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Abstract: Nitrophenols are persistent organic pollutants that pose serious environmental
and health risks due to their toxic and lipophilic nature. Their persistence arises from
strong aromatic stability and resistance to biodegradation, while their lipophilicity facili-
tates bioaccumulation, exacerbating ecological and human health concerns. To address this
challenge, this study focuses on the synthesis and characterization of two different types of
hybrid multi-core magnetic catalysts: (i) cobalt ferrite (Co-FepO4), which exhibits ferrimag-
netic properties, and (ii) magnetite (Fe3O4), which demonstrates close superparamagnetic
behavior and is coated with a novel and less hazardous phloroglucinol-glyoxal-derived
resin. This approach aims to enhance catalytic efficiency while reducing the environmental
impact, offering a sustainable solution for the degradation of nitrophenols in aqueous
matrices. Transmission electron microscopy (TEM) images revealed the formation of a
multi-core shell structure, with carbon layer sizes of 6.6 & 0.7 nm for cobalt ferrite and
4.2 £ 0.2 nm for magnetite. The catalysts were designed to enhance the stability and
performance in catalytic wet peroxide oxidation (CWPO) processes using sol-gel and so-
lution combustion synthesis methods, respectively. In experiments of single-component
degradation, the carbon-coated cobalt ferrite (CoFe@C) catalyst achieved 90% removal
of 2-nitrophenol (2-NP) and 96% of 4-nitrophenol (4-NP), while carbon-coated magnetite
(Fe304@C) demonstrated similar efficiency, with 86% removal of 2-NP and 94% of 4-NP.
In the multi-component system, CoFe@C exhibited the highest catalytic activity, reach-
ing 96% removal of 2-NP, 99% of 4-NP, and 91% decomposition of HyO,. No leaching
of iron was detected in the coated catalysts, whereas the uncoated materials exhibited
similar and significant leaching (CoFe: 5.66 mg/L, Fe3sO4: 12 mg/L) in the single- and
multi-component system. This study underscores the potential of hybrid magnetic catalysts
for sustainable environmental remediation, demonstrating a dual-function mechanism that
enhances catalytic activity and structural stability.
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1. Introduction

The growing global population and increasing industrialization have greatly im-
pacted the availability of clean water [1]. As both human populations and economic
activities continue to expand, this challenge is expected to persist and worsen [2]. Ni-
trophenols (NPs), including mono-, di-, and tri-nitrophenols, are recognized for their
hydrophobic [1,3], highly toxic [4], and inhibitory nature [5]. These organic compounds
are commonly used in various industries, such as plastic production [6], pigments [7], her-
bicides [8], and petroleum plants [9]. Among them, 2-nitrophenol (2-NP) and 4-nitrophenol
(4-NP) are structural isomers with different hydrophobic characteristics due to the position
of the nitro group relative to the hydroxyl group [10], which interferes with conventional
biological wastewater treatment methods [11]. However, advanced oxidation techniques,
such as catalytic wet peroxide oxidation (CWPO) [12], have shown promising potential in
degrading persistent organic pollutants [2,13].

Thus, chemical oxidation processes offer a promising alternative to conventional
treatment methods by breaking down nitrophenols (NPs) into less toxic compounds without
the need for prior extraction or pre-treatment [5]. CWPO operates by generating hydroxyl
radicals (HO®) through the catalytic decomposition of hydrogen peroxide (H,O,), enabling
the non-selective degradation of organic contaminants in wastewater [14]. Typical catalysts
for CWPO purposes are based on transition metals (Fe, Ni, Co), usually assumed as the
active phase (and the source of the material’s activity), supported on a stable material [15].
However, the effectiveness of metal-based catalysts depends on their stability, as harsh
operating conditions may cause metal particles to leach into the liquid medium, leading to
pollution and a reduction in catalytic efficiency [16].

Recent studies have highlighted the significant potential of carbon-coated magnetic
metal nanoparticles for the degradation of catalytic pollutants [11,17-19]. The carbon layer
enhances catalytic performance by facilitating oxidant interactions while protecting the
metal core from leaching. Some studies have demonstrated that carbon coatings derived
from glucose achieve high conversion rates in liquid-phase tests, with 100% conversion of
paracetamol [20], 80% phenol [21], and 98% ciprofloxacin [22].

Even so, most research in this area has considered the application of a resorci-
nol/formaldehyde (RF) resin to coat the core [11,23]; however, this resin formulation
poses safety concerns due to its hazardous nature. An alternative approach, using a resin
composed of phloroglucinol/glyoxylic acid (PG), has been introduced by Silva et al. [12] to
coat magnetic iron oxide nanoparticles. CWPO results demonstrated that nanoparticles
synthesized using the PG method exhibited superior performance in degrading organic
pollutants compared to those prepared via the RF method.

In this work, cobalt ferrite (CoFe,O4) and magnetite (Fe3O4) magnetic core materi-
als were synthesized using the sol-gel method and solution combustion synthesis (SCS),
respectively, and subsequently coated with a carbon layer via the PG methodology. Com-
prehensive characterization was performed to confirm successful synthesis and analyze
physicochemical properties. The catalytic performance of these materials, both before and
after carbon coating, was evaluated in single-component and multi-component CWPO
experiments for the degradation of 2-NP and 4-NP, assessing the impact of carbon coating
on single and bi-metallic catalysts for pollutant abatement.

2. Results and Discussion
2.1. Morphology and Textural Properties

The transmission electron microscopy (TEM) images recorded for cores and carbon-
coated materials are shown in Figure 1. The TEM images provide evidence of the successful
synthesis of nanoparticles (NP), with average sizes of 45.5 & 8.1 nm and 18.1 & 3.4 nm,
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respectively, for cobalt ferrite, referred to as CoFe for simplification and Fe3O4. Reported
values for CoFe typically range from 15 to 48 nm [24], synthesized by wet chemical methods,
with other works reporting high average sizes from 100 to 200 nm [25] using sol-gel
methods. The sizes of NPs can vary depending on the preparation method used, while
Fe304 nanoparticles often range from 10 to 20 nm [26], aligning well with the values
calculated from TEM observations, validated by the crystallite size model calculations
obtained from X-ray diffraction (XRD) measurements (results presented and discussed
later). CoFe tends to form larger particles due to higher crystallization temperatures and
stronger magnetic interactions, which promote particle agglomeration and growth [27]. In
the case of the CoFe sample synthesized in this study, the increased particle size can be
attributed to the heat treatment used to remove impurities, which led to particle growth
through sintering, also observed in the NPs of the work of Akter et al. [28].

Figure 1. TEM images of (a) CoFe, (b) CoFe@C, (c)Fe304 and (d) Fe304@C samples.

Figure 1a,c show the size difference between the two cores, while Figure 1b,d con-
firm the formation of a thin layer of carbon resulting from the polymerization reac-
tion of phloroglucinol-glyoxal acid. The carbon layer thickness obtained for CoFe was
6.6 + 0.7 nm and for and 4.2 £ 0.2 nm for Fe;04. Additionally, silica was not observed
in the final nanoparticles, indicating that the etching process effectively removed the sil-
ica layer, as shown in energy-dispersive X-ray spectroscopy (EDS) images of CoFe@C in
Figure S1.
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Figure 2 presents high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADEF-STEM) images of CoFe nanoparticles, highlighting their crystalline
nature. The central panel (Figure 2b) shows a lower magnification HAADF-STEM overview
of a representative CoFe nanoparticle on a support film. The left (Figure 2a) and right panels
(Figure 2c) are high-resolution HAADF-STEM images acquired from two different regions
of the nanoparticle, as indicated by the white boxes. Both images reveal well-defined
atomic lattice fringes across the entire imaged area, indicating high crystallinity.

Figure 2. HAADF-STEM images of CoFe nanoparticles. (a) Top-left and (c) bottom-right FFT patterns
from CoFe nanoparticle, and (b) shows the nanoparticle.

Insets in the top-left and bottom-right corners (in Figures 2a and 2c, respectively) show
the corresponding Fast Fourier Transforms (FFTs) of each high-resolution image, displaying
discrete and sharp diffraction spots. These FFT patterns further confirm the single-crystal
nature of the nanoparticle, with no evidence of polycrystalline rings or multiple sets of
spots indicative of twinning or grain boundaries.

The results of the N adsorption/desorption isotherms (shown in Figure S2) for the
samples are summarized in Table 1. This table presents the specific surface area (Spgr
and Spangmuir), total pore volume (Vrt), and correlation coefficient (R?) for CoFe, CoFe@C,
Fe304, and Fe304@C, highlighting the impact of carbon coating on their structural and
porous properties.

Table 1. Textural properties of the samples.

Material SpeT (m? g—1) Siangmuir (M* g~1) Vr (em3 g-1) BET (R?) Dgjy (nm)
CoFe 9 8 0.024 0.9989 1

CoFe@C 22 18 0.043 0.9971 1.1
Fe;04 83 97 0.022 0.9996 2.3

Fe;0,@C 120 136 0.340 0.9998 2.6

Magnetite-based carbon materials exhibit significantly higher surface areas than cobalt
ferrite-based materials, suggesting a more porous structure. This can be attributed to the
smaller crystal size, as observed in TEM images and later confirmed by XRD results. The
BET surface area of Fe;Oy increases from 83 to 120 m? g~ ! after carbon coating, a 44.6%
increase, while CoFe shows a more pronounced 144.4% increase, from 9 to 22 m? g~ . The
Langmuir surface area follows the same trend, reinforcing the effect of carbon coating.
In the study by Wojciechowska et al. [29], magnetite was synthesized with a surface area of
79 m? g~ !, which increased to 87 m? g~! after coating with glucose.



Catalysts 2025, 15, 376

50f 20

Regarding porosity, Fe;0,@C exhibits the highest total pore volume (0.34 cm® g~ 1),
which is over 15 times greater than FezO4 (0.022 cm? gfl). CoFe@C also shows an increase
in total pore volume (0.043 cm® g~1) compared to CoFe (0.024 cm?® g~ 1), but the effect is
less pronounced than in Fe304@C. The total pore volume can vary significantly depending
on the synthesis method and conditions. One study [30] reported a total pore volume of
0.177 cm3 g~ ! for carbon-coated cobalt ferrite nanoparticles. However, the lack of step-by-
step characterization makes it difficult to determine the exact reasons for the higher pore
volume observed. The high correlation coefficients (R?) confirm that the BET model reliably
describes the materials’ surface properties, further validating the observed trends.

The BJH pore size distribution of the nanomaterials is shown in Figure S3. The results
reveal limited mesoporosity, with average pore diameters ranging from 1 to 2.6 nm and only
minor variations between coated and uncoated samples. However, the significant increase
in surface area (Sper and Sjangmuir) after carbon coating contrasts sharply with the nearly
unchanged BJH pore sizes. This discrepancy suggests that the observed porosity primarily
originates from intraparticle voids within nanoparticle aggregate, which is reasonable
given these materials’ multi-core shell architecture, where micropores and interstitial space
contribute more to surface area than resolvable mesopores.

2.2. Thermal and Surface Properties

The results obtained for thermogravimetric analysis (TGA) of each nanomaterial and
derivative thermogravimetry (DTG) under an air atmosphere are depicted in Figure 3.
In Figure 3a,b, the low mass loss observed for the bare cores (CoFe and Fe;O,) indicates the
high purity of the inorganic materials, with mass losses of approximately 1.7 and 2.4 wt.%,
respectively. The high inorganic content of the samples aligns with the literature’s find-
ings, in which CoFe was synthesized using a sol-gel method, which is known to produce
well-crystallized metal oxides with minimal residual organics [31]. In the case of Fe3Oy,
the nanomaterial was obtained through SCS, a process that rapidly forms highly crystalline
magnetite with minimal organic contamination due to its self-sustaining exothermic re-
action [32]. These synthesis methods typically result in low mass loss in TGA, further
supporting the high purity of the materials obtained in this study.

For the coated materials, as given in Figure 3b CoFe@C and Figure 3d Fe;04@C, the
formation of the carbon coating from phloroglucinol and glyoxal resin led to a mass loss
of 4.25 and 9.7%, respectively, due to the combustion of organic groups. DTG analysis
reveals temperature peaks around 320 °C for both materials, suggesting the decomposition
of oxygen-containing functional groups in the carbon resin, such as hydroxyls (-OH), later
identified in the Fourier-transform infrared spectroscopy (FT-IR) spectra. This thermal
degradation is associated with the breakdown of the polymeric structure formed during the
polymerization of phloroglucinol and glyoxal, leading to the release of volatile compounds
and the progressive carbonization of the coating layer [12].

FI-IR spectra were used to identify chemical bonds, providing insight into the critical
chemical modifications necessary to achieve the intended structure of the final nanoparticles.
The results are displayed in Figure 4. The FT-IR spectra of CoFe and CoFe@C show bands
between 465 and 550 cm ™!, which are attributed to the stretching vibrations of the Co-O
bond in octahedral sites [12]. A band around 550 cm~! also corresponds to the Fe-O bond
in tetrahedral sites [33]. These results confirm the presence of chemical bonds between
cobalt oxides and iron oxides, indicating the formation of cobalt ferrite [12]. Furthermore,
the peak near 1080 cm~! corresponds to the stretching vibrations of C-OH. In the work of
Gao et al. [33], the core cobalt ferrite was compared with carbon-coated NPs, obtained by
a glucose method, and these findings suggest that the cobalt ferrite with carbon coating
retains abundant amounts of functional groups formed.
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The FTIR spectra of the magnetite core reveal characteristic peaks associated with the
Fe-O stretching vibrations, with a prominent peak around 580 cm~!
Fe-O bond stretching in the octahedral sites of the magnetite structure [34]. Additionally,
bands around 3430 and 1630 cm ! suggest the presence of O-H stretching, likely from ad-
sorbed water molecules or hydroxyl groups on the surface of the nanoparticles. In the FTIR

, corresponding to the

spectra of Fe304@C, additional peaks appear, indicating the presence of functional groups
within the carbon coating. A peak around 1361 cm ™! is attributed to C-H deformation
vibrations in the plane [35], which reflects the incorporation of carbon-based functional
groups into the coating. These changes highlight the modifications in surface chemistry
due to the carbon coating.
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Figure 3. TGA and DTG results obtained under air atmosphere of (a) CoFe, (b) CoFe@C, (c) Fe3Oy,
and (d) Fe304@C. CoFe and CoFe@C results were adapted from a previous work [12].
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Figure 4. FT-IR spectra for the nanomaterials. CoFe and CoFe@C results were adapted from a
previous work [12].

2.3. Crystalline Phase and Magnetic Properties

X-ray diffractograms of the core and coated samples are shown in Figure 5. The results
obtained in this characterization were processed using HighScore Plus software (version
3.0.5) to confirm the materials’ composition. Data processed with the aid of HighScore Plus
were also used to determine crystallite dimensions for the core.

35.6°
33.20 o
4950 540° 62.5%4.0°
24.2° CoFe
35.6°
33.0° 0.
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Figure 5. XRD patterns of uncoated magnetic nanoparticle cores and their carbon-coated multi-core
counterparts. CoFe and CoFe@C results were adapted from a previous work [12].

The crystal structure of CoFe was confirmed to consist of 95% pure cobalt ferrite
(CoFe,O4) and 5% hematite (Fe;O3), based on reference cards 96-153-3164 and 96-901-5965
from the Crystallography Open Database (COD), respectively. For pure magnetite (FezOy)
nanomaterials, reference card 96-900-5842 from the COD was used. Similar diffractograms
for core materials have been reported in another study [36].
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Li et al. [37] found that while the coatings improved surface characteristics, they did
not alter the fundamental crystalline composition of the coated materials. This suggests
a consistent finding across various methodologies regarding the non-influence of carbon
layers on crystal structures. Although the COD graphite reference card (90-115-77) was
included in the analysis, the software failed to detect this carbon structure in the material,
likely due to the low carbon content in the samples.

While XRD is a powerful technique to analyze nanoparticles, the semi-quantitative
analysis of phase percentages and crystallite sizes in hybrid coated nanoparticles can be
challenging. The complex nature of these multi-phase systems, potential peak overlaps, and
the presence of amorphous components can affect the reliability of mathematical methods
applied to XRD data [38]. Only the bare cores were analyzed. Two mathematical approaches
(Halder-Wagner and Size-Strain Plot methods) were used to estimate crystal size. The
crystallite sizes determined by these methods were 43 and 13.1 nm for CoFe and Fe3Oy,
respectively, using the Halder-Wagner method, and 56 and 10.6 nm using the Size-Strain
Plot method, which is consistent with the values obtained from TEM analysis, yielding an
average error of 5.8 and 18.7% for CoFe, and 27.6 and 58.5% for Fe3Oy in crystallite size
determination using the Halder-Wagner and Size-Strain Plot methods, respectively.

Smaller crystals have a higher surface area-to-volume ratio, resulting in increased grain
boundaries, as observed in their textural properties. In contrast, magnetite has a smaller
crystal size, which indicates a larger surface area. This phenomenon enhances the surface
area available for reactions or interactions, as noted on studies [38] on crystallization and
material properties [39]. Additionally, these values are within the average range of those
reported in recent literature [40,41], highlighting the effectiveness of the synthesis protocol
in producing magnetite and cobalt ferrite nanoparticles with the desired crystallite size.

In this study, magnetic characterization was performed for the bare cobalt ferrite
and magnetite samples to evaluate their magnetic properties, including saturation mag-
netization, coercivity, and remanence. In Figure 6, the results of the magnetic analysis of
cobalt ferrite and magnetite cores recorded at 300 K are presented in terms of mass-relative
magnetization (M) as a function of the applied magnetic field (H). Specifically, the cobalt
ferrite and magnetite cores exhibit saturation magnetization of approximately ~72 and
52 A-m?.g~1, respectively; the presence of Co?* ions in CoFe,Oy4 enhances exchange inter-
actions but also introduces more localized magnetic moments, leading to a slightly higher
saturation magnetization. This is consistent with various reports that indicate similar
values for bulk and nanoparticle forms of cobalt ferrite [42] and magnetite [43].

Coercivity values were determined to be 1.1 kOe and 0.1 kOe for CoFe and Fe30y,
respectively. Research indicates that cobalt ferrite exhibits higher coercivity than magnetite,
due to its strong magnetic anisotropy compared to magnetite [23]. Regarding remnant mag-
netization, cobalt ferrite shows a value of 30.5 A-m?-g~!, while magnetite exhibits A value
of 3.5 A-m2-g~!. These values highlight the differences in magnetic behavior between the
two materials, with cobalt ferrite exhibiting higher remanence after the external magnetic
field is removed [44]. This can be attributed to the larger size of cobalt ferrite particles,
which suggests a transition toward a more stable ferrimagnetic state. The measured values
for the bare core and the hysteresis loop confirm the ferrimagnetic nature of the samples.

The use of magnetically recoverable catalysts, such as Fe3O4-based materials, allows
for efficient catalyst recycling through simple magnetic separation, reducing operational
costs and minimizing secondary pollution caused by metal leaching [45]. Moreover, mag-
netic materials enhance H,O, activation by serving as redox mediators, accelerating the
Fe?* /Fe3* cycle and boosting the production of reactive oxygen species (ROS) such as
hydroxyl radicals (HO®), which play a crucial role in pollutant degradation [46]. Other
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studies [47] have also shown that magnetic materials are effective in activating peroxy-
monosulfate (PMS) for the degradation of various organic pollutants.
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Figure 6. (a) Magnetization curves of CoFe and Fe3O4 bare cores; (b) zoomed region around the
origin point.

2.4. Single-Component CWPO Experiments

The concentration profiles of 2-NP, 4-NP, and H,O, in the presence of each contaminant
obtained in CWPO in single-component systems, using CoFe and Fe3O4 and the carbon-
coated versions as catalysts, are shown in Figure 7.

All catalysts used demonstrated high catalytic activity in the decomposition of
H>0; (X202 > 80%), as illustrated in Figure 7b,d, and in the removal of the pollutants
2-NP and 4-NP (Figure 7a,c), especially when compared to the non-catalytic (N.C) reac-
tion, in which minimal decomposition of H;O, was observed (X202 in2-Np = 12% and
Xt202 in 4-Np = 11%) after 8 h of reaction, which can be attributed to the thermal decomposi-
tion of HyO, at the temperature of 80 °C at which the reaction was carried out [12], without
sufficient generation of hydroxyl radicals (HO®) for effective oxidation, resulting in insignif-
icant conversion of the pollutants X,.np = 8% and X4.Np = 15% during the experiments.

Among the catalysts, CoFe@C stood out as the most efficient in decomposing the
pollutants, reaching around 50% conversion in the first 60 min for both pollutants and
achieving the highest removal rate by eliminating approximately 90% of 2-NP and 96%
of 4-NP in 8 h of reaction. Fe30,@C showed similar performance, with removals of 86
and 94% for 2-NP and 4-NP, respectively, at the end of the experiment. These results are
consistent with earlier research on iron-based nanocomposites. Notably, Hao et al. [48]
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demonstrated that Fe,O3@C nanoparticles achieved 80% Congo red removal within just

10 min, reaching 96.2% efficiency after 120 min of treatment.
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Figure 7. Concentration profiles of (a) 2-NP removal, (b) HyO, decomposition in the presence of 2-NP,
(c) 4-NP removal, and (d) HyO, decomposition in the presence of 4-NP. (Lines are only intended
to guide the eye). Operating conditions: [2-NP]y = [4-NP]y = 50 mg L~ [Hy0s]p = 513 mg Lt
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On the other hand, the uncoated catalysts showed lower and slower degradation rates,
especially for 2-NP, with conversions of 80% with CoFe and 70% with Fe3O4. For 4-NP,
although degradation was slower than CoFe@C, at the end of the reaction, CoFe reached a
conversion of 94%, while Fe;04 converted 86% of the pollutant, close to the final conversion
of Fe;0,@C.

Opverall, it was observed that the degradation of 4-NP occurred faster than 2-NP. After
240 min of reaction, the conversion of 2-NP was between 47 and 68%, while the removal
of 4-NP was significantly higher, ranging from 74 to 84%, depending on the catalyst. The
higher adsorption rate of 4-NP by the catalysts, as shown in Figure 8, may justify this more
efficient removal compared to 2-NP since the catalyst’s greater affinity for the pollutant
favors its concentration near the active sites, where the generation of highly oxidizing
species occurs [23]. Notably, the results presented in Figure 8 correspond to the adsorption
of the catalysts without the addition of peroxide, further highlighting the role of adsorption
in the removal process. In addition, the carbon-coated catalysts showed greater adsorption
capacity for both pollutants compared to the uncoated materials (Fe;04@C > CoFe@C >
Fe304 > CoFe), reinforcing the importance of coating in optimizing the interaction between
the pollutant and the catalyst’s active sites.

The superior performance of carbon-coated catalysts in adsorption is mainly due to
the strengthening of adsorption interactions between the material and the pollutants caused
by the carbonaceous phase, increasing the concentration of molecules near the active sites
where the highly oxidizing hydroxyl radicals are generated [19,23]. However, adsorption



Catalysts 2025, 15, 376

11 of 20

is not the only determining factor for catalytic efficiency, as evidenced by the fact that
Fe;0,@C adsorbs more pollutants than CoFe@C but has a lower removal rate in CWPO.
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Figure 8. Removal by adsorption of (a) 2-NP and (b) 4-NP according to catalyst and system (single-
or multi-component).

In addition to adsorption, CoFe materials show a strong synergy between cobalt and
iron active sites, increasing the accessibility of Fe species and optimizing the binding of
reaction intermediates. The presence of cobalt facilitates the reduction of Fe3* to Fe?™,
keeping the catalytic sites active, while metallic Co directly catalyzes the decomposition of
H,O, into hydroxyl radicals, increasing oxidation efficiency [49]. This interaction between
the metals, combined with the presence of the carbonaceous coating, explains the superior
performance of CoFe@C, which showed the highest removal rate among the catalysts,
consolidating the following order of efficiency at the end of the reaction for both pollutants:
CoFe@C > Fe;0,@C > CoFe > Fe30y.

The carbonaceous coatings also improved the stability of the catalysts since iron leach-
ing from the carbon-coated materials after 8 h of reaction was insignificant, as previously
reported [19,49]. In contrast, CoFe showed leached iron concentrations of 5.3 and 5.5 mg/L
in the single-component reactions to remove 2-NP and 4-NP, respectively, while Fe3Oy
showed even higher values, reaching 12.8 and 13.1 mg/L for the same reactions, demon-
strating that in addition to improving the catalytic activity of the materials, the coating also
improved the durability of the materials.

Table S1 reports several works related to the application of carbon-coated metallic cat-
alysts for the degradation of a range of contaminants [12,18,20-23,50,51]. The present work
has the advantage of using a more benign carbon precursor compared to those reported us-
ing resorcinol-formaldehyde precursors [18,23,50]. Other works also reported safer carbon
precursors (such as glucose), achieving comparable results (pollutant degradation in the
range 80-98% in 80 min up to 48 h) as those reported in the present work. Only one other
work reported a carbon-coated catalyst like ours for 4-NP degradation [23], achieving 80%
conversion of 4-NP in 4 h of reaction (similar to our results). However, the carbon-coating
was achieved using RF resin, and a much higher concentration of 4-NP was used.

2.5. Multi-Component CWPO Experiment

The concentration profiles of 2-NP, 4-NP, and H,O; in the multi-component CWPO,
where both pollutants were present simultaneously, are shown in Figure 9.

As observed in the single-component CWPO, the N.C reaction in the multi-component
system also showed minimal decomposition of both HyO» (Xp202 = 10%) and the pollutants
(Xo-np = 8% and X4Np = 11%). Among the catalysts tested, CoFe@C stands out as the most
efficient, decomposing 91% of H,O, and achieving the highest contaminant degradation
rates at the end of the reaction (96% of 2-NP and 99% of 4-NP), followed by Fe;0,@C (90%
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of 2-NP and 95% of 4-NP), CoFe (85% of 2-NP and 96% of 4-NP) and Fe3O4 (78% of 2-NP
and 86% of 4-NP).
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Figure 9. Concentration profiles of (a) 2-NP removal, (b) 4-NP removal, and (c) H;O, decomposition
in multi-component CWPO. (Lines are only intended to guide the eye). Operating conditions:
0 = [4-NP]y =50 mg L™, [H,0,]p = 513 mg L1, [catalyst] =2.5 g L~!, pHy = 3.5, T = 80 °C.

The total organic carbon (TOC) was also measured after each reaction. Table S2 shows
a proportional decrease—lower in percentage than the degradation—but still confirms
effective mineralization rather than just molecular transformation. In the work of Khan [51],
the synthesized nanocomposite catalysts also showed excellent catalytic activity for nitro-
phenol reduction. Notably, Cug@Alg-OrP-BDs achieved 98% efficiency in 4-NP reduction

with a rate of 1.568 min—!.
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Pollutant degradation and peroxide decomposition were slightly higher in the multi-
component system compared to the single-component system, because in multi-component
systems, the increased molecular population of pollutants and oxidants enhances the prob-
ability of collisions with catalyst surfaces. This leads to more frequent adsorption events,
resulting in higher overall reaction rates compared to single-component systems, where
the availability of reactive molecules is more limited [52]. Adsorption of the pollutants
was very similar in both systems, as shown in Figure 8, suggesting that both interact with
similar active sites, which may limit their retention on the surface. Even so, 4-NP was
more adsorbed by the catalysts than 2-NP, which influenced the lower degradation of 2-NP
throughout the process, as observed in other studies with other magnetic catalysts [51,53].

However, the high catalytic activity of the materials compensates for this reduction in
adsorption, allowing for efficient degradation of the pollutants. The decomposition of H,O,
(as shown in Figure 9c¢) supports this behavior, since CoFe@C sustained the highest rate of
H,0O; consumption, ensuring a continuous supply of hydroxyl radicals and maintaining its
catalytic efficiency even in a more complex system. Although Fe;0,@C showed the highest
adsorption values, the superior performance of CoFe@C reinforces that CWPO efficiency
depends not only on surface affinity with pollutants but also on the catalyst’s ability to
decompose H>O, and generate highly oxidizing hydroxyl radicals.

Additionally, as in the single-component CWPO, no leaching of iron was detected in
the coated catalysts, while the uncoated materials showed leached iron concentrations close
to those found in the single-component system (CoFe: 5.66 mg/L and Fe3Oy4: 12.mg/L)
at the end of the reaction. In a previous study carried out by the group [12], the CoFe@C
catalyst showed no significant loss of efficiency for three cycles of utilization.

Moreover, in Figure 54, the best catalysts (CoFe@C) recovered at the end of the reaction
maintained their magnetic response without significant loss of magnetism. This confirms
the following: (1) the magnetic core did not undergo degradation or phase transformation
(which would show loss of magnetic property), and (2) the carbon coating effectively
protected the material against corrosion or destabilization. In single- and multi-component
experiments, all catalysts were also recovered with a strong neodymium magnet. The
recovery rate was ca. 90% for all materials, which was expected considering the magnetic
nature of the catalysts and is aligned with previous reports [18].

3. Materials and Methods
3.1. Reagents and Materials

The reagents utilized in this study were used as received, without further purification,
and ultrapure water was employed in all solutions. To prepare the magnetic cores, iron
(III) nitrate hexahydrate (99 wt.%, Aldrich, St. Louis, MO, USA), cobalt (II) chloride
hexahydrate (99 wt.%, Fischer, Ried im Innkreis, Austria), citric acid monohydrate (99%,
WWR, Centennial, CO, USA), ethanol (99.8% v/v, Fischer, Ried im Innkreis, Austria),
and ethanediol (99% v/v, Fischer, Ried im Innkreis, Austria) were used. The multi-core
shell architecture was synthesized using phloroglucinol dihydrate (98 wt.%, Alfa Aesar,
Haverhill, MA, USA), Pluronic® F-127 (Sigma Aldrich, St. Louis, MO, USA), tetraethyl
orthosilicate (98% v/v, Fluka Chemika, Buchs, Switzerland), sodium hydroxide (98%,
Labkem, Lucknow, India), ammonia solution (28-30% v /v, Merck, Darmstadt, Germany),
and glyoxal solution (40 wt.%, Alfa Aesar, Haverhill, MA, USA). For CWPO experiments
and analytical techniques, 2-NP (98 wt.%, Sigma-Aldrich), 4-NP (98 wt.%, Sigma-Aldrich,
St. Louis, MO, USA), hydrogen peroxide (30% w/v, Fischer Chemical, Ried im Innkreis,
Austria), titanium (IV) oxysulfate (99.99% w/v, Sigma Aldrich, St. Louis, MO, USA),
sulfuric acid (98% v/v, Labkem), sodium sulfite (98 wt.%, Panreac, Castellar del Valles,
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Spain), acetonitrile (99.9% v /v, Fisher Scientific, Hampton, NH, USA), and orthophosphoric
acid (85% v/v, Fisher Chemical, Ried im Innkreis, Austria) were employed.

3.2. Synthesis of Magnetic Cores

The development of the targeted multi-core shell architecture was carried out through
a systematic, four-phase approach: (a) fabrication of the magnetic core, (b) application of a
resin coating, (c) thermal treatment, and (d) etching. Each phase was carefully designed to
ensure structural integrity and functionality.

Two different methodologies were used for the first step in obtaining each magnetic
core. The magnetic cobalt ferrite core was synthesized according to a sol-gel methodology
as previously described [54]. In the sol-gel methodology, the metal precursor initially un-
dergoes hydrolysis to produce a metal hydroxide solution (resulting in a sol). Condensation
of the solution results in a gel structure. The excess moisture in the gel is removed, and the
resultant solid is calcined to remove organic impurities. For a more detailed description
of the methodology, please refer to the supplementary information (SI) provided by Silva
etal. [12].

The synthesis of superparamagnetic magnetite was achieved by SCS, as described
elsewhere [55]. Briefly, a 12 mM citric acid solution (10 mL) was slowly added (1 mL min~1)
using a peristaltic pump to 10 mL of an iron(IIl) nitrate solution (21 mM). The solution was
heated at 80 °C in a drying oven for 6.5 h. To maintain an oxygen-free environment, the
reaction flask was placed in an oil bath on a magnetic stirrer under a continuous nitrogen
flow (100 N cm? min—1) at room temperature for one hour. After N circulation, the solution
was heated at 180 °C for 3 h. The resulting product was purified by repeated washing with
distilled water until neutral pH was achieved, followed by a five-minute centrifugation at
6000 rpm (MPW-260R centrifuge, MPW Med. Instruments, Warsaw, Poland). The material
was dried overnight in an air oven at 60 °C.

3.3. Carbon Coating

The coating procedure considered in this work is a phloroglucinol and glyoxal resin,
which allows for the development of a thin carbon coating that is significantly more sustain-
able when compared to the more traditional formaldehyde and resorcinol resin formulation.

In brief, a suspension containing 0.25 g of the core in 50 mL of distilled water is
prepared with the aid of an ultrasonic bath. The suspension is transferred to a round
bottom flask that contains 0.12 mL of ammonia reagent, 0.1 g of phloroglucinol, and
Pluronic® F-127 (Sigma Aldrich, St. Louis, MO, USA), which acts as a soft template to
direct the self-assembly of precursors and enhance the porosity of the thin carbon layer [56].
During the annealing step, Pluronic® F-127 is removed, leaving behind a well-defined
porous structure [57]. This mixture is stirred (30 °C, 1 h) to ensure proper dispersion of
reactants. Then, 0.21 mL of TEOS and 0.15 mL of glyoxal are added to start the condensation
reaction of TEOS and the polymerization reaction of phloroglucinol-glyoxal acid [12].

After initiating the reaction, the temperature and stirring rate are maintained constant
for 6 h. Upon increasing the temperature to 80 °C, the mixture is held at this level for
an additional 8 h. Once the reaction is complete, the resulting solid product is separated
from the mixture and repeatedly washed with distilled water until the washings reach a
neutral pH. Magnetic nanoparticles are efficiently recovered during the washing process
using a neodymium magnet, which attracts and isolates them from the liquid medium.
The selection of reactants was guided by prior studies demonstrating the feasibility of
carbonizing phloroglucinol/glyoxalic acid-based resin [12].
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The recovered nanomaterials were dried, followed by annealing in an inert atmosphere
in a tubular furnace (ROS 50/250/12, Thermoconcept, Mérignac, France) with a heating
ramp of 120 °C h™! for 450 min until it reached 600 °C.

In the final step, the carbon-coated nanoparticles were subjected to an etching treat-
ment by agitating them in a 10 M sodium hydroxide (NaOH) solution for 16 h at room
temperature to eliminate silica residues. The purified nanoparticles were then thoroughly
rinsed with distilled water until a neutral pH was achieved in the wash solution. The
resulting products were designated as CoFe@C and Fe;0,@C for further characterization.

3.4. Characterization Technigues

TEM examined the nanoparticle’s morphology (multi-core shell architecture and size).
Bright-field TEM images were taken with a JEOL JEM 2100 (JEOL, Tokyo, Japan), oper-
ating at 200 kV. For the determination of textural properties of the bare core and of the
coated samples, the samples were initially degasified (120 °C, 16 h). The N, adsorption—
desorption isotherms were obtained at 77 K in a NOVATOUCH LX4 adsorption analyzer
(Quantachrome Instruments, Boynton Beach, FL, USA) provided by Quantachrome. Total
pore volume (Vr), BET, and Langmuir-specific surface areas (Sper and Spangmuir) were
estimated using the Quantachrome TouchWinTM software (version 1.21). Pore size distri-
butions were determined using the Barrett—Joyner—Halenda (BJH) method applied to the
desorption branch of the N isotherms.

TGA (SDT650, TA Instruments, New Castle, DE, USA) was performed for all samples
in an air atmosphere from 50 to 950 °C (heating rate of 10 °C min~1) to evaluate the mass
loss of the samples during the synthesis procedure. DTG was calculated for all samples
based on the derivative of the mass loss result concerning time. The DTG results allowed
the analysis of the presence/absence of specific groups during the synthesis steps.

The functionalities present in the samples were studied throughout the synthesis
procedure using FT-IR (FT-IR spectrophotometer UATR Two, Perkin Elmer, Waltham, MA,
USA), with a resolution of 4 cm~! and scan range 2500400 cm~!. Pellets of the samples
were prepared by mixing ca. 1 mg of the sample with ca. 100 mg of KBz, and then pressing
the mixture into a mold under 8 tons of pressure for 3 min.

The XRD technique characterized the magnetic core and the final nanoparticles ob-
tained in both methodologies to perform crystalline phase identification. A PANalytical
X'Pert Pro diffractometer equipped with an X’Celerator detector and secondary monochro-
mator (PANalytical B.V., Almelo, The Netherlands) in 6/26 Bragg-Brentano geometry
carried out the analyses at room temperature. The measurements were carried out using
40 kV and 30 mA, CuK«x radiation (Ax1 =1.54060 A and A2 = 1.54443 A), 0.017° /step,
100 s/step, in a 10-80° 20 angular range. Data processing was performed using the soft-
ware X'Pert HighScore Plus (version 3.0.5) with reference cards from the Crystallography
Open Database. The XRD pattern obtained for the bare core was further used to determine
crystallite size by using the Halder-Wagner and Size-Strain Plot method. Coercivity, mag-
netic remanence, and magnetic saturation were determined upon analysis of M-H curves
obtained by a SQUID-VSM (Quantum Design, San Diego, CA, USA) magnetometer for the
bare cores.

3.5. Liquid-Phase Oxidation Runs and Analytical Techniques

CWPO runs were conducted in a two-necked round bottom flask of 250 mL using
100 mL of 2-NP and 4-NP solutions with a concentration of 50 mg/L (for single-component
systems) and pH 3.5 adjusted by the addition of H,SO4 aqueous solution (0.5 M). In multi-
component systems, the initial concentration of each pollutant was also 50 mg L~! to
understand the impact on the catalytic efficiency upon increased competition for active
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sites. Then, the resulting solution was submerged into an oil bath and coupled to a
condenser and a magnetic stirring plate. The mixture was agitated with a magnetic stirrer
for 5 min to ensure thermal stability at 80 °C, corresponding to the temperature used in the
oxidation tests for removal of 2-NP and 4-NP. After thermal stability, the stoichiometric
quantity of HyO, for the complete oxidation of 2-NP and 4-NP was dosed ([H,O:]op =
513 mg L™1). Then, 0.25 g of catalyst was loaded into the system ([catalyst] = 2.5 g L™1).
The time of addition of the catalyst represents the initial moment of the reaction (fp = 0 min).
During the experiment, three 1 mL samples were collected from the reaction medium at 0, 5,
15, 30, 60, 120, 240, 360, and 480 min. Those samples were stored in Eppendorf vials in the
presence of NaySOs3 for the complete decomposition of H;O,. After the CWPO reactions,
the catalyst was recovered with a strong magnet, washed with distilled water, and dried in
oven at 60 °C for 24 h. Additionally, under the same operating conditions, adsorption tests
and blank CWPO runs were performed in the absence of H,O, and catalyst.

During the catalytic experiments, 1 mL aliquots were collected at regular intervals
from the reaction vessel for quantitative analysis of 2-nitrophenol (2-NP) and 4-nitrophenol
(4-NP) concentrations. These determinations were performed using high-performance
liquid chromatography (HPLC) following a modified version of the method reported
in reference [11]. The HPLC system (Jasco, Oklahoma City, OK, USA) incorporated the
following components: a UV /Vis detector (model UV-2075 Plus,), a quaternary gradient
pump (PU-2089 Plus) maintaining a solvent flow rate of 1 mL min~!, and a BiPhenyl
column (BPH 5 um 150 x 2.1 mm; 5 pm particle size). The isocratic elution program
employed a mobile phase composed of two solvents, (A) acetonitrile, and (B) ultrapure
water with 0.1% H3POy, mixed in a 40:60 ratio. The optimal detection wavelength for
2-NP (277 nm) was established through prior UV-Vis spectroscopic analysis (Jasco V530
spectrophotometer, Jasco, Oklahoma City, OK, USA).

For iron leaching assessment, the post-reaction solutions from the catalytic wet perox-
ide oxidation (CWPO) trials were first filtered through a 0.45 um membrane. The dissolved
iron content in the filtrate was then quantified by flame atomic absorption spectrometry
using a Varian Spectra 220 spectrometer (Varian, Palo Alto, CA, USA). The total organic car-
bon (TOC) was also determined at the end of the CWPO runs using a Shimadzu TOC-5000A
analyzer (Shimadzu, Tokyo, Japan).

4. Conclusions

The findings of this study demonstrate the successful synthesis of hybrid multi-core
magnetic catalysts with cobalt ferrite and magnetite cores, prepared via sol-gel and SCS
methods, respectively. Incorporating a novel, less hazardous phloroglucinol-glyoxal-
derived resin as a coating effectively enhanced the stability and catalytic performance of
the materials. Comprehensive characterization confirmed the formation of a well-defined
core—shell structure, providing valuable insights into particle size, crystallinity, textural
properties, and magnetic behavior.

The findings of this study confirm that carbon-coated catalysts outperformed their
uncoated counterparts in CWPO. In the single-component system, CoFe@C achieved
90% degradation of 2-NP and 96% of 4-NP within 8 h, while Fe;0,@C exhibited similar
efficiency, with removal rates of 86% for 2-NP and 94% for 4-NP. In the multi-component
system, CoFe@C demonstrated the highest catalytic activity, decomposing 91% of H,O,
and achieving 96% removal of 2-NP and 99% of 4-NP, followed by Fe30,@C with slightly
lower degradation rates. Moreover, iron leaching was observed in the uncoated catalysts,
whereas the carbon-coated materials exhibited high structural stability with negligible
metal loss. Additionally, the coated catalysts demonstrated superior adsorption capacity,
enhancing their overall pollutant removal efficiency.
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The synthesized hybrid magnetic catalysts present a promising approach for pollutant
degradation, offering both high catalytic efficiency and facile recovery due to their mag-
netic properties. Their dual-function mechanism—combining the catalytic activity of the
hybrid core with an environmentally friendly and stabilizing coating—positions them as
effective candidates for sustainable environmental remediation. Future research should
focus on optimizing the porosity of the carbon shell and further evaluating the long-term
performance and biological interactions of these materials in real-world applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal15040376/s1. The supplementary materials contains the
following information: Figure S1. (a) HAADF-STEM image, (b) Energy-Dispersive X-Ray Spec-
troscopy (EDS) elemental mapping, and (c) elemental mapping per element of the CoFe@C sample.
Image reproduced from supplementary material published in a previous work [12]; Figure S2.
N, adsorption-desorption isotherms obtained at 77k for (a) CoFe, (b) Fe30y, (c) CoFe@C, and (d)
Fe304@C; Table S1. Carbon-coated metallic particles applied for the degradation of several pollutants;
Figure S3: BJH pore size distribution for (a) CoFe, (b) CoFe@C, (c) Fe30,, and (d) FesO4@C; Figure S4:
Catalysts recovered (CoFe@C) in the end of the reaction: (a) Without the presence of a magnetic field
and (b) In the presence of a magnetic field; Table S2. Total organic carbon (TOC) reduction after single
and multicomponent reactions
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