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Abstract

Growing concern over nanoplastics as emerging pollutants calls for effective treatment
methods, with advanced oxidation processes (AOPs) showing strong potential for their
degradation. This study examines the interaction between polyethylene terephthalate
nanoplastics (PET-NPs) and magnetite nanoparticles (MNPs) in a heterogeneous Fenton-
like system, focusing on colloidal behavior, hydroxyl radicals (•OH) generation, and
potential degradation pathways. Zeta potential (ZP) and particle diameter measurements
were used to characterize nanoparticle dispersion and aggregation mechanisms over a pH
range of 3–9.5. The results revealed a pronounced pH-dependent stability, with MNPs ex-
hibiting larger hydrodynamic diameters (283 nm) and lower stability at pH 3 (ZP: −9.8 mV)
compared with neutral or alkaline conditions (189 nm; ZP: −44 to −42 mV). PET-NPs
exhibited minimal agglomeration at a pH of 9.5 (ZP: −25.6 mV). Unlike conventional
Fenton systems, •OH production peaked at pH 7–9.5 (0.3–0.35 µM), attributed to preserved
Fe2+ sites and reduced particle agglomeration. Although PET-NPs resisted oxidative
degradation, their aggregation with MNPs enabled magnetic recovery (46% efficiency at
pH 3) through charge screening, Fe3+/Fe2+ bridging, and hydrophobic interactions. These
findings highlight MNPs’ potential for sustainable nanoplastic separation and emphasize
the need for optimized catalysts to enhance •OH-driven degradation. Overall, this work
advances understanding of nanoplastic–magnetite interactions and offers insights into
AOP applications.

Keywords: nanoplastics; magnetite; polyethylene terephthalate; Fenton-like reaction;
hydroxyl radicals

1. Introduction
Several emerging pollutants that have gained attention in recent years are nanoplastics,

which are defined as plastic particles smaller than 1000 nm. Their ubiquity, resistance to
natural and conventional degradation methods, and negative health effects owing to their
potential to carry other pollutants on their surface and the physical obstruction they cause in
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tissues highlight the urgent need for effective treatment methods [1,2]. Nanoplastics come
from many types of plastics, such as polystyrene, polyethylene, and polyethylene tereph-
thalate, and are prevalent in water bodies, wastewater, and water treatment plants, whose
conventional treatments are not capable of degrading them because of their recalcitrance.

Advanced oxidation processes (AOPs) have been identified as promising technologies
for treating wastewater-containing nanoplastics. AOPs encompass a wide variety of treat-
ments that generate highly reactive oxygen species, particularly hydroxyl radicals (•OH),
which possess a remarkable oxidation potential of 2.8 eV, exceeding that of chlorine and
ozone, which allows the degradation of recalcitrant organic substances present in aqueous
solutions [3,4].

Among AOPs, the Fenton reaction has emerged as a popular treatment for microplastic-
containing wastewater because of its versatility, rapid organic compound degradation,
and straightforward operation [5]. In this process, iron salts (Fe2+) act as catalysts for the
decomposition of hydrogen peroxide (H2O2) and generate hydroxyl radicals in an aqueous
solution, initiating a cascade of reactions that can effectively target various pollutants
present in wastewater [6]; Fe2+ oxidizes to form Fe3+, which can participate in reaction
in a lesser extent. However, for simplicity, Equation (1) is often used to represent the
overall process.

Fe2+ + H2O2 → Fe3+ + •OH + OH− (1)

Further investigations into the efficiency of this process revealed that variations in
parameters such as pH, hydrogen peroxide, catalyst concentration, and reaction time sig-
nificantly influenced the degradation rates of recalcitrant pollutants, thereby underscoring
the need for optimized process conditions [6,7].

However, this technology has some disadvantages, such as the need to continuously
feed the reaction with iron salts and control the pH owing to the formation of Fe(OH)3

precipitates and the dissociation of H2O2 into molecular oxygen when the pH of the
medium increases [8]. To overcome these drawbacks, magnetite has been incorporated in
the Fenton reaction, making it a heterogeneous process. The advantage of using magnetite
instead of iron salts lies in its large surface area, which contains active sites with both
oxidation states (Fe2+ and Fe3+) and its easy recovery because of its magnetic properties [9].
In addition, there are other advantages, such as the reduced generation of ferric sludge
(unlike conventional Fenton), the lesser secondary contamination (as iron does not remain
in solution at high concentrations) and the relative stability of magnetite, which can be
reused in multiple reaction cycles.

The use of magnetite in heterogeneous Fenton and photo-Fenton processes has been re-
ported for the degradation of contaminants and pharmaceuticals dissolved in water [10–13],
which demonstrates the effectiveness of the degradation of organic compounds in aqueous
solutions by •OH. Therefore, it is reasonable to hypothesize that nanoplastics composed of
polyethylene terephthalate molecules will exhibit surface changes and particle diameter
reduction as the polymer chains are degraded.

At present, studies on plastic particle pollution are mainly focused on characterization
and its abundance in the environment, and on the degradation of films, fragments, and
microplastics, mainly polystyrene, polypropylene, and polyethylene by photocatalysis [3],
neglecting the study of nanoplastics generated [14]. Thus, the treatment of microplastics
does not address the environmental and health risks.

However, it is important to highlight that the properties of plastics (like any other solid
material) change at the nanometric scale; therefore, it is important to evaluate their behavior
during AOP treatment. Several studies have reported the treatment of nanoplastics using
photocatalysis [15–18], indicating the need to study other types of nanoplastics.



Processes 2025, 13, 3447 3 of 15

In this study, the dispersion and behavior of polyethylene terephthalate nanoplastics
(PET-NPs) with magnetite nanoparticles (MNPs) in a Fenton-like reaction were evaluated as
a potential advanced oxidation treatment for the degradation of emerging water pollutants.
Heterogeneous Fenton-like reaction is presented as a novel strategy to take advantage of
magnetite without adding soluble iron salts, preventing the sludge generation. Nanoplas-
tics were obtained from commercial bottles to bring these experiments closer to real waste,
and the generation of •OH at different pH levels was validated and evaluated to improve
the degradation performance of PET nanoplastics.

2. Materials and Methods
2.1. Experimental Strategy

The experimental design was divided into three stages. In the first stage, the dispersion
of MNPs and PET-NPs in water at different pH values was evaluated. In the second stage,
the generation of hydroxyl radicals (•OH) from a Fenton-like reaction using hydrogen
peroxide and MNPs dispersed in water was assessed, and PET-NPs were added to the
MNP dispersion. In the third stage, the behavior of the PET-NPs in the Fenton-like reaction
using MNPs in an aqueous dispersion was evaluated. The analysis of the results was
conducted considering particle diameter (hydrodynamic diameter), zeta potential, and the
morphological changes in PET-NPs and the way they could agglomerate with MNPs.

2.2. Materials

The MNPs (Iron II, III oxide nanopowder) used were sourced from Aldrich (Mexico
City, Mexico), with a particle diameter of 50–100 nm and a purity of 97%. Hydrogen
peroxide 35% purity was purchased from Golden Bell (Mexico City, Mexico) and coumarin
97% purity was purchased from Sigma (China). To adjust the pH of the dispersions, H2SO4

ACS Fermont (Zapopan, Mexico), NaOH ACS Fermont (Monterrey, Mexico), and ultra-
pure water obtained from a Milli-Q purification system (model Reference, Billerica, USA)
were employed.

2.3. Nanoparticles Preparation

A stock solution of MNPs was prepared and maintained under constant stirring
for 24 h. Subsequently, a 2.5 mM dilution was prepared in distilled water at pH levels of 3,
7, and 9.5, and agitated for 24 h prior to particle diameter measurement.

PET-NPs were obtained from commercial bottled water containers, cut into fragments,
and ground for 5 h using a commercial mill. The resulting PET powder was collected, and
18 mg was suspended in 30 mL of water, sonicated for 20 min, and agitated for 24 h at
320 rpm. The suspension was centrifuged for 5 min at 6000 rpm, and subsequent dilutions
were made until a consistent particle or hydrodynamic diameter was achieved. This final
concentration was consistent with nanoplastics found in the ocean.

2.4. Characterization of Nanoparticles

The particle diameters of MNPs and PET-NPs, as well as their zeta potential (ZP),
were determined using a dynamic light scattering (DLS) particle analyzer, Anton Paar
(model Litesizer 500, Graz, Austria), a scanning electron microscope (SEM)—JEOL (model
JSM6610LV, Akishima, Japan)—and an energy dispersive spectrometer (EDS—Oxford
Instruments, model X-MAX 51-XMX1002, Oxfordshire, UK). Before SEM/EDS analysis, the
samples were covered with gold in a vacuum machine.
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2.5. Hydroxyl Radical Quantification
•OH in aqueous solutions was quantified using coumarin, a hydroxyl radical scav-

enger that oxidizes to form 7-hydroxycoumarin (Figure 1), a highly fluorescent com-
pound [19]. The stoichiometric ratio between the reactants and the reaction prod-
uct was 1:1:1; therefore, to calculate the concentration of •OH, a calibration curve of
7-hydroxycoumarin was prepared in the range of 0.021–1.0 µM.

Figure 1. Oxidation reaction of coumarin by hydroxyl radical to produce 7-hydroxycoumarin.

To determine the concentration of •OH, solutions with a total volume of 15 mL
were prepared, containing 10 mL of distilled water, 5 mL of coumarin solution, and
MNPs to reach a concentration of 0.33 mM; three different pH levels were evaluated: 3,
7, and 9.5, and 30% hydrogen peroxide was added incrementally to a total of 500 µL.
At the end of the reaction, the samples were centrifuged at 6000 rpm for 5 min, and
the fluorescence of the samples was measured as relative fluorescence units (RFUs) at
450 nm, with UV light at 350 nm from a xenon lamp as the excitation source [20,21] using a
spectrofluorometer (Jenway, model 6285, USA). A calibration curve within the detection
limit of the spectrofluorometer was prepared.

2.6. Evaluation of Nanoplastics Degradation

To figure out whether the nanoplastics underwent degradation, PET-NP samples
before and after being subjected to the Fenton-like reaction were analyzed by DLS to
measure the hydrodynamic diameter, as well as SEM photographs.

3. Results
3.1. Dispersion and Size of Magnetite Nanoparticles and PET Nanoplastics

The dispersion and size of the MNPs were vital for validating the nanoparticle diame-
ters within the colloidal systems used in the experiments. Figure 2a shows the hydrody-
namic diameters (particle diameters) of the MNPs (x axis) and the number of nanoparticles
as light intensity dispersed, measured using the DLS equipment (y axis). At pH 3, the
hydrodynamic diameters were 283 nm, whereas for samples dispersed at pH 7 and 9.5,
the detected diameters were 189 nm, indicating smaller particle diameters at these two pH
values. An ANOVA test (Table 1) was conducted on the hydrodynamic diameters (particle
diameters) at each pH and their respective five replicates measured by the DLS instrument,
revealing a statistically significant effect of pH (p value (0.0000) < α (0.05)), meaning pH 7
and 9.5 are statistically similar over particle diameter of the magnetite samples. The MNPs
used originated from the same stock solution; therefore, their size differences at different
pH levels are attributed to heterogeneous dispersion due to agglomeration among the
nanoparticles [22]. This can be explained by the electrostatic interactions of MNPs with the
medium, which are influenced by the ionic strength of the dispersant, particle diameter,
chemical composition, and electrostatic forces [23,24].
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Figure 2. Hydrodynamic diameters (a) and zeta potential (b) of MNPs in aqueous dispersion at
different pH values. SD: Standard deviation.

To corroborate this hypothesis, the zeta potential (ZP) values were determined for
each sample. ZP is a measure of the electrostatic measure of a particle and indicates its
stability in a liquid suspension; the ZP results were −9.8, −44.2, and −41.7 mV at pH 3,
7, and 9.5, respectively (Figure 2b). This confirms that at pH 7 and 9.5, there is greater
stability in the dispersion of MNPs owing to the magnitude of this parameter [25] and that
MNP are strongly anionic under these conditions [26]. These results are consistent with the
findings of Yang et al. [27], who observed that MNPs exhibit different ZP values at different
pH levels.
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Table 1. Analysis of variance for hydrodynamic diameters and •OH.

ANOVA for MNP Hydrodynamic Diameters

Source of variation Sum of squares DF Mean squares F value p value
pH 29,331.7 2 14,665.9 6285.37 0.0000
Residual error 28.0 12 2.33333
Total 29,359.7 14

ANOVA for PET-NP Hydrodynamic Diameters

Source of variation Sum of squares DF Mean squares F value p value
pH 204,432 2 102,216 20,719.50 0.0000
Residual error 59.2 12 4.93333
Total 204,492 14

ANOVA for •OH

Source of variation Sum of squares DF Mean squares F value p value
H2O2 0.228829 4 0.0572072 35.48 0.0000
pH 0.232355 2 0.116177 72.05 0.0000
Interaction 0.0399341 8 0.00499176 3.10 0.0114
Residual error 0.0483734 30 0.00161245
Total 0.549491 44

Regarding PET-NPs, Figure 3a shows the hydrodynamic diameters (particle diameters)
of the nanoplastic samples at different pH levels. The detected diameters were 261, 499,
and 240.7 nm, corresponding to the pH values of 3, 7, and 9.5, respectively. An ANOVA
test was also conducted on the hydrodynamic diameters (particle diameters) of PET-NPs
at each pH, showing a statistically significant effect of pH (p value (0.0000) < α (0.05)).
These results demonstrate the nature of nanoplastics, which agglomerate to a lesser extent
under both alkaline and acidic conditions. As with the MNPs, ZP values were determined
(Figure 3b), with averages of 1.8, −3.2, and −25.6 mV at pH 3, 7, and 9.5, respectively,
suggesting that PET-NPs in water dispersion are more stable at alkaline pH due to the
change in charges on their surface, as confirmed by differences in the magnitude of the
ZP, in agreement with Patel et al. [28], These values are relatively close to those reported
by other authors for PET-NPs; Djapovic et al. [29] reported a ZP of −34.93 mV at a pH
close to 6, and Ducoli et al. [30] reported −5.4 mV at pH 7. ZP values have also been
reported for other types of nanoplastics, such as polystyrene, ranging from −7 to −35 mV
at different pH values [31,32]. These differences in magnitude can be explained by the
properties exhibited by nanoplastics with different particle diameters and dispersants; in
this study, they ranged from 50 nm to 100 µm and water was the dispersant, while in other
studies, the particle diameters were larger and nanoplastics were previously dispersed in
different solvents. These results confirmed the presence of PET-NPs and MNPs, and their
particle diameters were consistent and homogeneous at an alkaline pH.

3.2. Hydroxyl Radical Generation During Fenton-like Reaction
•OH generation was determined in the MNP samples dispersed in water at different

pH levels using coumarin. A calibration curve of 7-hydroxycoumarin versus RFU, with a
determination coefficient (R2) of 0.9892, was used to detect and measure •OH concentration.
Figure 4 illustrates the kinetics of •OH generation in function of pH and hydrogen peroxide
added. As expected, higher concentrations of 7-hydroxycoumarin, and thus, •OH, were
generated with increasing hydrogen peroxide addition. Fenton-like reaction performance
at different pH levels was also observed; the lowest •OH generation occurred at pH 3,
whereas higher concentrations were obtained at pH 7 and 9.5. After adding 500 µL of H2O2

and allowing 150 min for reaction, •OH was generated at a concentration of 0.1 µM at pH 3,
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while at pH 7 and 9.5, concentrations reached 0.3 and 0.35 µM, respectively. •OH generation
follows first-order kinetics, suggesting a process controlled by a single species (H2O2).

 

 

Figure 3. Hydrodynamic diameters (a) and zeta potential (b) of PET-NPs in aqueous dispersion at
different pH values. SD: Standard deviation.

A two-way ANOVA test (Table 1) was conducted considering the doses of H2O2 and
pH over the •OH concentration range. The variance analysis indicated that both the factors
and their interactions had a statistically significant effect on •OH generation. Therefore, to
increase •OH, a pH of 7 or 9.5 is recommended.

The effect of pH on •OH generation with magnetite and coumarin has not been
previously reported, only on the degradation of organic contaminants. However, a similar
pH-related result found in this study was reported by Zhou et al. [33] in a heterogeneous
Fenton process, in which Fe2+ ions were loaded onto porous magnetic microspheres to
degrade methylene blue in wastewater, achieving 90% degradation within 40 min, with the
best results at pH 6.18. It can be concluded that the highest concentrations of •OH were
obtained at pH 7 and 9.5, with similar outcomes at both pH levels.
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Figure 4. Hydroxyl radical generation in function of hydrogen peroxide and pH values of medium.

3.3. Interaction Between PET-NPs and MNPs During Fenton-like Reaction

After the hydrodynamic diameters and ZP of MNPs and PET-NPs were measured
separately, they were measured in the same suspension at different pH values and then with
H2O2. This stage was useful for confirming the conditions under which both nanoparticles
disperse before the Fenton-like reaction, and once the reaction begins, the distribution
of the hydrodynamic diameters of the nanoparticles could suggest whether degradation
or agglomeration of PET-NPs occurs; smaller sizes could indicate degradation of PET-
NPs, whereas larger hydrodynamic diameters indicate agglomeration between these two
particles. The agglomeration or aggregation of magnetite (or derivatives) with microplastics
has been reported previously [34,35].

Figure 5 shows the distribution of hydrodynamic diameters through a Fenton-like
reaction at different pH values. Under acidic conditions, the particle diameters were similar
regardless of the added volume of H2O2, suggesting that the agglomerates persisted. At
pH 7 (Figure 5b), the sizes of the agglomerates changed inconsistently; the hydrodynamic
diameters decreased with the addition of 100–300 µL of H2O2 but increased with 400 µL of
H2O2; at pH 9.5 (Figure 5c), the changes also seem to be inconsistent, decreasing the particle
diameter with 100–200 µL of H2O2, which can be explained by the effect of •OH: At low
H2O2 doses, •OH on the surface of nanoplastics oxides functional groups and changes their
charges, enhancing electrostatic repulsion between particles and reducing agglomeration,
on the other hand, at high H2O2 doses, Fe3+ ions could promote charge neutralization on the
PET-NPs’ surface, reducing electrostatic repulsion and enabling aggregation. These results
indicate that the only changes PET-NPs suffer are in their surface charges, possible surface
oxidizing, and promoting agglomeration or dispersion, but no significant degradation.
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Figure 5. Distribution of hydrodynamic diameters of MNPs and PET-NPs through Fenton-like
reaction at pH 3 (a), 7 (b), and 9.5 (c).
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To corroborate the agglomeration between MNPs and PET-NPs, SEM/EDS analy-
sis and •OH generation were evaluated on the samples during the Fenton-like reaction.
Figure 6 shows an SEM image and an EDS spectrum of an agglomerate between both
nanoparticles, where the EDS spectrum depicts MNPs as a function of iron (Fe) and oxygen
(O) species, while PET-NPs are represented by carbon (C) and oxygen. Potassium (K) and
sodium (Na) were detected in the samples because alkaline solutions were used to adjust
the pH.

 

Figure 6. SEM image and EDS spectrum of MNPs and PET-NPs dispersed in pH 9.5 during Fenton-
like reaction.

Concerning •OH generation in the presence of PET-NPs during the Fenton reaction,
a hypothesis was proposed: because of the physical bond between both nanoparticles
(agglomeration), the MNPs would have fewer active sites to catalyze the decomposition
of H2O2. As shown in Figure 4, in the Fenton-like reaction, 7-hydroxycoumarin continues
to be produced because of the generation of •OH, indicating that the Fenton-like reaction
continued to occur, but to a lesser extent, corroborating the proposed hypothesis. Despite
the validation of •OH generation, PET-NPs are resistant to this type of oxidant.

Owing to the agglomeration of both NPs, the resultant advantage of this colloidal
system was their recovery by magnetism. Then, the Fenton-like reaction was repeated
in the presence of PET-NPs, ultrasonicated, hydrogen peroxide was added to promote
the reaction, and a magnet was deployed to separate the MNPs and secondarily drag the
PET-NPs. To corroborate the separation of the nanoplastics, the quantity of nanoparticles in
the dispersion was determined by DLS before and after using the magnet. Figure 7 shows
the quantity of nanoparticles (%) separated from the dispersion by the magnet at different
pH values after hydrogen peroxide was added, and each sample was ultrasonicated.

 
Figure 7. Effect of magnet on the dragging of PET-NP/MNP agglomerates.

As can be observed, under acidic conditions, NP separation was higher than under
neutral and alkaline conditions; at pH 3, the NP dragging ranged from 27 to 46%, while
at 7 and 9.5 pH values the dragging was 7.5–25 and 18–38%, respectively. NP separation
was statistically significative in function of both H2O2 and pH factors (p value < α). These
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results confirm that agglomerates formed under acidic conditions facilitate the separation
of nanoplastics by the effect of the magnet on MNPs bonded to PET-NPs, which is reported
to be caused by van der Waals interactions [25].

Several authors have reported microplastic separation using magnetite-based function-
alized nanoparticles. Martin et al. [36] achieved a separation of 90% of polystyrene nanoplas-
tics by employing iron oxide nanoparticles with hydrophobic coating. Sarcletti et al. [37]
developed core–shell superparamagnetic iron oxide nanoparticles functionalized with
phosphonic acid, achieving up to 90% separation on melamine resin nanoplastics.
Bakhteeva et al. [35] synthesized magnetite nanoparticles covered with silica, gelatin, and
chitosan, achieving up to 98% PET microplastics. Unfortunately, the preparation of these
magnetic nanoparticles requires specific experimental conditions and materials/solvents
that must be simplified and economized to make the process sustainable.

4. Discussion
It has been reported that the Fenton reaction should occur under acidic conditions

(pH 2.5–3) for the degradation of pollutants and dyes [38,39]; however, interestingly, this
study found that neutral and alkaline pH conditions are more favorable for the generation
of these radicals. Although these results may seem contradictory, they can be explained
by the different reaction conditions of the dissolved iron salts or magnetite (MNPs). In the
Fenton reaction with iron salts, acidic pH levels are suggested because Fe3+ precipitates as
ferric oxyhydroxides at pH 3, forming sludge that poses a disposal challenge [40]. In the
heterogeneous Fenton-like reaction with MNPs at alkaline or neutral pH, the dispersion
was stable, minimizing agglomeration and promoting the exposure of more surface-active
Fe2+ sites available for catalyzing H2O2 decomposition, thus avoiding the limitation of
iron precipitate formation. This was evidenced by the ZP results for MNPs at neutral and
alkaline pH levels and their smaller hydrodynamic diameters (Figure 2). The use of a solid
catalyst with surface-active Fe2+ sites allows an extended pH range for the reaction [41,42].

The observed aggregation between MNPs and PET-NPs indicated attractive interparti-
cle forces. Potential mechanisms include (1) electrostatic interactions (demonstrated by ZP
measurements), which permit the interpretation of colloidal stability, where at acidic pH
(near the isoelectric point of magnetite, ~pH 6–7), surface charge neutralization promotes
aggregation through van der Waals forces or hydrogen bonding [25]; (2) at alkaline pH
(9.5), while the typically negative surfaces of both PET-NPs and MNPs would normally
repel each other, the presence of Na+ ions (from NaOH pH adjustment) enables charge
screening, facilitating aggregation [43]; and (3) metal ion bridging, where Fe3+/Fe2+ from
magnetite forms complexes with surface functional groups (e.g., carboxyl) on nanoplastics,
acting as molecular “glue” [44]. Additionally, hydrophobic effects may contribute to ag-
gregation, as hydrophobic PET-NPs and hydrophilic MNPs interact in aqueous media to
minimize hydrophobic interfaces [45]. Under alkaline conditions, the size variations sug-
gest pH-dependent surface charge modifications and •OH effects; however, no significant
degradation occurred. This aligns with studies showing the resistance of PET-NPs to oxida-
tive degradation [3,46], as Fenton-generated •OH radicals fail to break down PET-NPs, as
evidenced by aggregate-induced blocking of MNP active sites, reducing •OH production.
This has been reported in several works related to microplastics and AOP, such as the work
of Singh et al. [47], who treated microplastics using a combined thermal Fenton process,
achieving up to 98% mass loss of these particles within 24 h; Xue et al. [48] demonstrated
nearly 100% degradation of polystyrene NP through photocatalytic and photothermal
Fenton-like processes in 4 h at 75 ◦C; Gao et al. [49] applied the electro-Fenton process using
magnetite and persulfate, achieving up to 90% degradation of polyethylene microplastics
after 20 h of treatment; and Thirunavukkarasu et al. [50] employed a photocatalytic and
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photo-Fenton process with Fe-modified TiO2 aerogels to degrade polystyrene microplastics,
achieving surface-level degradation of the particles. These works report advances in the
degradation of micro- and nanoplastics, from surface oxidation to changes in mass loss.
Among the aspects they share are the combination of two or more AOPs, which limits their
practical application in real-life conditions, in addition to high temperatures and the lack of
evaluation of different types of plastic polymers and nanoplastics.

The findings of this work highlight the potential application of magnetite as a sus-
tainable, cost-effective nanoplastic separation process that avoids expensive solvents or
complex conditions, while suggesting opportunities for developing enhanced MNP-based
catalysts to increase •OH generation for effective nanoplastic degradation. Finally, this
work focuses on simpler, cheaper, and more environmentally relevant systems (neutral
pH, mild aqueous conditions), which is a complementary contribution to studies with
high degradation but low practical applicability, and it studies specific interaction be-
tween magnetite and nanoplastics under heterogeneous Fenton conditions, something
little-explored compared to the degradation of polystyrene MPs through more aggressive
hybrid processes.

5. Future Perspectives
To enhance the degradation efficiency of nanoplastics in heterogeneous Fenton-like

systems, future strategies should focus on optimizing both the catalyst and the reaction en-
vironment. Surface modification of magnetite nanoparticles, such as doping with transition
metals or applying thin stabilizing coatings, could increase hydroxyl radical yield while
minimizing aggregation with nanoplastics. In addition, coupling the system with another
AOP, including photo-Fenton under visible/UV-A irradiation or persulfate activation, may
provide more reactive species capable of attacking the PET structure. Process intensification
approaches, such as controlled H2O2 dosing or the use of mild sonication, could further
improve radical availability at the catalyst–nanoplastic interface, where oxidative reactions
are most effective. The present findings highlight promising research avenues beyond the
direct degradation of PET nanoplastics. The observed pH-dependent aggregation between
magnetite and nanoplastics suggests opportunities for magnetic recovery technologies as
a complementary remediation strategy. At the same time, the unexpected generation of
•OH at neutral and alkaline conditions opens new pathways for developing heterogeneous
Fenton systems with broader environmental applicability. Future work should investi-
gate the stability and recyclability of magnetite under operational conditions, extend the
approach to different types of nanoplastics and real water matrices, and explore hybrid
processes that combine catalytic oxidation with biological or enzymatic treatments. Such
integrative strategies could provide more efficient and sustainable solutions for mitigating
nanoplastic pollution.

6. Conclusions
The dispersion of MNPs and PET-NPs as a function of the pH of the medium was

evaluated, as well as hydroxyl radical production, to assess the performance of both types
of nanoparticles in a heterogeneous Fenton-like reaction. This study revealed that the
dispersion of MNPs and PET-NPs varies separately, exhibiting pH-dependent colloidal
stability due to intermolecular interaction forces on the nanoparticle surface, with MNPs
showing significantly larger hydrodynamic diameters (283 nm) and higher ZP (−9.8 mV)
at pH 3 compared to neutral or alkaline conditions (189 nm; −44 to −42 mV), indicat-
ing pH-driven agglomeration. PET-NPs similarly demonstrated enhanced stability at
alkaline pH (ZP: −25.6 mV), with minimal agglomeration (240.7 nm). The Fenton-like
reaction achieves optimal •OH generation at neutral/alkaline pH (0.3–0.35 µM), challeng-
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ing conventional acidic pH requirements, due to preserved Fe2+ active sites and reduced
MNP agglomeration.

During the Fenton-like reaction, the aggregation between MNPs and PET-NPs is gov-
erned by multiple interparticle forces, including electrostatic interactions (charge screening
by Na+ at an alkaline pH), Fe3+/Fe2+ bridging, and hydrophobic effects, which collectively
promote agglomeration without inducing PET-NP degradation. This was confirmed by
the persistent aggregate sizes and SEM/EDS evidence of Fe-O-C interfacial bonds. These
findings reveal two key technological pathways. First, pH-tunable aggregation enables the
magnetic recovery of PET-NPs (46% efficiency at pH 3) without functionalized nanoparti-
cles, offering a cost-effective alternative to complex nanocomposite systems. Second, the
unexpected •OH generation at neutral or alkaline pH opens new avenues for heteroge-
neous Fenton catalysis in environmental remediation, although the oxidative stability of
PET-NPs necessitates alternative degradation strategies. Future research should explore
surface-modified MNPs to simultaneously enhance •OH yield and nanoplastic degradation
while maintaining magnetic separability.
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