reported here was not performed, making it more difficult to elucidate
why a higher surface area was obtained. Nevertheless, the low surface
area does not hinder the application of the nanoparticles as catalysts for
CWPO purposes, since other studies already reported catalysts with
smaller surface areas (Sper ~ 13 — 26 m? g'!) achieving high catalytic
activity [56]. Most importantly, the material prepared for this applica-
tion rather needs to possess active sites able to interact with Hy04
reactant to form hydroxyl radicals with good electron transfer properties
(i.e., carbon materials [57]) or the presence of transition metals (i.e.,
iron and cobalt [56]).

3.2. Thermal stability of each nanomaterial during the synthesis
procedure

TGA of each nanomaterial obtained during the experimental pro-
cedure (as presented in Fig. 2) and DTG under air atmosphere were used
to study the formation of the desired carbon coating in both method-
ologies. The results are depicted in Fig. 2(a) and (b). The low mass loss
observed for the bare core (CoFe sample) demonstrates the high purity
of the inorganic material, with a mass loss of around 0.6% being ob-
tained. The high inorganic content of the sample agrees with the liter-
ature, confirming the sol-gel potential for the synthesis of iron-based
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magnetic nanoparticles [58]. The resin-coated materials (CoFe@Rgy and
CoFe@Rpg) are mainly comprised of a polymeric resin based on TEOS,
phenolic compounds, and aldehyde. Both materials presented the
highest mass loss compared to other samples, with 7.7% and 4.3% (at ca.
500 °C) for CoFe@Rgr and CoFe@Rpg, respectively. Following the
polymerization and condensation reactions expected during the coating
procedure, the thermal decomposition of the phenolic resin with a
three-dimensional cross-linked inorganic network structure is respon-
sible for the mass loss observed. The resin’s structure is based on co-
valent O-bonds between the organic and inorganic (Si) phases. The
peaks observed in DTG analysis, shown in Fig. 2(c) and (d), confirm the
thermal decomposition of OH bonds from silanol and the organic con-
tent from the phenolic hybrid resins (200-400 °C). The difference in the
mass loss for resin-coated samples is related to the formation of a thinner
carbon layer for CoOFe@Rpg compared to CoFe@Rgp, resulting in lower
organic content.

The polymeric resin gives place to SiO5 and graphitic shell after the
annealing under N, atmosphere. The inorganic coating (Si) is present in
higher amounts around the core, resulting from the electrochemical
interaction between ammonium ions and the magnetic core, acting as
directing agent for the condensation of TEOS around the core. The lower
mass loss observed for both annealed samples of 2.8% (at ca. 310 °C)
and 3.9% (at ca. 400 °C) for CoFe@SiO,. Crr and CoFe@SiO,. Cpg is
related to the removal of organic byproducts during thermal treatment.
On the other hand, the presence of Si-O bonds is confirmed by the peak
observed in the range 300-400 °C. At last, the lowest mass loss (apart
from the core) was observed for final samples CoFe@Cgr and CoFe@Cpg
due to the removal of silica in the etching. According to thermogravi-
metric results, the carbon content in the samples is around 1.8% and
0.8% for CoFe@Cgrr and CoFe@Cpg. The carbon content observed for
CoFe@Cgr is in agreement with the previously reported values obtained
using the same methodology, with values below 5% [50]. As far as we
know, no other work reports a similar carbon coating to the one shown
here using a PG resin. The difference in carbon content in RF and PG
methodologies is ascribed to the thickness of the carbon layer obtained
for each methodology, with that obtained by PG resin to be much
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Fig. 2. Air-atmosphere TGA results of multi-core shell nanoparticles prepared with (a) RF and (b) PG resins; and DTG results for (c) RF and (d) PG coating methods.
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thinner than that of the RF resin, as previously observed with TEM
analysis.

3.3. Surface chemistry of the nanocatalysts

Chemical bond identification with FT-IR spectra reveals chemical
modifications that are key steps for achieving the desired architecture in
the final nanoparticles. The results obtained for FT-IR of CoFe,
CoFe@SiO;. Cgrp, CoFe@SiO;. Cpg, CoFe@Cgrp, and CoFe@Cpg are
shown in Fig. 3. Two main bands were observed at 496 and 560 em™? in
Fig. 3(a), for the 3 materials prepared with PG resin, and at 464 and
556 cm™ in Fig. 3(b), for the three materials prepared with RF resin. The
bands between 460 and 500 cm™! are attributed to the stretching vi-
bration of octahedral sites of the Co-O bond, while the bands observed at
a wavenumber around 560 cm™ are attributed to the tetrahedral sites of
the Fe-O bond. These results confirm the chemical bonds between cobalt
oxides and iron oxides, indicating the presence of cobalt ferrite.

Strong and wide absorption bands around 1060 and 1089 cm™ were
also observed for CoFe@SiOs. Crg, CoFe@SiOs. Cpg, CoFe@Rgr and
CoFe@Rpg samples, which are attributable to Si-O-Si stretching vibra-
tions, while the absorption bands around 800 and 960 cm™ are assigned
to Si-O symmetric stretching vibrations. Moreover, the band observed at
1618 cm! for the nanomaterials prepared by the traditional methodol-
ogy (RF) is attributed to the bending vibration of H-O-H molecules and
associated with water. For the final materials CoFe@Cgrr and CoFe@Cpg,
no signal related to Si-O-Si bonds was observed, evidencing the effi-
ciency in removing SiOy by NaOH (10 mol L) etching process for both
coating methodologies.

3.4. Crystalline phase identification and magnetic properties

The bare core and final carbon-coated nanoparticles were analyzed
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Fig. 3. FT-IR results for nanomaterials prepared with (a) resorcinol/formal-
dehyde and (b) phloroglucinol/glyoxalic acid resins.
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by X-ray diffraction (XRD) to determine the crystalline phase composi-
tion and the effect of carbon coating on the core. The results obtained in
this characterization were further processed in the software HighScore
Plus to confirm the composition of the materials and acquire precise
information further used to determine crystallite dimensions with the
mathematical models proposed (core only). Fig. 4 displays the results
acquired for all nanomaterials, and Fig. S8 illustrates the X-ray dif-
fractograms for pure cobalt ferrite (CoFeoO4) and hematite (FeoO3)
(reference cards) from Crystallography Open Database (COD). The bare
core composition was found to be a mixture of cobalt ferrite and he-
matite based on reference cards 96-153-3164 and 96-901-5965,
respectively. Other works also reported the presence of iron phases as a
byproduct in cobalt ferrite prepared by the sol-gel method [59], [60].
The presence of such a phase is related to the partial oxidation of iron
from the Fe* state to the Fe>*, overcoming parallel reactions that lead
to the formation of hematite, maghemite, or even magnetite in some
cases. Despite the identification of the hematite phase, resultant from
iron that did not form cobalt ferrite, no other cobalt phase, rather than
cobalt ferrite, was identified in this analysis (from possibly non-reacted
Co ions).

Nevertheless, the semi-quantitative analysis performed with the aid
of the HighScore Plus software revealed that the bare core sample is
comprised of 95% cobalt ferrite and 5% hematite, which reveals a ma-
jority composition of the desired magnetic phase. The phase composi-
tion of carbon coated samples identified only cobalt ferrite, which is a
direct consequence of the washing method used during the preparation
of the nanoparticles. As described in the methodology, the washing step
is performed with a strong neodymium magnet to recover the nano-
particles, which enables the removal of non-magnetic specimens from
the sample. The carbon layer formed around the core in both method-
ologies does not influence the crystalline composition for traditional
coating, as already reported in previous work [50]. Graphite card from
COD (9011577) was also considered for the analysis, but the software
was not able to identify the presence of such carbon conformation in this
material, probably due to the small carbon content in the samples (<
4 wt%).

Additionally, the thin carbon coating does not affect the crystalline
composition of the sample as well. Due to the hybrid composition of
coated nanoparticles, the semi-quantitative analysis to determine the
percentage and crystallite size determination by mathematical methods
cannot be performed with XRD results since this could compromise the
trustability of the reported values. For the bare core, the crystallite size

Counts

20 40 60 80 100
2K (deg.)

Fig. 4. X-Ray diffractogram for bare core and carbon-coated multi-core mag-
netic nanoparticles.
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calculated with the mathematical methods returned 34.6 nm for
Scherrer, 48.6 nm for Williamson-Hall, 43 nm for the Halder Wagner,
and 56 nm for the Size-Strain plot method. The methods achieved about
24%, 7%, 5% and 23% error compared to TEM images, with the Halder-
Wagner method allowing estimating a result closer to that observed by
TEM images. Other studies have also reported Halder-Wagner as the
method with higher accuracy for determining particle size using XRD
data [50]. It is important to highlight that the comparison performed
here is valid because the CoFe sample is a nanomaterial comprised of
single crystallites.

The magnetization curve obtained for the bare core is shown in
Fig. S9(a), along with the magnified region (—1.5 to 1.5 kOe) in Fig. S9
(b). The results reveal a saturation magnetization of around 67 emu g"l,
with a coercivity of 1.1 kOe and magnetic remanence value of
28.5 emu g ™. The values found here are in agreement with the litera-
ture, with reported values between 33.8 and 87 emu g [61] for satu-
ration magnetization, values as high as 1.6 [61], 1.9 [62], and 1.4 [63]
kOe for coercivity and 29.2 emu g'1 [62] for remanence. The values
found for the bare core, along with the hysteresis loop, confirmed the
ferrimagnetic characteristic of the sample [64]. The result obtained for
the zero-field-cooling (ZFC) and field-cooling (FC) curves (Fig. S10)
reveals no interception, indicating that the blocking temperature is
above 300 K. The high blocking temperature obtained here indicates
that magnetic core size is above the single-to-multidomain limit
(6-7 nm), confirming the ferrimagnetic behavior of the sample [46].

3.5. Catalytic wet peroxide oxidation of paracetamol: catalyst screening

Fig. 5 illustrates the PCM and H30 concentration profiles obtained
in the CWPO of PCM using the bare core (CoFe) and multi-core shell
magnetic nanocatalysts. Compared to the non-catalytic run (Xg202 =
10% and Xpcyr = 13%), all nanoparticles have demonstrated catalytic

1.0

[PCM]/[PCM],

[H,O0,1/[[H,0,],

0.0 +——r——
0 240 480 720 960 1200 1440

Time of reaction (min)

Fig. 5. Normalized concentration of (a) PCM and (b) H>O, upon reaction time
during CWPO experiences. Operating conditions: [PCM], = 100 mgL?,
[Hy05]o = 474 mg LY, [catalyst] = 2.5 g L'}, pHy = 3.5, T = 80 °C.
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activity towards the decomposition of H>O» and abatement of PCM
(complete removal after 24 h of reaction, regardless of the nano-
catalyst). Thermal decomposition is responsible for the HoO5 degrada-
tion observed in the non-catalytic run performed at 80 °C. This amount
of decomposed H,0, was sufficient to promote the degradation of 13%
of the pollutant’s initial concentration in the system.

Fig. 5(a) shows the PCM abatement. In the presence of CoFe@Cgg
catalyst, PCM was rapidly abated since more than 90% of PCM had
already been degraded after only 15 min of reaction. Similarly, the
CoFe@Cpg catalyst produced a fast abatement of PCM, with almost 90%
of the PCM being removed after 4 h of reaction. On the other hand, the
uncoated nanocatalyst (CoFe bare core) led to a much slower removal of
PCM, only achieving comparable results (> 90% of PCM removal) after
24 h of reaction. It should be noted that carbon layers and metallic
phases simultaneously present in materials have a synergistic effect.
Regardless of the preparation technique, more activity was shown for
hybrid materials than for the pure core (CoFe bare cores). Both the metal
phase and the carbon layer display electron-donor properties. Thus, a
hybrid material containing both phases improves the electron transfer
compared to a pure core. Electron transfer is the required condition to
promote the degradation of HyO5, leading to the formation of hydroxyl
radicals and, ultimately, to the removal of the pollutant from the system
[65], and both metallic phases, such as iron and cobalt, and carbon
layers allow for that electron transfer. Additionally, the more hydro-
phobic properties and larger surface area due to the carbon layer in-
crease the adsorptive interactions between the pollutant and the
catalyst’s surface [43]. Finally, leaching protection allows the catalyst’s
useful life to be extended. Similar findings have been reported in the
literature, where hybrid materials with metal and carbon phases showed
greater activity than pure metal phases [43,66].

Fig. 5(b) illustrates the decomposition of H,O5 during CWPO of PCM
runs and shows that CoFe nanocatalyst leads to the slowest degradation
of the HpoO,. However, different decomposition profiles were found for
reactions involving the hybrid multi-core shell magnetic nanocatalysts,
CoFe@Cpg and CoFe@Cgp, since those materials led to values of HyOo
decomposition of 52% and 100% after 6 h of reaction, respectively.
Their unique behavior in the degradation of Hy05 helps to explain their
behavior in the removal of PCM, with CoFe@Cgy also removing PCM
faster than CoFe@Cpg does. The higher activity of CoFe@Cgr can be
ascribed to its high surface area (Table 1), as increasing the surface area
results in an increase in the number of active sites that can donate
electrons for the decomposition of HyO» into the desired radicals [38,
65]. Thus, the order of activity of the nanocatalyst in both HyO9
decomposition and PCM abatement is as follows: CoFe@Cgr
> CoFe@Cpg > CoFe. The capacity of the catalysts to decompose Hy02
in absence of PCM was also evaluated, and the results are discussed in
Text S5 and Fig. S11.

This more efficient decomposition of HyO0, in the presence of
CoFe@Cpg is reflected in the degradation of molecules containing aro-
matic rings, ARM (Fig. S12). In the presence of CoFe@Cpg, it is possible
to observe a higher concentration of ARM in the first 15 min of reaction,

Table 1
Physico-chemical characterization of matrices used for the CWPO of PCM.
Bottle River Hospital UP
TOC (mg L'l) 6.9 +0.3 35.0+1.4 26.8+1.1 2.6
+ 0.2
pH 7.6 £0.1 8.1+0.2 59+0.1 7.0
+0.1
Conductivity (uS cm’l) 83.8+1.4 187.9 683.0 + 3.3 1.2
+ 2.6 + 0.2
Chloride (mg LY 17.72 8.86 £ 0.2 121.42 < 0.01.
+ 0.3 + 0.4
Iron (mg LY 0.8+0.1 8.8+0.1 4.6 £0.1 < 0.01
ARM (mgpcm LY 0.4 +0.0 1.4 £0.0 6.6 £ 0.0 < 0.01
TN (mg L'l) 1.1 +£0.05 4.6 £ 0.2 427 +1.8 < 0.01
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followed by a constant decrease up to 24 h, when approximately 90% of
the ARM compounds are removed. In the presence of CoFe@Cgr and
CoFe, the ARM removals attained were only 60% and 55%, respectively.
Although the HPLC method was calibrated to identify and quantify
many of the expected oxidized intermediates products of PCM (p-
nitrocatechol, hydroquinone, p-nitrophenol, resorcinol, p-benzoqui-
none, pyrocatechol, trans-muconic acid, and phenol [67]), none of them
were identified through the samples taken from reaction media during
all the CWPO experiments. Instead, only one peak (in addition to the
PCM chromatogram peak) was observed in all chromatograms at
13.4 min of retaining time employing the HPLC method. Although the
identification of the peak was not possible, it was monitored during all
CWPO assays. The profile of the peak area upon reaction time detected
in HPLC is represented in Fig. S13. Similarly, as observed for ARM
compounds, in the presence of CoFe@Cpg, the oxidized intermediate
detected in HPLC has a sharp increase in the first 30 min of reaction,
followed by a sharp decrease, and after 8 h of reaction, it can no longer
be detected. In the presence of CoFe, the maximum concentration is
achieved at 4 h of reaction and the peak is no longer detected only after
24 h of reaction. For CoFe@Cgg, the behavior in the first 1 h of reaction
is similar to PG-coated material, with a sharp increase of this interme-
diate in 30 min of reaction. However, from 1 h of reaction onwards, the
intermediate slowly decreases up to 6 h of reaction, and remains in the
reaction medium up to the end. The accumulation of this intermediate
molecule is likely due to the fast decomposition of Hy0O- in the presence
of CoFe@Cgy: with no more Hy05 after 15 min of reaction (Fig. 5(b)),
there is no HyO, available for generating hydroxyls and oxidize the in-
termediate. Both CoFe and CoFe@Cpg allowed the complete decompo-
sition of the intermediate because there was still HyO, available for the
reaction.

The adsorption of PCM was assessed at the same operating conditions
as those used in CWPO of PCM but without the use of H5O5. At those
operating conditions, CoFe@Cgr removed the highest amount of PCM
(23%), followed by CoFe@Cpg (7%) and CoFe (4%) after 6 h of contact
time (Fig. S14). The adsorption of PCM is closely related to the surface
area of each nanoparticle, with a regression coefficient of R> = 0.986
(Fig. S15). As aresult, its increased adsorption can likewise be connected
with PCM’s fast removal in the presence of CoFe@Cgr during CWPO
runs. If the dremoyqr (calculated according to Eq. (S2)) is the parameter
considered, it is possible to observe that CoFe@Cpg activity surpasses
that of CoFe@Cgp from 4 h of reaction onwards, indicating that oxida-
tion plays a more significant role than adsorption (Fig. S16).

The TOC abatement obtained during the CWPO of PCM experiments
for each nanocatalyst and blank run (without catalyst) is shown in
Fig. S17. The TOC removal observed for all nanocatalysts overcame the
non-catalytic run by up to 55%. The highest TOC removal was obtained
for CoFe@Cgr (65%), closely followed by CoFe@Cpg (63%). The TOC
removal in the presence of CoFe was the lowest one observed (40%).
Despite the higher TOC removal observed for the nanocatalyst prepared
in traditional coating procedure, the efficiency of HO5 consumption
(nH202, determined as TOC and H02 conversions ratio according to Eq.
(S3) [68]) is higher for CoFe@Cpg, reaching around 90% as shown in
Fig. S17 (8 h of reaction time). The efficiency in the consumption of
H0, observed for this study was higher than that reported in other
works dealing with pollutant removal by similar processes using HoO2
[45,56,68]. Fig. 6 brings an overview of the screening parameters
considered during the discussion of the present section. It is easily
observed that CoFe@Cpg outperforms the other two catalysts in almost
all parameters taken into consideration, and thus, it was chosen for
further studies.

The stability of all the catalysts and the recyclability of the best
catalyst (CoFe@Cpg) were assessed, and the results are discussed in Text
S6 and Fig. S18-21.
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Fig. 6. Comparison between the performance of (a) CoFe@Cgp, (b) CoFe@Cpg,
and (c) CoFe in screening PCM oxidation runs. PCM removal, TOC abatement,
dremoval, and HO, decomposition are represented after 8 h and HO, con-
sumption efficiency (7p202) was calculated at 8 h of reaction. dremovat Was
calculated according to Eq. (S2), and #m202 was determined according to
Eq. (S3).

3.6. Catalytic wet peroxide oxidation of paracetamol: effect of distinct
aqueous matrices

The result obtained for the physico-chemical characterization of the
liquid mediums used for the reactions is shown in Table 1. Compared to
the ultrapure matrix used for screening the catalysts, the composition of
the chosen matrices is challenging, especially considering the presence
of chloride anions known to act as scavenging radicals in Fenton-like
reactions [26,69]. The measurement of bicarbonate anions was not
considered here because previous studies have reported that this radical
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has no significant scavenging effect when the pH is below 6.35 [70]. The
TOC value for bottled water exceeds the maximum level for relatively
clean waters (3 mg L'l), which is not necessarily a standard value for
drinking water [71]. The Total Organic Carbon (TOC) value of the
hospital wastewater is below the values reported in the literature for
other residues from comparable sources, ranging from 64.9 to
260.3 mg Lt [72,73]. Nevertheless, it is crucial to emphasize that actual
wastewaters exhibit significant seasonal variations in composition,
greatly impacting the characterization of real matrices. However, it
should be noted that this study does not specifically focus on this aspect.
The main parameter influencing the TOC value for river waters is related
to the urbanization rate close to the region where the collection
occurred. For this reason, the value found for this study agrees with the
literature since the collection region is urbanized [74].

The results obtained for the CWPO of PCM in a distinct aqueous
medium using the same operating conditions as those employed in ul-
trapure water (adjusted pH to 3.5 with 0.5 M H3SO4, 80 °C and equal
concentration of PCM, H»0; and catalyst) are shown in Fig. 7. The non-
catalytic (N.C.) run revealed an HyO decomposition higher than
observed in previous reactions performed using ultrapure water (10%)
as a matrix for bottled water (49.4%), hospital wastewater (41.5%), and
river water (47.3%). These results are related to the thermal decompo-
sition of HyO and the higher amount of iron inherently present in liquid
media (0.8, 8. 8 and 4.6 mg L™! for bottle, Fervenca river and hospital
aqueous matrices), allowing for a contribution of homogeneous Fenton
reaction. As previously stated, the highest PCM removal obtained for
non-catalytic runs in real wastewater vs. ultrapure matrix is related to

—a— Bottle ---a---Bottle (N.C.)
—v— Hospital --v--Hospital (N.C.)
L0 —=*— River -----River (N.C.)
084 Tl (a)
’_|o =~ ~
=
O
=
=
O
=]
(=3
=
o
o
=)
a
o
o
=
0.0 T T T T
0 120 240 360 480

Time (min)

Fig. 7. Normalized concentration of (a) PCM and (b) H>O, upon reaction time
in CWPO reactions carried out using different liquid matrices with CoFe@Cpg
catalyst and without catalyst (N.C.). Operating conditions: [PCM], = 100 mg L~
1, [Hy05]0 = 474 mg L', [catalyst] = 2.5 g L'}, pHo = 3.5, T = 80 °C.
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the formation of hydroxyl radicals. Nonetheless, all catalytic runs
overcome the non-catalytic run by at least 44% regarding PCM removal
and 31% for HyO5 decomposition after 8 h of reaction. The PCM removal
profile in catalytic runs for hospital and bottled waters had a slightly
different tendency in different matrices compared to the screening run
performed with ultrapure water as a matrix. The difference is related to
the composition of the matrices used here, comprised of chloride ions
that slow the reaction rate. Despite the increased complexity of the
matrices, all PCM was removed from the reaction medium after 6 h of
reaction, which is the same result observed for the run performed in
ultrapure water. Interestingly, the PCM removal profile obtained for the
river water matrix revealed a higher PCM removal rate than ultrapure
water. This occurs due to the iron in river water and the low amount of
chloride ions in this matrix. By this means, the iron in the river water
contributes to the removal of PCM by converting more hydroxyl radicals
without being hindered by scavengers.

Regarding HyO5 decomposition into hydroxyl radicals shown in
Fig. 7(b), the profile observed with the three matrices differed from that
observed in the screening test. The decomposition profile obtained using
ultrapure water as a matrix revealed higher decomposition of HoO5 in
the first 2 h of the reaction than observed here. For instance, around
52.3% of HoOy was decomposed in the ultrapure water, while 8.1%,
5.8%, and 63.4% were decomposed in bottled, hospital, and river
matrices after 2 h of reaction. The lowest decomposition of HoO3 ob-
tained agrees with the difference in PCM removal observed for bottled
and hospital waters reactions. For the river water, the effect mentioned
above is proven by the highest decomposition of HyO, observed after 2 h
of reaction. Despite the delayed HoO2 decomposition reported for the
bottled and hospital waters, the catalyst allows decomposing about
80.6% and 76.6% of HyO, after 8 h of reaction, respectively, which is
higher than the result obtained in ultrapure water (70.5%). For the re-
action carried out using river waters, the HyO, decomposition reached
83.0%, which is also more than observed for ultrapure water.

The results obtained for ARM during the reaction are shown in
Fig. S22 in terms of PCM equivalent. The response exhibited in the graph
was measured by discounting the PCM contribution based on HPLC re-
sults. The initial concentration observed for all matrices is related to the
presence of other aromatic compounds rather than paracetamol and
intermediates. An increase in aromatic compound response can be
observed during the reaction, reaching an equivalent concentration of
almost 500 mgpcy L1 It is important to highlight that different chem-
ical aromatic species have different sensibilities for this analysis, which
is why the results reached high equivalent concentrations of PCM. For all
reactions, the aromatic response increased in the first 2 h, decreasing to
less than the initial values at the end of the reaction. The fact that
equivalent aromatic concentrations reached lower values than initially
measured is related to the oxidation of aromatic compounds naturally
occurring in the matrices beyond the oxidation of the generated aro-
matic intermediates during PCM degradation. For instance, equivalent
aromatic concentrations went from 119.0, 182.1, and 41.5 mgpcy L1to
12.7,25.9, and 10.4 mgpcy L in bottled, hospital wastewater, and river
water, representing removals of 89%, 86%, and 75%, respectively, of
aromatic-containing compounds from the matrices.

The results obtained by TOC removal after 8 h of reaction for non-
catalytic and catalytic runs are expressed in Fig. S23, along with the
consumption efficiency of HyO5 (g202)- The results show that the non-
catalytic run for bottled and hospital water removed about 15.3% and
14.5% of TOC, respectively, whereas the removal reached 22.3% in river
water. The higher removal observed for river water is related to the
higher H,O5 decomposition obtained for this matrix. Nonetheless, cat-
alytic runs could overcome the results obtained without a catalyst for all
cases, degrading 40.4%, 37.2%, and 29.1% more organic matter than
non-catalytic runs for bottled, hospital, and river waters. The efficiency
of Hy09 consumption was about the same for all matrices (60-70%),
with a slightly higher value for the reaction carried out using bottled
water as a matrix. The lower #5202 compared to the run conducted in
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ultrapure water may be ascribed to the distinct profile of HoO5 decom-
position due to a contribution of homogeneous Fenton from iron ions in
the matrices, resulting in less TOC being removed. The final value ob-
tained for TOC abatement in different matrices, 32.1, 49.6, and
43.2mg L'}, is greater than TOC value in pure matrices. However, the
TOC abatement is likely influenced by the removal of other organic
pollutants present in the matrices since organic pollutant degradation by
hydroxyl radical is a non-selective reaction [75]. It is important to
highlight that this effect is not visual using TOC results because the final
reaction byproducts are carboxylic acids [76], which are refractory to
CWPO and contribute to TOC count.

4. Conclusions

The innovative method proposed for synthesizing a thin-layered
carbon shell for protecting an active metal core for CWPO reactions
has been successfully achieved. The synthesized novel nanocatalyst has
displayed a higher catalytic activity compared to the one coated with
resorcinol/formaldehyde resin. In addition, the multi-core shell mag-
netic nanocatalyst prepared by phloroglucinol and glyoxal resin
(CoFe@Cpg) shows higher stability, as demonstrated by the negligible
iron leaching observed in the CWPO reaction with CoFe@Cpg. The high
stability of the material allowed its reutilization in 3 cycles, resulting in
similar removals of PCM and TOC. The catalyst was also applied in
CWPO runs considering real water matrices, and the results obtained
were consistent with those obtained under a simulated matrix. This
highlights the robustness of the catalyst for real-world applications. For
instance, the catalyst design considered here could be used to prepare
other materials changing the core to evaluate the efficiency in similar
reactions. Additionally, the result obtained for experiments in real
matrices has proven the feasibility of utilizing hybrid catalysts to remove
organic pollutants by catalytic wet peroxide oxidation. We anticipate
that catalysts prepared via both methodologies used here could achieve
performances as high as reported in this study considering other organic
pollutants and similar reaction conditions.

Furthermore, characterizing the intermediate particles (CoFe@Rx
and CoFe@SiO,. Cy) allows a better understanding of the role of each
step in the synthesis, permitting a more rational decision in the design of
new catalysts.

In brief, highly active, stable, and versatile nanocatalysts can be
prepared for advanced oxidation processes by carbon coating with
phloroglucinol and glyoxal resin and thermal treatment since it was
demonstrated that the nanocatalyst developed in this study does not
show metal leaching, can be used in successive runs with no loss of
catalytic activity and show high performance in the removal of micro-
pollutants from different real matrixes.
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