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Polyoxazoline functionalized magnetic spinel iron
oxide nanoparticles for efficient removal of
pharmaceuticals and heavy metal ions from water

Agnese Ricci,*? Luca Stefanuto, )@ Sara Del Galdo, {22 Simone Pepi,”
Valerio Graziani, Stefano Casciardi,® Sawssen Slimani,®" Gaspare Varvaro,®
Davide Peddis, 2 ®f Luca Tortora, ()€ Barbara Capone, ) Claudio Rossi,”
Daniela Tofani,® Giancarlo Masci 2 *9 and Tecla Gasperi (2 *2"

This study introduces a novel class of multifunctional hybrid materials for advanced water remediation,
based on FezO4 superparamagnetic nanoparticles functionalised with tailored polyoxazoline coatings
(PiPOx and PAMOx). These materials uniquely combine the high selective adsorption capacity of the
polymer coating — engineered to target both organic pollutants and heavy metal ions — with the inherent
magnetic responsiveness of the FesO4 core, enabling efficient contaminant removal and facile particle
recovery under an external magnetic field. Detailed adsorption experiments reveal striking differences in
performances between the two hybrid nanoparticles. Fes:0,@PAMOXx exhibits exceptional efficacy in
removing organic pollutants from aqueous solutions, achieving recovery rates exceeding 80% + 2 for a
range of tested contaminants. Conversely, Fez0,@PiPOx demonstrates a pronounced affinity for heavy
metal ions, particularly Pb>*, with a recovery rate surpassing 25% + 2. This selective adsorption behavior
indicates that FezO4@PAMOXx is optimally suited for the remediation of organic pollutants, whereas
Fez0,@PiPOx proves more effective in addressing heavy metal contamination. The synergistic combi-
nation of Fez04@PIPOx and FesO,@PAMOX offers a versatile and highly efficient solution for wastewater
treatment capitalizing on their dual capabilities to selectively adsorb pharmaceutical residues and heavy
metal ions, while preserving their magnetic properties following surface functionalization. This approach
underscores the significant potential of these hybrid systems in practical water purification applications,
facilitating the effective targeting of both organic and inorganic contaminants and providing a viable path
towards sustainable water management.

Introduction

In recent years, the escalating contamination of water bodies by
pharmaceutical compounds and heavy metal pollutants poses a
significant and multifaceted environmental threat, demanding
innovative remediation strategies.>® Heavy metals, including
lead, cadmium, cobalt, chromium, and zinc are particularly
hazardous due to their toxicity, persistence in the environment,
and potential to bioaccumulate in living organisms.*” Indeed,
these toxic metals are listed among the top 20 most dangerous
substances by the U.S. Environmental Protection Agency and the
Agency for Toxic Substances and Disease Registry. Human
exposure occurs through various pathways, including dermal
contact, inhalation, and ingestion of contaminated water. Once
absorbed, these metal ions interact with biomolecules, forming
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harmful compounds that are difficult to eliminate. In fact, upon
absorption, metal ions disrupt biological systems through toxico-
dynamic mechanisms, such as protein denaturation, oxidative
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stress caused by reactive oxygen species (ROS), and DNA
damage. This leads to impaired cellular function and
mutations."® Their accumulation in vital organs (liver, kidneys,
heart, and brain) can impair normal physiological processes,
leading to organ damage, systemic failures, and diverse clinical
manifestations such as headaches, nausea, vomiting, and
cardiovascular diseases. For instance, cadmium’s oral LDs, is
5.2 mg kg™', with chronic exposure linked to neurological
damage, kidney disease, and cancer in humans."*'® An
additional challenge in water remediation is the presence of
pharmaceuticals and their metabolites in the aquatic
environment." ™ Continuous discharge of pharmaceuticals into
water bodies exert significant toxic effects on aquatic life, even at
concentrations as low as nanograms per liter (ng L™"). The slow
degradation rates of many pharmaceuticals, coupled with
ongoing emissions and the inefficiency of current wastewater
treatment processes, result in steadily increasing concentrations.
The EPA/WHO’s regulatory limits for different organic com-
pounds highlight the high toxicity and persistence of pharma-
ceutical pollutants, as well as the need for effective removal
technologies.'® Over 150 active pharmaceutical compounds
have been detected in industrial wastewater and receiving
waters, and also bioaccumulated in aquatic organisms at con-
centrations ranging from ng L™ to pg L™".*>' The most fre-
quently detected drugs include anti-inflammatories, analgesics,
antidepressants, antibiotics, and lipid-lowering agents, all of
which pose a risk to non-target species, potentially damaging
both ecosystem function and human health.'® Meeting these
challenges will require an interdisciplinary approach combining
nanotechnology, polymer chemistry and environmental science.
Nanotechnology offers promising avenues for targeted remedia-
tion by enabling the design of the materials at the nanoscale,
enhancing their capabilities for pollutant removal. Specifically,
nanostructured materials can be engineered to selectively
capture both organic contaminants and toxic heavy metals, pro-
viding a versatile and effective solution for environmental
cleanup. In particular, nanoparticles offer a combination of high
adsorption efficiency, stability and recoverability, as well as
superior capacity and practical scalability."® Iron oxide nano-
particles (IONPs), particularly magnetite (Fe;0,), have garnered
significant attention in this context owing to their magnetic
nature and unique physicochemical characteristics, including
high surface area and facile surface modification.”*>* They have
demonstrated high efficiency in water remediation, both in
removing heavy metals (e.g. lead, mercury, and cadmium) and
organic pollutants (e.g. dyes and pharmaceuticals).>***"*” Of par-
ticular interest are magnetic particles that exhibit superpara-
magnetic behaviour at room temperature. They display fully
reversible magnetic behaviour with zero remanence and coerciv-
ity enabling easy manipulation via an external magnetic field
while preventing particles’ aggregation when the field is
removed.”® This property enables efficient contaminant removal
by applying an external magnetic field, as well as easy recovery of
the nanoparticles, improving their reusability and cost-
effectiveness.'®?” The selectivity and efficiency of IONPs can be
further improved through tailored functionalisation. Effective
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strategies include introducing support materials, such as gra-
phene, and using capping or stabilizing agents, such as cell-
ulose, biopolymers or other green stabilizers, to enhance the
stability of iron oxide nanoparticles (IONPs) and broaden their
potential applications in environmental and biomedical
fields.>***° In addition, advanced coating techniques such as
atomic layer deposition (ALD), chemical vapor deposition (CVD),
and layer-by-layer (LbL) assembly enable precise control over
surface chemistry and thickness for enhanced material perform-
ance.”® Commonly used stabilizers include phosphonic acids,
carboxylic acids, dopamine, cysteine, trimethoxysilane, and
amines.*® To prevent aggregation, oxidation, and corrosion, and
to increase the adsorption capacity of magnetic nanomaterials,
these are typically coated with either organic layers (polymers or
surfactants, such as polyethylene glycol and dextran) or in-
organic elements (for instance, gold, platinum, cobalt oxide, alu-
minium oxide, silica, and activated carbon).?’*'7* The use of
polymers for coating is particularly important to improve col-
loidal stability under hydrophilic conditions and to protect the
iron oxide core from degradation.***> Within this context, poly
(2-oxazoline)s, (POx), synthesised through the cationic ring-
opening polymerization (CROP) of 2-oxazoline monomers, stand
out for their exceptional versatility and tuneable chemistry.*®
Compared to the widely used poly(ethylene glycol) (PEG), POx
not only maintain key attributes such as biocompatibility, low
dispersity, and stealth properties but also offer superior stability,
flexibility, and functionalization potential, making them a
groundbreaking alternative in advanced material design.””** In
this paper, we aim to explore the synergistic potential of polyoxa-
zoline-functionalised IONPs for the removal of pharmaceuticals
and heavy metal ions from water. The customisable chemical
structure of POx allows for the precise engineering of functional
groups, while the predominantly hydrophilic nature of POx
improves the compatibility of IONPs in aqueous media, thereby
increasing their effectiveness in water treatment applications.
The present work will describe in detail the synthesis, physico-
chemical characterization, and adsorption mechanisms, —exam-
ined through batch experiments—while outlining both pro-
spects and challenges associated with this innovative technology.
By harnessing the combined attributes of IONPs and polyoxazo-
line, this approach holds promise for addressing the persistent
issue of pharmaceutical contamination in water resources,
thereby contributing to environmental sustainability, and safe-
guarding public health.

Results and discussion
Synthesis and morpho-structural characterization

Fe;0, nanoparticles were synthesized following the Radwan
et al. co-precipitation technique, using FeCl;-6H,0 and
FeCl,-4H,0O salts as starting materials.”**** Particles were
then functionalized with two distinct poly(2-oxazoline)s,
PAmMOx and PiPOx, to enhance their performance for appli-
cations in water remediation.”® PAmOx was selected for its
aminic group, which enhances interactions with various

This journal is © The Royal Society of Chemistry 2025
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environmental contaminants, and PiPOx was chosen for its
high hydrophilicity, making it suitable for water-based appli-
cations. Both polymers have already demonstrated potential in
environmental remediation, further supporting their suit-
ability for this purpose.>® The synthesis of the polymers was
carried out using a cationic ring-opening polymerisation tech-
nique.?” The process starts with the use of methyl tosylate (1,
Scheme S2, SI) as an initiator and the corresponding mono-
mers (2a and 2b, Scheme S2, SI). The ring-opening polymeris-
ation technique is particularly valuable because it allows con-
trolled growth of the polymer chain, ensuring a narrow mole-
cular weight distribution and a well-defined structure. One of
the key aspects of this synthesis is the introduction of a
triethoxysilane group into the polymer chain. This functional
group is critical for bonding the polymer to the iron oxide
nanoparticles as it facilitates the attachment of the polymer
via a silane coupling mechanism, which is known for its
ability to form stable covalent bonds with metal oxide
surfaces.*®*° The triethoxysilane functionality was introduced
using 3-aminopropyltriethoxysilane (APTES) as a terminating
agent. In the ring-opening polymerisation of 2-oxazoline, the
oxazolinium propagating end remains without decomposition
after the monomer is consumed and is active to undergo
nucleophilic attack by amine. Thus, (3-aminopropyl)triethoxy-
silane (4, Scheme S2 SI) was reacted with the oxazolinium (3,
Scheme S2) to form the terminal group of the polyoxazoline
(5a and 5b, Scheme S2 SI). The morphology and size distri-
bution of Fe;O, nanoparticles were examined using trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM). A small amount of diluted nanoparticle
suspension in water was applied to the TEM grid and left to
dry naturally before imaging. The nanoparticles were well-dis-
persed in the solution using sonication to ensure even distri-
bution. The uncoated magnetic IONPs, shown in Fig. 1a,
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exhibit a distribution of particles with varying sizes spread
across the field of view. While some agglomeration is visible,
individual nanoparticles remain distinguishable, with a mean
core diameter of 11.9 + 2.8 nm (Table S1, SI). The polyoxazo-
line-coated nanoparticles, on the other hand, display consist-
ent spherical or quasi-spherical shapes with a uniform size
distribution. Specifically, Fe;0,@PiPOx NPs have a size of 14.7
+ 1.3 nm (Fig. 1b), while those coated with PAmOx measure
14.2 + 1.7 nm (Fig. 1c). As illustrated in Fig. 1b, Fe;0,@PiPOx
forms tightly packed clusters, with the aggregation making it
challenging to differentiate individual components due to
their dense arrangement. In contrast, the Fe;0,@PAmMOXx
nanoparticles appear less agglomerated, with clearer individ-
ual definition compared to the PiPOx-coated IONPs. This indi-
cates that the polymer coating, particularly PAmOX, plays a sig-
nificant role in stabilizing the nanoparticles and reducing
agglomeration. The data obtained by TEM are consistent with
the SEM results (Fig. 1d), confirming that the particles are pre-
dominantly spherical. SEM images further show that the
hybrid particles retain a uniform spherical shape, with an
average diameter of 15-20 nm (Fig. 1e and f), indicating that
the surface modification does not significantly alter the overall
shape of the nanoparticles. The size distribution of nano-
particles in aqueous solution was also assessed using Dynamic
Light Scattering (DLS). The analysis shows relatively narrow
distributions, with bare magnetite nanoparticles exhibiting a
polydispersity index (PDI) of 0.394, while the polyoxazoline-
coated particles had a lower PDI of 0.224 (Fe;0,@PAmOXx) and
0.132 (Fe;0,@PiPOx), thus suggesting a more uniform particle
size. DLS analysis (Table S1, SI) reveals a hydrodynamic dia-
meter of 155.3 nm for the uncoated magnetite nanoparticles.
Following the polyoxazoline coating, the hydrodynamic dia-
meter increased to 169.7 nm for PiPOx (PDI 0.132) and
decreased to 127.7 nm for PAmOx (PDI 0.224). These values,

Fig.1 TEM images of (a) bare IONPs, (b) Fes0,@PiPOx and (c) Fes0,@PAMOx; SEM images of (d) bare IONPs, (e) Fes0,@PiPOx and (f)

Fes04@PAMOX.

This journal is © The Royal Society of Chemistry 2025
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significantly larger than those obtained from TEM and SEM
measurements, reflects DSL’s sensitivity to solution-phase
phenomena such as dynamic aggregation and agglomeration,
which are not observable in images of dried samples.
Additionally, DLS provides an indirect measures of particle
size, relying on the frequency of particle movement in solution
(Brownian motion), inherently differing from the direct
imaging techniques of TEM and SEM. Therefore, discrepancies
between hydrodynamic diameters determined by DLS and
those obtained by microscopic methods are expected.

Molecular coating

Attenuated total reflectance (ATR) Fourier-Transform Infrared
(FT-IR) spectroscopy was used to characterize the functional
groups present in the nanoparticles. As they were thoroughly
washed after synthesis, no mechanically deposited polymer was
expected. Fig. 2a displays the ATR spectra of both bare and poly-
oxazoline-coated nanoparticles. The absorption band observed
near 576 cm™" confirms the presence of the Fe-O bond in the
uncoated and functionalised IONPs.*® After polyoxazoline
functionalization, the emergence of new peaks in the
2800-3000 cm ™" region, attributed to C-H stretching vibration
from aliphatic CH, and CHj;, provides unequivocal evidence of
successful surface modification. Further supporting this,
additional peaks are observed at 1635 cm™" (Fe;0,@PAmOX) and
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Fig. 2 (a) ATR spectra, (b) UV-Vis spectra, (c) TGA curves of bare FesO4
NPs (black), Fes0,@PAMOX (red), and PAMOXx (green); (d) TGA curves of
bare Fes04 NPs (black), Fes0,@PiPOx (blue), and PiPOx (green); (e) zeta
potential (¢) distribution; and (f) field-dependent magnetization loops
(300 K) normalized to the particle weight.
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vibrations, and at 1448 cm™?, associated with N-H bending. The
Si-O stretching vibration of APTES on the surface of Fe;0, nano-
particles is assigned to the bands in the region between 1000
and 1100 ecm™*.>! These spectroscopic data demonstrate success-
ful polyoxazoline functionalization of the magnetite particles.
Furthermore, UV-Vis spectrophotometry was performed on the
dispersion of uncoated and polyoxazoline-functionalised iron
oxide nanoparticles in distilled water. As revealed in Fig. 2b, all
three samples exhibited the characteristic absorption peak of
Fe;0, at a wavelength of 275-301 nm.”>* Furthermore, the
spectra of Fe;0,@PAmMOx and Fe;0,@PiPOx clearly highlight
the characteristic absorption peak of PAmOx and PiPOx, respect-
ively, at approximately 210 nm, confirming the successful incor-
poration of polyoxazoline coatings. In addition, the thermo-
gravimetric analysis (TGA) reveals distinct thermal decompo-
sition profiles for the uncoated and polyoxazoline-coated iron
oxide nanoparticles (Fig. 2c and d). Bare Fe;O, nanoparticles
exhibit a consistent weight loss of approximately 5% across the
entire examined temperature range, attributed to the removal of
physically and chemically adsorbed water.>>>® In contrast, the
polymer-functionalized samples exhibited significantly distinct
weight loss patterns, directly reflecting the degree of polymer
coating on the nanoparticle surface, and, consequently, provid-
ing insight into the magnetite content. Fe;0,@PAmMOXx shows a
significant weight reduction of 52.88%, starting at around
200 °C, indicating a relatively thick polymer layer on the nano-
particles and its subsequent thermal decomposition. Conversely,
Fe;0,@PiPOx displays a smaller weight loss of 19.97%,
suggesting a thinner or less densely packed polymer coating. The
decomposition in this sample began at a higher temperature,
suggesting that the polymer in Fe;0,@PiPOx is more stable to
thermal degradation. These differences in weight loss highlight
variations in the extent of polymer coverage on the iron oxide
nanoparticles, which influence their stability and functionali-
zation efficiency. The grafting density calculations (number of
polymer chains per unit surface area of the nanoparticles)
further underscores this difference. Fe;0,@PAmMOx displays a
significantly higher grafting density (1.48 chains per nm) com-
pared to Fe;O,@PiPOx (0.34 chains per nm), confirming more
extensive polymer coverage in the former material. This disparity
is likely due to the greater steric hindrance from the isopropyl
group in PiPOx, limiting the number of polymer chains that can
effectively bind to the nanoparticle surface. The grafting density
was determined from TGA data by analysing the relative mass of
the polymer and the residual mass of the Fe;O, core at 500 °C.
The number of polymer chains was then estimated by dividing
the polymer mass by its molecular weight. The nanoparticle
surface area was determined assuming spherical particles with
radii measured from TEM data, while the number of particles
was estimated from the nanomaterial mass.>”>°

Colloidal stability

The zeta potential () was evaluated to measure the colloidal
stability and nanoparticle aggregation (Table S1 (SI) and
Fig. 2f) in Milli-Q water at pH = 5.5. To ensure comprehensive-
ness, the analysis was extended across a pH range of 2 to 7,

This journal is © The Royal Society of Chemistry 2025
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consistent with the conditions of the adsorption experiments.
Importantly, no significant variations in the zeta potential
were revealed (Fig. S5, SI). Low zeta potential values (0 to
+5 mV) typically indicate enhanced van der Waals interparticle
attractions, leading to rapid coagulation or flocculation. In
contrast, a zeta potential value of around +30 mV generally
reflects good nanoparticle stability, due to stronger electro-
static repulsive forces that prevent aggregation.®® Maintaining
nanoparticle stability is critical for consistent performance,
particularly in applications such as water remediation. Given
the marked differences in surface charge between bare and
polymer-functionalised nanoparticles, zeta potential analysis
was performed to confirm successful polymer coating. The
uncoated Fe;0, nanoparticles exhibit a negative zeta potential
of —41.51 mV, indicating a highly charged surface. After
coating with PiPOx and PAmOx, the surface charge becomes
positive, with Fe;0,@PAmMOx showing a stronger positive value
(44.24 mV) compared to Fe;0,@PiPOx (16.67 mV). This shift
suggests effective surface modification, with PAmOX providing
greater stability or surface coverage than PiPOx. The fact that
PAmMOX plays an important role in stabilising the nanoparticles
and reducing agglomeration in an aqueous system may be due
to interactive stabilisation by the amine groups, which can
form strong bonds with the nanoparticle surface. These inter-
active forces (hydrogen bonding, electrostatic interactions or
even coordination with metal surfaces) can provide stronger
stabilisation than steric stabilisation alone. These changes in
surface charge may influence nanoparticle behaviour in sus-
pension, including colloidal stability and interactions with bio-
logical environments.*"*>

Magnetic properties

To investigate the influence of PAmOx and PiPOx coating on
the magnetic properties of the Fe;O, nanoparticles, field-
dependent magnetization loops were performed at 300 K on
bare and polyoxazoline-coated nanoparticles, as presented in
Fig. 2e. All measurements were normalized by the effective
content of the magnetic phase, determined from the TGA ana-
lysis. All samples exhibit superparamagnetic behavior,®**
with saturation magnetization (M) (Table S1, SI) closely
matching the bulk value (~80 emu g~ ). The negligible differ-
ence in M values (within experimental error) suggests that the
polyoxazoline functionalization does not significantly affect
the intrinsic magnetic properties of the magnetic core.*® This
finding is particularly noteworthy because molecular coatings
and its interactions with the nanoparticle surface are often
reported to induce significant changes in saturation magneti-
zation and magnetic anisotropy.”> The persistence of the
superparamagnetic behaviour after coating confirms that the
nanoparticles remain magnetically responsive under low-
strength external fields, enabling facile and rapid recovery
from solutions, which is particularly advantageous in environ-
mental applications due to tunable hydrophilicity.” The effec-
tiveness of magnetic separation is demonstrated in Fig. 3,
where the nanoparticles are collected using a cylindrical N52
Nd-Fe-B commercial permanent magnet.

This journal is © The Royal Society of Chemistry 2025
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a) b)

Fig. 3 Fez04,@PAMOXx nanoparticle solution: (a) before and (b) after the
application of an external magnetic field.

Adsorption capability

The adsorption performance of Fe;O0,@PiPOx
Fe;0,@PAmMOx was evaluated by determining drug removal
percentage and adsorption capacity (g.). Considerable vari-
ations in performance were observed between the two
materials for different drugs (Fig. 4). To compare the removal
rates of the various pharmaceuticals, the same concentration
was used for all of them, and the choice of 50 mg L™ was
related to the different solubilities of the drugs used in water.
Table 1 and Fig. 5a present the recovery percentages and
adsorption capacities (g, mg g') for both Fe;0,@PiPOx and
Fe;0,@PAmMOX, across ten organic compounds. Recovery per-
centage quantifies how efficiently the nanoparticles capture
drugs from a solution, while the adsorption capacity (ge)
measures the amount of drug adsorbed per gram of nano-
particles. For all the samples tested, performance in terms of
both percent recovery and adsorption capacity, is higher for
the composite material coated with PAmOXx. For ibuprofen (7),
Fe;0,@PAmMOx shows almost twice the better performance
(62.33% recovery, g. of 31.61 mg g ') than Fe;0,@PiPOx
(37.42% recovery, g. of 18.98 mg g™ '). A similar trend was
observed for indomethacin (8), for which Fe;0,@PAmMOx

and
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Fig. 4 Organic molecules used for the adsorption tests. Compounds 7,
8,10, 11, 12, 13, 14, and 15 have an acidic group.
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Table 1 Percentage recoveries and adsorption capacities of each drug by Fe;0,@PiPOx and Fe;0,@PAMOx
Recovery (%) ge (mgg™)
Drug Fe;0,@PiPOXx Fe;0,@PAmMOXx Fe;0,@PiPOXx Fe;0,@PAmMOXx
7 37.42 62.33 18.98 31.61
8 59.16 87.46 6.11 9.02
9 8.51 6.01 9.10 3.86
10 30.08 79.71 6.32 4.56
11 13.29 76.61 12.09 35.74
12 16.46 95.51 20.38 118.26
13 21.13 37.75 29.40 56.60
14 29.11 55.27 8.10 2.96
15 4.68 16.60 1.62 4.97
16 9.98 2.41 5.84 0.70
a) b)
o Oy . Y . . _
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Fig. 5 Adsorption tests with (a) organic compounds and (b) heavy metal ions. The red bars correspond to the results obtained for Fes0,@PAMOXx

and the blue bars for Fez0,@PiPOXx.

achieved 87.46% recovery and a g. of 9.02 mg g~ ' versus
59.16% recovery and 6.11 mg g~ g. for Fe;0,@PiPOx. The dis-
parity is even more pronounced for diclofenac (12) with
Fe;0,@PAmMOx demonstrating a substantially higher adsorp-
tion capacity (118.26 mg g~') than Fe;0,@PiPOx (20.38 mg
g™ "). Equally, benzoic acid (13) shows a ¢. value of 56.60 mg
g~ for Fe;0,@PAmMOX, while Fe;0,@PiPOx achieves a value of
only 29.40 mg g™ .

This enhanced performance of Fe;0,@PAmOx may be
partly attributed to its denser surface polymer coverage, which
would increase interactions with drug molecules. In addition,
the superior performance of Fe;0,@PAmOx may be due to
electrostatic interactions between the protonated amine
groups of the polymer and drugs possessing carboxylate or
other negatively charged groups. Conversely, Fe;O,@PiPOXx
exhibits lower adsorption efficiency. PiPOx, lacking functional
groups that can act as bases, is likely to interact with drugs
mainly through weak interactions, such as hydrophobic effects
between the isopropyl moiety and the aromatic rings or ali-
phatic groups of the drugs. In addition, the isopropyl groups
are likely to hinder the access of the largest and more structu-
rally complex drugs to both the nanoparticle surface and the
amidic groups characterizing polyoxazoline scaffolds. Overall,

23430 | Nanoscale, 2025,17, 23425-23435

the combination of increased surface coverage, favourable
electrostatic interactions, and greater adsorption site accessi-
bility makes Fe;O,@PAmOx a more efficient adsorbent com-
pared to Fe;O,@PiPOx, particularly for acidic drugs. The
adsorption of metal ions (Pb*>*, Cd**, Cr**, Zn**, and Co**) by
Fe;0,@PiPOx (blue bars) and Fe;0,@PAmOx (red bars) was
also studied, and the results are presented in Fig. 5b and
quantified in Table 2 (percentage recoveries and adsorption
capacities). The adsorption experiment was carried out at an
acidic pH because at alkaline pH values (above 7.0) metal
hydroxide precipitation becomes prominent, depending on the
nature and solubility of the metal.®® Fe;0,@PiPOx exhibits
high-grade Pb>" recovery (>25%) compared to Fe;O,@PAmMOXx
(approximately 5%). Even though a 25% Pb*" removal rate
seems modest compared to >80% by high-capacity adsorbents,
it remains valuable for reducing ecological risk and enabling
effective multi-stage treatment." Enhanced recovery is also
observed for Cd*" and Cr’* with Fe;0,@PiPOx (around
5-10%), although at lower levels than for Pb>". Negligible
adsorption of Zn>* and Co**was observed for both materials.
The contrasting performance of Fe;O,@PiPOXx
Fe;0,@PAmMOX under acidic conditions could be attributed to
the differing nature of their side chains. Specifically, protona-

and

This journal is © The Royal Society of Chemistry 2025
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Table 2 Percentage recoveries and adsorption capacities of each heavy metal ion by Fe;0,@PiPOx and Fe;0,@PAMOx
Recovery (%) ge (mgg™)
Metal ions Fe;0,@PiPOXx Fe;0,@PAmMOXx Fe;0,@PiPOx Fe;0,@PAmMOXx
Pb* 24.56 7.92 24.85 7.54
Co** 0.66 — 0.66 —
ca** 7.11 0.61 6.76 0.51
cr’t 7.34 — 7.14 —
Zn** 0.76 0.74 0.70 0.72

tion of the hydrophobic isobutyl side chains of PiPOx
enhance its affinity for heavy metal ions, while the amine
groups in PAmOx become protonated under acidic con-
ditions, leading to electrostatic repulsion with metal cations
and, thereby, reducing the adsorption capacity. In addition,
these protonated amines can strongly attract water molecules,
further hindering access to the blocking binding sites and
limiting metal ion interaction. In contrast, the hydrophobic
PiPOx side chains remain uncharged and do not attract water
molecules, maintaining accessible binding sites and mini-
mizing competition for protons, thus facilitating better
adsorption of metal ions.

Materials and methods

Section S1 provides full details of materials, chemicals and
instrumentation used.

Polymerization reactions

A two-neck round bottom flask equipped with an efficient
reflux condenser and a magnetic stirring bar was charged
with AmOx (20 mmol) and anhydrous ACN (12 mL). The
system was kept under an argon atmosphere, 600 pL of a
solution of 1:10 methyl tosylate: ACN was added, and the
reaction mixtures was stirred for 48 h at 90 °C. After, the
reaction was quenched by the addition of 10 eq. of the
(3-aminopropyl)triethoxysilane (APTES) initiator solution in
anhydrous ACN, and the resulting mixture was stirred for
2 h. Finally, the solvent was evaporated under vacuum and
the residue was added to a solution of petroleum ether:
diethyl ether (1:1). The polymer was recovered as a white
precipitate, the supernatant was removed, and the product
was washed twice with the petroleum ether: diethyl ether
solution and dried in vacuo. GPC (N,N dimethylformamide
(DMF) with LiBr (0.05 M)): M, = 6.01 kDa, PDI = 1.11 for
PBocOx; M, = 3.08 kDa, PDI = 1.10 for PiPOx. PBocOx was
deprotected by stirring the substate, dispersed in 5 mL of
anhydrous DCM overnight after the addition of 500 pL of
TFA. The solvent was removed using a rotatory evaporator
and the final product PAmOx was precipitated by dropping
the reaction solution into hexane/diethyl ether (v/v: 4/1), col-
lected by centrifugation, and dried in vacuo. GPC (N,N di-
methylformamide (DMF) with LiBr (0.05 M)): M, = 3.03 kDa,
PDI = 1.11.

This journal is © The Royal Society of Chemistry 2025

Preparation of iron oxide nanoparticles

Radwan et al. employed the co-precipitation technique to
prepare Fe;O, nanoparticles using. FeCl;-6H,O and
FeCl,-4H,O salts as a starting material.>***> The possible
reaction in this process is shown as follows. Initially, a mixture
containing both FeCl; and FeCl, was added to distilled water.
Then this mixture of FeCl,-4H,0 and FeCl;-6H,O mixed into
one solution, and NH,OH 25% (v/v) was added to the solution
dropwise with vigorous stirring and mechanical agitation at a
rate of 0.5 mL per second. After that, a dark-black precipitate
resulted immediately. The solution was decanted and the
obtained Fe;O, sample was washed with distilled water several
times, then washed with acetone and a drying operation was
done in a furnace for five hours at 80 °C.

Preparation of the adsorbent materials (Fe;0,@PiPOx and
Fe;0,@PAmMOX)

A two-neck round bottom flask equipped with an efficient
reflux condenser and a magnetic stirring bar was charged with
APTES terminated-PAmOx or PiPOx (200 mg), 50 mg of IONPs,
and anhydrous EtOH (6 mL). The system was sonicated for
1 h, then placed in an oil bath at 60 °C and stirred overnight.
The functionalised nanoparticles were then washed with EtOH
and H,0 several times to remove the free polymer.

Pharmaceutical adsorption

For batch binding studies, 10 mg of dry Fe;O,@PiPOx or
Fe;0,@PAmMOx particles were placed in 6 mL screw-capped
plastic tubes and incubated with 4 mL of the aqueous solution
of the pharmaceutical (50 mg L™). All the tubes were sealed
and shaken in a thermostatic shaker (60 rpm) at 25 °C for
24 h. After incubation, the supernatant was removed, filtered
with a 0.22 pm PTEFE filter, and analysed by HPLC-UV to deter-
mine the remaining concentration of the pharmaceutical. All
the adsorption experiments were conducted in triplicates.

Metal ion adsorption

To attain a cation concentration of 50 ppm, separately, an
appropriate amount of the corresponding chloride salts
(PbCl,, CrClz, CdCl,, CoCl,, and ZnCl,) was weighed and trans-
ferred in a plastic volumetric flask, then 0.01 M HCI in Milli-Q-
grade water was added. After complete dissolution of salt, the
solution was equilibrated at 25 °C and employed in adsorption
experiments. In general, the polyoxazoline-functionalized mag-
netic nanoparticles (10 mg) were mixed with 5 mL of the

Nanoscale, 2025, 17, 23425-23435 | 23431
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corresponding aqueous solution of metal ions for 24 h on a
shaker to reach the adsorption equilibrium. After a defined
time, the heavy metal solution was retrieved and filtered using
a 0.22 pm PTFE filter. After acidification of the resulting solu-
tion with nitric acid 0.5%, concentrations were determined
using inductively coupled plasma optical emission spec-
troscopy (ICP-OES). All the adsorption experiments have been
conducted in triplicates.

Conclusions

The present study introduces a novel and innovative para-
digm to water remediation, effectively leveraging the synergis-
tic combination of Fe;O, nanoparticles and poly(2-oxazoline)
coatings. This approach provides a compelling avenue for
mitigating the escalating challenge of water contamination.
The study describes in detail the synthesis, preparation, and
comprehensive characterization of Fe;O, magnetic nano-
particles functionalized with two distinct poly(2-oxazoline)
polymers: PiPOx and PAmOX, revealing their unique and
complementary capabilities. Our experimental findings
confirm the successful functionalization of the magnetic
nanoparticles, wherein the differing poly(2-oxazoline) coat-
ings exerted a marked influence on their stability, dispersibil-
ity, and surface charge, thereby affecting their overall per-
formance in aqueous systems. Significantly, on the other
hand, the magnetic properties of the core Fe;O, nano-
particles remain largely unaltered compared to those of bare
particles, ensuring efficient contaminant removal, facile par-
ticle recovery, and enhanced reusability under the application
of an external magnetic field. The adsorption capabilities of
both functionalized nanoparticles were evaluated against a
range of commonly used pharmaceuticals and heavy metal
ions, the two major classes of water contaminants.
Fe;0,@PAmMOx exhibits a superior adsorption capacity for
acidic pharmaceuticals, a phenomenon that may be attribu-
ted to the favourable electrostatic interactions between the
positively charged amine groups of the polymer and the nega-
tively charged carboxylate groups of the target molecules.
This enhanced adsorption performance is further ascribable
to the higher grafting density of the polymer on the nano-
particle surface, which indicates more extensive surface cover-
age and, therefore, a greater number of active sites available
for binding. Conversely, Fe;O0,@PiPOx demonstrates a
notable affinity for Pb>* ions, which is one of the most toxic
heavy metals commonly found in contaminated water
sources. Moreover, the recovery values obtained are highly
competitive with those of the established adsorbents
described in the literature, including carbon-based materials
and metal-organic frameworks (MOFs).®”"%® These distinct
selectivity profiles - achieved via judicious selection of poly
(2-oxazoline) - underscore the potential of tailored hybrid
nanomaterials in addressing complex, multi-contaminant
scenarios. By capitalising on the dual capabilities of
Fe;0,@PiPOx and Fe;O0,@PAmMOx to selectively adsorb
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pharmaceutical residues and heavy metal ions with the pre-
served magnetic properties of the core, this approach offers a
versatile and efficient platform for advanced water purifi-
cation. Their modular design allows for targeted pollutant
removal, paving the way for scalable and sustainable water
treatment technologies. Future research efforts will concen-
trate on several key areas such long-term performance and re-
usability of these materials under a variety of environmental
conditions. Lastly, we aim to translate these findings from
the laboratory to pilot-scale studies, assessing the feasibility
of deploying these materials in real-world water treatment
applications, such as treatment plants and point-of-use fil-
tration devices. The tunability and adaptability of these
materials to different environmental problems make our
hybrid system promising for practical and scalable water
purification.
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