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1. Introduction

Pharmaceuticals, and antibiotics in particular, are widely used
in public health to treat various diseases. However, most of
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This study explores the applicability of magnetic zeolites from industrial waste—specifically fly ash (FA)
combined with either synthetic Fe-based nanoparticles (FANPs1 and FANPs2) or red mud (RM) in differing
ratios (FAIRM1 and FA4RM1)—for the removal and recovery of emerging water contaminants. FA and RM
originate from coal combustion in thermoelectric power plants and alumina extraction from bauxite,
respectively. The resulting materials were first assessed for acute toxicity on a freshwater model organism,
revealing no acute effects. They were then tested under environmentally relevant conditions for the
removal of ofloxacin (OFL), a fluoroquinolone antibiotic selected as a representative water-persistent con-
taminant. Subsequently, three extraction techniques—ultrasound-assisted extraction (UsAE), microwave-
assisted extraction (MwAE), and magnetic hyperthermia-assisted extraction (MhAE)—were applied to
recover the adsorbed OFL. All materials exhibited high OFL loading efficiencies (80-95%). Among the
extraction techniques, MWAE yielded the highest OFL recovery (>80% for FANPs2 and FA4RM1), while
UsAE and MhAE achieved lower efficiencies (up to ~60%), regardless of the adsorbent used. Post-loading
and post-extraction characterization studies provided insights into the adsorption mechanism and
revealed significant OFL resorption across all zeolite types. Preliminary tests also confirmed the ability of
these materials to capture endocrine-disrupting compounds (EDCs), underscoring their potential for
water remediation and recovery applications.

these compounds are only partially metabolized and reach
surface waters via wastewater at low but potentially toxic con-
centrations due to their ineffective removal in wastewater treat-
ment plants."”* Among these, antibiotics pose the most serious
threat. Their injudicious use, especially in the past, and the
following indiscriminate diffusion in ecosystems represent the
major reasons for the development of bacterial resistance.”*™>
Fluoroquinolone antibiotics (FQs), a broad class of synthetic
antibiotics, are especially concerning because up to 80% of
administered FQs are discharged into the environment.*”

In the last few years, numerous remediation strategies have
been explored to address the presence of pharmaceuticals in
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aquatic environments, including biodegradation, advanced
oxidation processes and adsorption.”®*?' Adsorption using
natural or synthetic crystalline materials has emerged as a
promising and cost-effective technique.”*>*

Among minerals, zeolites have been extensively studied due
to their open framework structures composed of TO, tetrahe-
dra (T = Si, Al, etc.), which confer high surface area and poro-
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sity, making them suitable for capturing a broad range of
organic micropollutants, including antibiotics. The perform-
ance of natural and synthetic zeolites for remediation of fluor-
oquinolone-contaminated water has been described in many
papers.>?! Previous studies have also conducted experiments
to analyze the structural distortions due to the presence of
antibiotic molecules loaded in the zeolite pores®* or have
focused their attention on the removal of specific fluoroquino-
lones from wastewater using TiO,-modified zeolites or TiO,-
sepiolite-zeolite composites.>**

Other researchers have also investigated zeolites for drug
delivery>>>” and pharmaceutical recovery’®*° applications,
highlighting the importance of not only adsorption but also de-
sorption capabilities. Traditional desorption techniques
include solvent extraction®® and thermal treatment,*! while
ultrasound-assisted extraction*> and microwave-assisted extrac-
tion®® contribute to a greener approach.*> However, magnetic
hyperthermia - widely used in the medical field mainly for
cancer treatment®**® - has not yet been applied for environ-
mental applications. This technique relies on magnetic
materials (e.g., magnetic nanoparticles, which are super para-
magnetic at room temperature) that generate localized heating
when exposed to an alternating magnetic field, offering a
potentially selective, non-invasive strategy for pollutant desorp-
tion. Zeolites can also have magnetic properties by adding mag-
netic nanoparticles during the synthesis process'’>° or by
exploiting the chemical/mineralogical characteristics of some
raw materials such as fly ash (FA) and red mud (RM), as
described in some of our previous papers.>"*> Both FA and RM
are waste materials resulting from coal combustion in thermal
power plants®® or produced by the caustic leaching process to
extract aluminum from bauxite,>® respectively. Unfortunately,
billions of tons of both FA and RM are still landfilled,>*>>">%
thereby constituting a serious environmental problem. Using
part of this large amount of waste to produce zeolites with
magnetic properties, to be applied for environmental solutions,
is in line with the principles of the circular economy and is
beneficial for both the environment and the economy.

This study investigates the use of four magnetic zeolitic
materials — synthesized from fly ash, red mud, and iron-based
nanoparticles - for the adsorption and recovery of the fluoroqui-
nolone antibiotic ofloxacin (OFL) from aqueous solution under
environmentally relevant conditions (ug L™ concentrations in
freshwater). OFL was selected as a model contaminant due to its
widespread environmental occurrence.>® For OFL recovery, three
extraction techniques were tested: ultrasound-assisted extraction
(USAE), microwave-assisted extraction (MwAE), and magnetic
hyperthermia-assisted extraction (MhAE) - a technique tradition-
ally used in biomedical applications, but here tested for the first
time in an environmental context.

A further novelty of this work lies in the post-loading and
post-extraction characterization of the zeolitic materials to
gain insight into drug-material interactions, assess structural
integrity, and potential OFL resorption. In addition, the
loading-extraction approach was preliminarily extended to
other micropollutants, such as endocrine-disrupting com-
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pounds (EDCs), to evaluate the broader applicability of these
materials. Acute toxicity tests using Daphnia magna confirmed
the ecological safety of the synthesized zeolites. This article
shows the results of laboratory tests with potential large-scale
applications, which will be evaluated in future experiments.

2. Materials and methods

2.1. Materials

The experiments were performed using fly ash (FA) collected
from the thermoelectric power plant of Cerano, Brindisi (Italy),
and red mud (RM) from the aluminum extraction area of
Podgorica (Montenegro). The chemical compositions of both
wastes are displayed in Table S1.

All chemicals were reagent-grade or higher. Sodium hydrox-
ide pellets, formic acid (HCOOH, for ACS analysis), ammonium
fluoride (NH,F, for ACS analysis), water, acetonitrile (ACN), and
methanol (MeOH) for LC/MS were purchased from Carlo Erba
Reagents (Milano, Italy). Commercial magnetic nanoparticles
(MNPs, 637106) were supplied by Merck (Milan, Italy).
Ammonia solution (NH,OH, 30% v/v), hydrochloric acid (HCl
37%), magnesium nitrate hexahydrate (Mg(NOj3),-6H,0, 97%),
ofloxacin (OFL), 17-B-estradiol (E2), 17-a-ethynyl estradiol (EE2),
estrone (E1), progesterone (PROG) and testosterone (TST) were
supplied by Sigma Aldrich (Milano, Italy).

2.2. Synthesis of magnetic zeolites

The synthesis was carried out as described in our previous
papers.”"*>** Briefly, the zeolite formation, using fly ash as
raw material, is summarized in the following experimental
steps: (a) FA and NaOH in a 1:1.2 weight ratio were fused at
550 °C for 1 h; (b) the product was cooled and mixed with pow-
dered MNPs; distilled water was finally added to form a
mixture; (c) each mixture (solid and solution) was stirred over-
night and incubated for 4 days at 60 °C; (e) the solid part was
separated by centrifugation and dried for 12 h at 80 °C after
being rinsed with distilled water. The sample with the addition
of about 6 wt% of MNP fraction was labelled FANPs1; the
other with a higher fraction of MNPs (about 12 wt%) was
labelled FANPs2.

The zeolites using FA and RM were obtained following the
steps described above, but using mixtures of fly ash and red
mud in 4:1 or 1:1 ratio as raw materials, without the addition
of external MNPs. The synthetic products were labelled
FA4RM1 and FA1RM1, respectively.

2.3. Toxicity tests of synthetic products

The potential acute toxicity of the synthetic products FANPs1
and FA4RM1 was tested on the freshwater cladoceran Daphnia
magna according to the Daphnia sp. Acute Immobilization
Test, OECD 202 guideline (OECD, 2004). D. magna adults were
cultured in commercial mineral water under controlled labora-
tory conditions, as described in our previous works.*>®" Acute
toxicity tests were performed under static, non-renewal con-
ditions exposing daphnids (i.e., <24 h old individuals) to 0.2 g
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L™" FANPs1 and FA4RM1 for 48 h at 20 + 0.5 °C and a 16 h
light/8 h dark photoperiod. The selected concentration reflects
a hypothetical residual amount of each material used in the
experiments aimed at investigating its capability in the
removal of OFL. Five independent replicates, including ten
daphnids each, were prepared for each set of experimental
conditions. After 48 h of exposure, immobility (i.e., a proxy of
death) was monitored. Individuals were considered immobile
when they did not swim for over 15 s after a slight stirring of
the solutions in which they were exposed. After checking for
immobility, the individuals were observed under a Leica
Microsystem EZ4 stereoscopic microscope to capture a picture
to confirm the ingestion of FANPs1 and FA4RM1.

2.4. OFL loading experiments

OFL loading on FANPs1, FANPs2, FA4ARM1, and FA1IRM1 was
carried out in a batch mode. Weighed amounts of each
material (20 and 50 mg) were mixed with 10 mL of tap water
enriched with 10 pg L' OFL. A few microliters of a diluted
acid solution (HCl ~ 1 M) were added to shift the pH from
8-8.3 (native pH) to around 7. The tubes, wrapped in alumi-
num foil to prevent light-induced drug degradation, were
shaken (orbital shaker) at room temperature overnight. Then,
the adsorbent was separated with a magnet, and the super-
natant was filtered (0.22 pm nylon syringe filter) before
HPLC-MS/MS analysis. The loading efficiency (LE%) of each
material was calculated using eqn (1):

(m; — Meq)

my

LE% = x 100 (1)
where m; is the initial OFL amount (pg), m.q is the residual
amount of OFL in the solution after equilibration (ug), and (m;
— Meq) is the OFL loaded fraction (pg).

2.5. OFL extraction tests

Three different techniques, ultrasound (UsAE), microwave
(MwWAE), and magnetic hyperthermia (MhAE) assisted extrac-
tions, were used for OFL recovery from FANPs1, FANPs2,
FA4RM1, and FA1RM1. 5 mL of an aqueous solution of 20%
(m/v) magnesium nitrate hexahydrate and 2% (v/v) ammonia
was added to the material in a suitable vessel. Each suspen-
sion was subjected to the extraction procedures described in
sections 2.5.1, 2.5.2, and 2.5.3.

After each treatment, the extracted solution was separated
from the adsorbent phase, filtered through a 0.22 pm nylon
filter, and neutralized with a few microliters of HCl ~1 M,
before the HPLC-ESI-MS/MS analysis (see section 2.7).

The recovery (R%) step was calculated using eqn (2):

R% =" « 100 (2)
m
where m., (ug) is the amount of extracted analyte and m (pg) is
the loaded analyte amount after equilibration.

2.5.1 Ultrasound extraction procedure (USAE). Each sus-
pension was treated in an ultrasonic cleaner (VWR, Milan,
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Italy) for 10, 20, and 30 min, respectively, and the temperature
of each suspension was measured after each treatment.

2.5.2 Microwave extraction procedure (MwAE). A Discover
SP microwave system, equipped with Synergy™ software
(Discover SP® microwave system, CEM S.r.l., Cologno al Serio,
Italy), was used for extraction. A Pyrex® tube containing the
suspension was placed in the microwave cavity. The irradiation
was modulated to reach and maintain a temperature of 120 °C
for 10 min. A simultaneous cooling system (PowerMAX) with
airflow allowed the continuous removal of latent reaction heat,
thus preventing sample overheating.

2.5.3 Magnetic hyperthermia extraction procedure (MhAE).
A Magnetherm™ (model NAN201006) system, developed by
NanoTherics (Warrington, United Kingdom), was utilized for
magnetic hyperthermia experiments. The system was equipped
with a 25 mm high-field coil connected to a 200 nF capacitor.
The nominal operating frequency of the magnetic field was set
at 167.30 kHz, with a magnetic field amplitude of 40 mT. The
temperature of the samples was monitored using a fibre optic
temperature probe, which has a temperature operating range
from 0 °C to 150 °C.

2.6. Preliminary tests on endocrine disrupting compounds
(EDCs)

Loading and extraction tests were carried out on a mixture of
endocrine-disrupting compounds according to the procedure
described in sections 2.4 and 2.5, with minor adjustments to
account for the different physicochemical properties of the
analytes (50 mg of adsorbent, 10 mL of tap water, hormone
concentration of 10 pg L™', and methanol as the solvent for
USAE, MwWAE, and MhAE extractions).

2.7. HPLC-ESI-MS/MS analysis

An Agilent (Cernusco sul Naviglio, Italy) HPLC apparatus 1260
Infinity coupled with an Agilent 6460C MS spectrometer
ESI-MS/MS system was used for the determination of ofloxacin
and hormones. Quantitative analysis was performed in mul-
tiple reaction monitoring (MRM) mode.

For OFL, an Agilent 120 EC-C18 Poroshell column (3 mm x
50 mm, 2.7 pm), thermostated (30 °C) and equipped with a
similar guard column, was used. The mobile phase consisted
of (A) 0.05% HCOOH and (B) ACN. The starting concentration
was 5% B for 0.5 min, which was then increased to 40% B over
8.5 min with a linear gradient, followed by 98% B for 2 min.
The flow rate was 0.5 mL min~", and the injection volume was
20 pL.

For hormones, an Agilent Zorbax Eclipse Plus C18 (2.1 mm
x 150 mm, 3.5 pm), thermostated at 30 °C and equipped with
a similar guard column, was used. The mobile phase was (A)
aqueous NH,F 1 mM and (B) ACN. The gradient elution
started at 30% B, increased to 85% in 3 min, maintained for
8 min, and then further increased to 98% for 2 min. The flow
rate was 0.5 mL min ", and the injection volume was 10 pL.

The initial conditions were restored after an equilibration
time of 7 min for both analyses.

This journal is © The Royal Society of Chemistry 2026
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The ESI source parameters and MRM conditions for ofloxa-
cin and hormones HPLC-ESI-MS/MS analysis are shown in
Tables S2 and S3, respectively.

2.8. Batch-to-batch reproducibility

The loading—extraction procedure was applied to the indepen-
dently synthesized FANPs1 and FA4RM1 zeolites. For each
batch, 20 mg of material were suspended in 10 mL of tap water
spiked with 10 pg L' OFL, as described in section 2.4, and the
suspension was subjected to the extraction procedures outlined
in section 2.5. OFL recovery (R%) was calculated using eqn (2).

2.9. Explorative reuse tests

Explorative reuse tests were performed using the same meth-
odology described in sections 2.4 and 2.5, maintaining consist-
ency across all experiments.

2.10. Characterization

All the synthetic products were characterized for their minera-
logical composition before and after ofloxacin adsorption.
X-ray powder diffraction (XRPD) data were collected using a
Bruker D8 Advance Da Vinci powder diffractometer (Bruker
AXS, Germany) equipped with CuKa radiation and LynxEye XE
silicon strip detector. The samples were scanned in continu-
ous mode from 2 to 80° 26 with a step size of 0.02°26 and a
counting time of 2 s per step. Phase identification was per-
formed using Bruker AXS EVA software (v.5) and refined using
the fundamental-parameter approach (TOPAS v.5.0). The unit
cell parameters were refined through whole powder pattern
fitting using the LeBail method,** and structural refinements
were performed via full-profile Rietveld analysis employing
GSAS software®® along with the EXPGUI graphical interface.**
The crystallite size was determined using the FWHM (full
width at half maximum) data, and the average crystallite sizes
(A) were calculated using the Scherrer equation, which is
based on peak width.®®> Structural refinement of the FANP
samples was carried out. The Bragg peak profiles were
modeled using a pseudo-Voigt function (Thompson-Cox-
Hastings), with the peak cutoff set to 0.01% of the peak
maximum, employing three Gaussian terms (GU, GV, and GW)
and two Lorentzian broadening coefficients (LX and LY), along
with an asymmetry contribution. The zero shift, scale factor,
and unit cell parameters were refined. The instrumental back-
ground was fitted empirically using a Chebyshev polynomial of
the first type with 16 variables. Soft restraints were applied
initially to the tetrahedral bond distances (1.670 A) with a tol-
erance (o) of 0.04 A, which were later removed in the final
refinement cycles. Finally, atomic coordinates, site occupancy,
and isotropic atomic displacement parameters were refined.
The synthetic products were also characterized after each
regeneration process by XRD analysis performed at the MCX
beamline (2)°® of the ELETTRA-Sincrotrone Trieste S.C.p.A.
facility (Basovizza, Trieste, Italy). The diffraction patterns were
collected in transmitting geometry, with the capillary kept
spinning during the data collection, and using an incident
X-ray beam of 15 keV energy. The samples after USAE, MWAE,
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and MhAE were mixed with 10% NIST silicon as an internal
standard. The data were scanned in the 26 range of 2.8-35°.

Morphological observations of all the samples were carried
out using a field emission scanning electron microscopy
apparatus (FE-SEM model Supra 40, ZEISS NTS Gmbh,
Oberkochen, Germany), equipped with an energy dispersive
spectrometer (EDS), thus enabling observation of the synthetic
products at a very high resolution, down to nanometer sizes.

Thermal analysis was performed before and after OFL
loading. Thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) curves were obtained through the
Netzsch STA 409 PC LUXX® (Geritebau, Germany) simultaneous
TG/DTA thermogravimetric balance. Thermal analyses were per-
formed from room temperature (RT) to 900 °C, with a heating
rate of 10 °C min~" under constant and controlled synthetic air
flow conditions (flow rate 20 mL min~"). Approximately 30 mg
of each sample was utilized for the analyses, with alumina
(ALO;) acting as the control and standard reference.

Magnetic properties were investigated by measuring field-
dependent magnetization loops at 300 K by using a vibrating
sample magnetometer (VSM Model 10 - Microsense). The
powders were fixed using epoxy resin to prevent any movement
during the measurement.

During MhAE, the zeolites were exposed to an alternating
magnetic field, causing the embedded magnetic nanoparticles to
generate localized heat through Néel relaxation, where the mag-
netic moments of individual nanoparticles realign with the field,
and Brownian relaxation, where the nanoparticles rotate ran-
domly, generating heat through friction with the surrounding
medium.” High magnetic field strength was employed to
enhance the heating efficiency, promoting the desorption of
adsorbed ofloxacin from the zeolite and facilitating its extraction.

3. Results and discussion

3.1. Zeolites formed from wastes

3.1.1 Mineralogical characterization by XRD and SEM ana-
lyses. X-ray patterns of synthetic products are shown in Fig. 1.
Qualitative phase analysis indicates that both FANPs1 and
FANPs2 samples are mainly characterized by the presence of
zeolite X (FAU topology) and zeolite A (LTA topology). Other
identified crystalline phases were magnetite and quartz
(Fig. 1a). Fig. 1b displays the XRD patterns of FA4RM1 and
FA1RM1, which reveal significant fractions of amorphous/geo-
polymer material, as indicated by the broad hump between 19
and 37° (26).°® In addition to the amorphous content, the XRD
pattern shows the presence of crystalline phases, with peaks
corresponding to zeolite A and sodalite. Both samples also
contain katoite, calcite, mullite, hematite, and goethite, while
quartz is present only in trace amounts (Fig. 1b).

Quantitative phase analysis confirms that the crystalline
components of both FANPs1 and FANPs2 primarily consist of
76% zeolite X and 5% zeolite A, besides magnetite. Trace
amounts of quartz are also detected, with 3% in FANPs1 and
2% in FANPs2. These findings indicate a polyphasic compo-

Dalton Trans., 2026, 55, 3242-3258 | 3245
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Fig. 1 XRD patterns of FANPs1 and FANPs2 [a] and FALRM1 and FA4RM1 [b].

sition, with zeolite X being the dominant phase, supplemented
by smaller quantities of zeolite A, magnetite, and quartz. In
the case of the FAARM1 and FA1RM1 samples, the XRD ana-
lysis reveals that the crystalline part is made up of a significant
presence of katoite, amounting to 43% and 42%, respectively.
This is followed by zeolite A (10% and 12%), sodalite (9% and
15%), mullite (19% and 20%), hematite (10% and 14%), and
quartz (3% and 4%). The presence of katoite and sodalite in
these samples is particularly noteworthy, as they represent dis-
tinct phases contributing to the overall crystallinity and
material properties.

3.1.2. Magnetic characterization. The field-dependent mag-
netization of the synthetic products at 300 K is presented in
Fig. 2. A saturated hysteresis loop, exhibiting both remanent
magnetization and coercive fields, is observed in the FANPs1

3246 | Dalton Trans., 2026, 55, 3242-3258

and FANPs2 samples (Fig. 2a and b). The hysteresis shape of
both samples qualitatively matches that of pure synthetic mag-
netite nanoparticles (Fig. S1), confirming that the magnetic be-
havior of these samples originates from the incorporated
MNPs. The saturation magnetization of FANPs1 (~73 Am’
kg™") is lower than that of FANPs2 (~81 Am” kg™"), due to the
different amounts of magnetic phase. Although the saturation
magnetization (M) slightly reduced upon incorporation into
the fly ash matrix, it remains sufficiently high to respond effec-
tively to an external magnetic field.

On the other hand, the magnetic behavior of the fly ash
and red mud composites (FA4ARM1 and FA1RM1) (Fig. 2c and
d) qualitatively mirrored the magnetic response of pure red
mud and fly ash. The sample with a higher proportion of fly
ash (FA4RM1) exhibits a saturated hysteresis with a wasp-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Field dependence of magnetization recorded at 300 K of the synthetic samples: [a] and [b] fly ash with the addition of different amounts of

MNPs; [c] and [d] different ratios of fly ash and red mud combinations.

waisted shape at low fields, attributed to the low red mud
content (see Fig. S1a and b). This effect is more pronounced in
FA1RM1, which contains a higher proportion of red mud. The
magnetic properties of pure fly ash and red mud have been
thoroughly investigated in our previous studies.”>*’

3.1.3. Toxicity test. Daphnids can ingest both FANPs1 and
FA4RM1, as demonstrated by the presence of these materials
in their digestive tracts (Fig. 3). Despite the ingestion, neither
FANPs1 nor FA4RM1 induces acute effects on daphnids.
Indeed, the viability at the end of the exposure to the selected
concentration of FANPs1 and FA4ARM1 was 96.00 + 8.94% and
92.00 + 10.95%, respectively, while all the individuals from the
control group were alive. The viability of daphnids exposed to
FANPs1 and FA4RM1 does not significantly differ from that of
the control group (paired Student’s t-test; for FANPs1: ¢ =
1.000; P = 0.346 and for FAARM1: ¢ = 1.633; P = 0.140).

3.2. Synthetic product and OFL loading

3.2.1. OFL loading. Loading experiments were designed to
replicate environmentally relevant conditions, i.e., tap water,
drug concentrations in the microgram-per-liter range, and pH

This journal is © The Royal Society of Chemistry 2026

values between 6.5 and 8.0, which are typical pH ranges found
in natural freshwater environments. Since tap water has a
stable composition like that of natural freshwater, it was used
to assess the influence of matrix constituents on drug adsorp-
tion. Two adsorbent masses (20 mg and 50 mg) were evaluated
for each material, following previous investigations involving
other mineral adsorbents.**>*

At pH ~8.0-8.3 (native pH), 50 mg of raw FANPs1, FANPs2,
and FA4RM1 achieved high OFL loadings ranging from 85(8)%
to 93(5)%. In contrast, OFL adsorption onto FA1RM1 was
markedly lower, approximately 40(11)%. When pH was
adjusted to ~ 6.7-7.0, OFL removal improved across all
materials, with efficiencies increasing to 80-95% (Table S4).

This behavior can be explained by considering the dis-
sociation constants of OFL (pKa; = 5.98 and pK,, = 8.00),””°
which indicate that the antibiotic mainly exists in positively
charged or zwitterionic form within the pH range of 6.5-8.0.
Consequently, we may assume that electrostatic interactions
between OFL and the zeolite facilitate adsorption. A similar
trend was observed when using the lower adsorbent mass
(20 mg), as shown in Fig. 4.
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Fig. 4 Results obtained for the zeolitic materials FANPsl, FANPs2,
FA4RM1 and FA1RM1 under the selected experimental conditions: OFL
loading efficiency (LE%, 20 mg of adsorbent, 10 mL of tap water, OFL
10 pug L™ n = 6) and OFL recovery by UsAE, MWAE and MhAE (R%,
20 mg of adsorbent, 5 mL of extraction solution, 10 min, n = 3).

This methodology demonstrates the feasibility of using
these zeolitic materials for the effective removal of fluoroqui-
nolones from water, even at a low dose of 20 mg and in the
presence of naturally occurring ions.

3.2.2. Synthetic product characterization after OFL
loading. To gain insight into drug-material interactions,
further loading experiments were conducted at an antibiotic
concentration of 10 mg L', corresponding to an effective
maximum loading of around 1 mg g™*, in agreement with our
previous study®”. Fig. S2 and S3 display the X-ray profiles of the
synthetic products after OFL adsorption at high concentration.
The data indicate only slight differences in peak width, which
are narrower and exhibit lower intensity after antibiotic treat-
ment of both FANPs1 and FANPs2 synthetic products (Fig. S2).
In contrast, samples FAARM1 and FA1RM1, after loading with
OFL, show a reduction in amorphous/geopolymer material, as
shown by the XRD patterns in Fig. S3, thus indicating an inter-
action between the amorphous material and OFL. This result
confirms our previous assumptions®” and suggests that the
presence of a porous structure in amorphous geopolymers is
responsible for an increase in the sample reactivity.

Structural refinements with the Rietveld procedure were
only performed on the FANPs1 and FANPs2 samples, which
primarily contain zeolite X (described in the Fd3 space group).

3248 | Dalton Trans., 2026, 55, 3242-3258

Individuals of D. magna from the control group (a) and after exposure to 0.2 g L™ FA4RM1 (b) and FANPs1 (c). Arrows indicate the materials

The refined unit cell parameters, tetrahedral bond dis-
tances, and angles do not show significant changes after OFL
loading, indicating that the overall framework remains structu-
rally stable. However, small but measurable variations were
observed in channel-related parameters such as oxygen-
oxygen distances (01-O1 and 04-04), crystallographic free
area (CFA), and ellipticity (¢, defined as the ratio between the
longest and shortest O-O distances) (Table S5). These vari-
ations, although subtle, suggest a structural response of the
pore system to OFL incorporation and provide direct crystallo-
graphic evidence of intrapore adsorption. This interpretation
strengthens the adsorption mechanism previously hypoth-
esized for the FAnM material resulting from the combination
of fly ash with a low amount of magnetic nanoparticles,’?
where the compatibility between OFL molecular size and
zeolite X-type pores was only inferred in the absence of direct
structural evidence. In the present study, the observed changes
in channel geometry after OFL loading provide crystallographic
support for the diffusion of OFL into the internal cavities. The
CFA values for FANPs1 and FANPs2 (43.87 and 43.95 A?
respectively) and the ellipticity values close to unity (0.98 and
1.01) indicate well-preserved, accessible, and nearly circular
channels, typical of zeolite X-type structures. These findings
support an adsorption mechanism that involves both the exter-
nal grain surfaces and the internal porosity of FANPs1 and
FANPs2. Moreover, the presence of geopolymer amorphous
material in both samples is expected to enhance the surface
reactivity of the synthetic products toward OFL, in agreement
with our previous observations.>?

Overall, the water content of the zeolite, estimated from the
refined occupancies (~24% in weight), is consistent with the
weight loss obtained by thermal analysis (~20% in weight, up
to 900 °C) (Fig. 5). The refined site occupancy indicates that
cations are localized within the zeolite channels, along with
H,0 molecules (Table S6). Extra-framework cations are bonded
to both framework oxygen and H,O molecules (Table S7). The
endothermic reactions observed in the DTA curve, occurring
from room temperature up to approximately 150 °C, can be
attributed to the desorption of water and OFL molecules
weakly bound to the surface. Additional weight loss is
observed at temperatures >500 °C, likely due to chemisorbed
water, identified as extra-framework species in all samples.
The two exothermic peaks at around 275-450 °C and between

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 TG-DTA-DSC plots of FANPs1 and FANPs2 samples (a, b and c) and FALIRM1 and FA4RML1 (d, e and f).

450 and 800 °C indicate the oxidation of the magnetite surface
and then of the bulk, respectively. No significant differences in
weight loss were observed before and after OFL-loading.

The FA4RM1 and FA1RM1 samples exhibited distinct be-
havior related to the katoite phase. The initial weight loss,
attributed to the desorption of weakly adsorbed H,O, began
immediately upon starting the experiment, resulting in the
release of a small amount of water at lower temperatures. As
heating continued, mass loss persisted, with water being
released through the condensation of hydroxyl groups of
katoite in a continuous process between 75 and 900 °C, result-
ing in an endothermic peak associated with the removal of
physically adsorbed H,O and H,O from the hydroxyl groups
within the structure. Inflections in the TG curve are observed
at approximately 110, 250, 410, and 750 °C, corresponding to
the minimum in the DTG curves. Considering the successive
changes in the slope of the TG curve, water removal occurs in
overlapping, sequential steps, with the first step exhibiting the
greatest intensity. The endothermic peak around 700 °C
corresponds to the loss of any remaining structural H,O and
the onset of phase transitions or decomposition of katoite into
different phases, such as anhydrous calcium-aluminum sili-
cates. This peak in the DTA curve occurs at a temperature
corresponding also to the Curie point of hematite. Above
700 °C, no notable thermal events are registered on the DTA
curve indicating the absence of further phase transitions.

SEM analysis of FANPs1 and FANPs2 samples after enrich-
ment with OFL at 10 mg L™ concentration (effective
maximum loading of around 1 mg g™') still confirms the pres-
ence of X-type zeolite as the main crystalline phase (Fig. 6).
However, EDX data indicate the absence (or very low presence)
of Na in the chemical composition of the synthetic products

This journal is © The Royal Society of Chemistry 2026

(Fig. 6 and Fig. S4) compared to the samples before OFL
loading (Fig. S5a). This observation may be explained by a
possible cation-exchange process between the extra-framework
Na' cations—introduced during synthesis—and the proto-
nated amine group of the piperazine ring of the zwitterionic
antibiotic. On the other hand, electrostatic interactions
between the deprotonated carboxylic acid group and mobile
Na' cations within the pore network cannot be excluded, in
line with the zwitterionic nature of the molecule. Similar be-
havior is observed in FA4ARM1 and FA1RM1 samples, although
to a lesser extent. According to Belviso et al,”” adsorption
mainly occurs on the external surfaces of the grains rather
than within the internal porous structures.

3.3. OFL extraction from synthetic products

3.3.1. OFL extraction tests. Due to the high stability of the
FQ-Mg”* complex’* and the results from our previous studies
on similar matrices,”> hexahydrate magnesium nitrate and
ammonia aqueous solution were selected for OFL extraction.

Fig. 4 shows the antibiotic recovery obtained under
different experimental conditions.

The ultrasound extraction efficiency for 10 minutes was
approximately 50% across all materials, with more significant
variability observed for FA4RM1(47(10)%) and FA1RM1(49
(7)%) compared to FANPs1(48(2)%) and FANPs2 (50(1)%)
(Table S8). No apparent difference in R% was observed when
the treatment time was increased to 20 and 30 min, despite
the suspension temperature increasing by 6-8 °C for each step.

The effect of temperature was also investigated with MwAE.
The results show improved OFL recovery by increasing the
extraction temperature from 60 °C to 120 °C. Specifically, at
120 °C, FANPs1 exhibits a slightly lower extraction efficiency
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Fig. 6 SEM images and EDX spectrum of FANP samples after OFL loading.

(71(2)%) than FANPs2 (102(3)%), as well as FAIRM1 (71(2)%)
when compared to FAARM1 (88(8)%) (Table S9). At 60 °C, the R
% of the four zeolitic materials ranges from 54% to 57%.

As the study was not conducted on humans, there were
no concerns regarding patient safety (e.g,, Brezovich’s
criterion).”>”* MhAE experiments were performed at a field
strength of 40 mT with extraction time varying from 7 to
15 minutes. Longer extraction times did not significantly
affect OFL recovery, which ranged from 40 to 60% across
all materials (Table S10). For this reason, the extraction
time was set to 10 minutes. The effective heating,
detected throughout the experiment, at 10-15 °C for FANPs1
and FANPs2, and 2-4 °C for FAARM1 and FA1RM1, did not
lead to quantitative antibiotic recovery. This agrees with the
values of M obtained by magnetization measurements that
are, of course, higher for samples containing commercial
magnetite.

3250 | Dalton Trans., 2026, 55, 3242-3258
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1

Overall, the differences in extraction efficiency reflect the
distinct modes of energy transfer associated with each tech-
nique and their resulting capability to weaken the strong host-
guest interactions within the zeolite framework.

3.3.2. Zeolite characterization after OFL extraction. To
extract OFL from synthetic products (after loading), conven-
tional processes such as ultrasonic and microwave techniques
and the unconventional hyperthermia method (used up to
now only in the medical field) were used, and XRD analysis
was performed on the samples after these processes. The data
show that the crystalline structure of the newly formed zeolites
is still preserved after all three treatments (Fig. S6).

The crystalline phase composition remains stable in the
UsAE, MWAE, and MhAE treated samples, exhibiting no signifi-
cant changes in phase content. However, slight variations in
crystallite size were observed. The FANPs1 and FANPs2
samples showed only marginal differences, while the FAARM1

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5DT02472B

Dalton Transactions

and FA1RM1 samples displayed larger crystallites, as indicated
in Table S11. Structural refinements with the Rietveld pro-
cedure on the FANPs1 and FANPs2 samples do not show
marked changes, also after extraction treatments (Tables S5
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and S12). The channel geometry remained substantially
unchanged (Table S13). This finding indicates that the extrac-
tion treatments do not affect the structural integrity of the
zeolite framework.

Fig. 7 SEM images and EDX spectrum of FANPs1 after UsAE, MWAE and MhAE treatments.

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 SEM images and EDX spectrum of FANPs2 after UsAE, MWAE and

However, although only weak differences in mineralogical
composition are detected among the treated samples, it is
interesting to note differences in morphology resulting from
each treatment (UsAE, MwAE, and MhAE) in both FANP
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samples. SEM images in Fig. 7 and 8 show zeolite crystals with
irregular surfaces because of the initial dissolution/amorphiza-
tion process after ultrasonic treatment, probably due to the
cavitation bubbles caused by sonication. In contrast, the
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surface of the samples after microwave and magnetic
hyperthermia treatments is characterized by a diffuse presence
of sheets and plates (Fig. 7 and 8). We hypothesize that the
local increase in temperature, caused by both MwAE and
MhAE, is responsible for the development of interconnected
nanostructures (nanograss layers) and nanoflower morphology
made of aluminum oxide and metal oxides (magnetic
nanoparticles),”>”? also resulting from the interaction with
hot water.?%!

As expected, EDX data after USAE, MwAE, and MhAE indi-
cate the absence of Na and the clear presence of Mg (Fig. 7
and 8 and Table S14), due to the extraction phase used for the
antibiotic desorption based on the Mg" salt. These results cor-
roborate the high cation exchange ability of the synthetic
products.

The combined effect of temperature and magnetic phases,
as a result of MWAE and MhAE treatments on the morphology
of synthetic products, is also confirmed in the FA4ARM1 and
FA1RM1 samples. These samples exhibit a diffuse, plate-like
morphology after exposure to microwave and magnetic
hyperthermia (Fig. 9), which is not detected in the samples
before the treatments (Fig. S5b). The XRD profiles are pre-
sented in Fig. S7. Also, for these samples, EDX data after
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UsAE, MwAE, and MhAE indicate the absence of Na and the
presence of Mg (Table S14).

3.3.3. Batch-to-batch reproducibility. The results, in terms
of OFL recovery (R%), from two independent batches of
FANPs1 and FA4RM1 are consistent, as shown by percentage
standard deviations (<10% for MwAE, 15% for UsAE, and
16-18% for MhAE). This confirms the reproducibility of the
entire process, from material synthesis to loading and extrac-
tion steps, as detailed in Table S15.

3.3.4. Explorative reuse tests. As the results indicated
FANPs1 and FA4RM1 to be more efficient in OFL adsorption,
the potential reusability of these samples was preliminarily
investigated through explorative loading tests. Specifically, 20 mg
of each material was separately suspended in 10 mL of tap water
spiked with 10 pg L™ OFL overnight. After this first loading
cycle, the materials were recovered and directly subjected to a
second OFL loading cycle under the same conditions.

In parallel, an additional set of experiments was conducted
to evaluate the effect of regeneration. After the first loading
cycle, the materials were separated from the solution and
regenerated using the three extraction techniques: USAE,
MwAE, and MhAE. The regenerated materials were then
reused in a second OFL loading cycle.

FA1RM1
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Fig. 9 SEM images of FALIRM1 and FA4RM1 after MWAE and MhAE treatments.
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Fig. 10 OFL loading efficiency (LE%) of FANPsl and FA4RM1 after
regeneration by UsAE, MWAE, MhAE, and without regeneration (20 mg
of adsorbent, 10 mL of tap water, OFL 10 pg L™, n = 3).

Fig. 10 shows the OFL R% from FANPs1 and FA4RM1 after
the second loading cycle, both with and without regeneration.

Without regeneration, both materials exhibited a marked
reduction in adsorption capacity, with OFL removal efficien-
cies dropping to approximately 15%. In contrast, the regener-
ated materials exhibited significantly enhanced performance,
removing 91-96% of OFL from the solution, regardless of the
iron precursor used in synthesis (FA or RM) or the extraction
method applied for regeneration. The improved performance
following regeneration may be related to the interconnected
nanostructures and the nanoflower morphology characterizing
the samples, particularly evident after MWAE and MhAE treat-
ments, as detailed in section 3.3.2.

3.4. Preliminary tests on other unconventional
contaminants: endocrine disrupting compounds (EDCs)

Based on the promising results obtained with the OFL anti-
biotic, explorative tests were conducted in the presence of a
mixture of endocrine-disrupting compounds.

The loading efficiency of 50 mg of FANPs1, FANPs2,
FA4RM1, and FA1RM1 was tested in the presence of 10 pg L™"
EDCs in a mixture, namely 17-B-estradiol (E2), 17-a-ethynyl
estradiol (EE2), estrone (E1), progesterone (PROG) and testos-
terone (TST) (Table 1).

EDCs were efficiently loaded onto the zeolitic materials
within a few minutes. The LE%, calculated using eqn (1),

Table 1 Loading efficiency (LE%) of FANPsl, FANPs2, FA4RM1 and
FA4RM1 (50 mg of adsorbent, 10 mL of tap water, 10 ug L™ EDC, n = 4)

LE% (sd)
Adsorbent E2 EE2 TST E1 PROG
FANPs1 96 (3) 95(5) 84 (4) 93 (4) 97 (1)
FANPs2 99 (1) 97 (2)  85(2) 94 (2) 98 (1)
FA4RM1 96 (4) 89(3)  73(12)  84(10)  96(1)
FAIRM1 91(10)  86(8)  72(7) 83 (7) 96 (2)
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ranged from 72% to 99%. In particular, FANPs1 and FANPs2
ensured significant loading of E2, EE2, E1, PROG (93-99%),
and TEST >80%. FAARM1 and FA1RM1 were equally efficient
(83-96%) for E2, EE2, E1, and PROG, and slightly less efficient
for TEST >70%.

As for the experiments with OFL, UsAE, MwAE, and MhAE
were investigated and compared for analyte desorption. MeOH
was used as the extractive solvent,®” and analyses were carried
out by HPLC-ESI-MS/MS.

USAE allowed a good recovery (75-95%) of E2 and E1 from
FANPs1, FANPs2, and FA4RM1. In the case of MwAE, EDC
extraction efficiencies were 72-115% with FANPs1. FANPs2 was
the best-performing material for MhAE, with EDC recovery
ranging from 67 to 91%. The less efficient zeolite was FAIRM1,
regardless of the extraction technique.

Although no detailed structural refinement was carried out
in this case, the high loading efficiency observed for all EDCs
suggests strong interaction with the surface of the zeolitic and
geopolymeric phases. Given that the molecular dimensions of
the studied EDCs (approximately 10-13 A) are likely too large
to allow diffusion through the 12-membered ring channels of
X-type zeolites (aperture ~7.4-8.0 A), adsorption is expected to
occur mainly on the external surfaces, within the entrances of
large supercages, or in the more accessible amorphous geopo-
lymeric domains. The rapid adsorption kinetics and high LE%
values observed in all samples—especially FANPs1 and
FANPs2—support this interpretation.

These preliminary results highlight the potential of these
materials for removing and recovering endocrine-disrupting
compounds in water remediation applications.

4. Conclusion

The data demonstrate that all the zeolites synthesized from
waste raw materials are effective in removing OFL from pol-
luted aqueous solutions. Moreover, the adsorbed antibiotic
can be efficiently extracted and quantified by different assisted
extraction techniques: ultrasonic-assisted extraction (USAE,
~50% recovery), conventional microwave-assisted extraction
(MWAE, exceeding 80% recovery), and magnetic hyperthermia
extraction (MhAE, ~60% recovery). These findings suggest that
the investigated synthetic materials are promising candidates
for the quantitative determination of OFL in polluted water.
The practical applicability of these materials is further
enhanced by their magnetic properties due to the higher
content of magnetic nanoparticles, which facilitate the rapid
and easy separation of the sorbents from treated solutions.
Moreover, all regenerated materials after USAE, MwWAE, and
MhAE treatments show improved OFL removal efficiency
(91-96%) compared to untreated samples, confirming their
potential for reuse in water remediation. Finally, the investi-
gated materials were found to be non-toxic to D. magna, at the
concentrations applied in the removal experiments, supporting
their environmental safety. Preliminary investigations on
unconventional contaminants, such as endocrine-disrupting
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compounds (EDCs), reveal a removal trend consistent with
that observed for OFL. This suggests that the synthesized zeo-
lites and associated extraction methods hold significant poten-
tial for the removal and recovery of a broad range of emerging
contaminants from polluted waters.
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