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hes to magnetic zeolites:
unravelling the iron oxide phase transitions by
magnetic and advanced structural characterization

Maryam Abdolrahimi, ab Pierfrancesco Maltoni, ab Gianni Barucca, c

Claudia Belviso,d Carlo Meneghini e and Davide Peddis *ab

Volcanic ashes, rich in iron-containing phases, present an underexplored resource for creating functional

materials. In this study, we investigate the hydrothermal transformation of volcanic ashes from Mount

Etna (Sicily, Italy) into magnetic zeolites, exploring both structural and magnetic evolution. By combining

X-ray absorption spectroscopy (Fe K-edge) and magnetometry, we reveal how the phase transition from

olivine to magnetite-like phases, and hematite influences the magnetic behaviour. We observe distinct

changes in iron oxidation states, coordination, and the emergence of antiferromagnetic contributions.

This work highlights the potential of volcanic ashes as a sustainable source for designing advanced

materials with tunable magnetic properties.
1. Introduction

Magnetic minerals are ubiquitous in different regions of the
Earth, especially in rocks and sediments,1 and many of the
magnetic components are present in the form of nanoparticles.2

There are lots of volcanoes on the Earth producing different
sources of magnetic nanoparticles (MNPs), ranging from
obsidian3 to volcanic ashes,4 which contain amorphous silica
and crystalline quartz, respectively. The most important
magnetic carriers in rocks and soils are iron oxides, iron–tita-
nium oxides, and iron oxyhydroxides.5 Magnetite (Fe3O4),
maghemite (g-Fe2O3) and related ferrimagnetic materials, such
as titanomagnetite, are the materials with the largest saturation
magnetization. Hematite (a-Fe2O3) and other antiferromagnetic
materials, such as olivine (Mg,Fe)2SiO4, ilmenite (FeTiO3) and
goethite (a-FeOOH), have a much smaller net magnetization per
unit mass. However, hematite can be a signicant carrier of
remanent magnetization when it is in a nanoscale lamellar
structure with ilmenite.6 The presence of iron oxides/hydroxides
in the chemical composition of natural resources makes these
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materials suitable for designing novel materials with tailored
properties.

In the pursuit of sustainable and recyclable materials,
researchers have focused on hybrid structures that combine the
benets of natural minerals with functional nanomaterials.
Among these, magnetic zeolites7 have attracted signicant
attention, as they merge the exceptional adsorption properties
of zeolites with the magnetic behaviour of iron oxides. This
unique combination makes them highly versatile for a wide
range of applications, from catalysis to polluted water
remediation.8–12

Several studies have explored the magnetic behaviour of
natural resources,13 such as rhyolitic glasses, volcanic ashes and
clays. However, understanding the magnetic behaviour of such
materials using macroscopic techniques remains an open
challenge, because of the variety of magnetic phases in natural
resources, and the possible high dilution of such phases in non-
magnetic ones.14 Typically, X-ray absorption ne structure
(XAFS)15–17 and Mössbauer spectroscopy18–20 techniques were
used to make qualitative considerations; however, to the best of
our knowledge, no quantitative analysis has been conducted to
study the possible phase transitions and oxidation state of Fe
when they are converted from natural resources to magnetic
zeolites.

In our previous study, we demonstrated that volcanic ashes
from Mt. Etna can serve as a promising precursor for synthe-
sizing magnetic zeolites, owing to the presence of nano-
structured iron oxide/hydroxide phases.4 The transformation of
volcanic ashes into zeolitic materials offers a sustainable and
cost-effective approach for producing functional materials with
applications in energy and environmental elds. Zeolites, with
their high surface area, tunable porosity, and ion-exchange
J. Mater. Chem. A
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capacity, are widely used in catalysis, gas separation, and CO2

capture.21,22 More recently, their potential has extended to
applications like hydrogen generation, photocatalysis, and
sensors.23,24 By converting volcanic ash, particularly rich in
silicate and olivine phases, into magnetic zeolites, containing
magnetite-like phases, our work presents a method that not
only provides high yields but also adds magnetic properties that
can enhance their performance in various applications.25,26 This
approach contributes to the development of green materials by
recycling waste products and offers a pathway for sustainable
material synthesis.

In this work, we shed some light on the zeolitization process
by a detailed investigation of the magnetic and atomic structure
of both the pristine volcanic ash and the zeolites derived from
it. In this process, both the magnetic phase and the zeolitic
framework form in situ, without any external addition of
magnetic nanoparticles. This approach leads to a unique class
of materials, where the magnetic and zeolitic components co-
evolve from the same precursor under hydrothermal condi-
tions. We focus primarily on the structural and magnetic
characterization of zeolitized volcanic ash-based materials,
while detailed application testing—particularly related to water
treatment—is not repeated here but has been experimentally
validated in our previous work.4 Given the complex nature of
magnetic phases in natural resources, a chemically sensitive
probe of iron species is essential for an accurate assessment of
their magnetic properties. To this end, Fe K-edge X-ray
Absorption Spectroscopy (XAS) was employed to determine the
Fig. 1 Map showing the location and different sites of the Etna volcano

Table 1 VA sample labels and characteristic features

Volcanic ashes

Label Characteristic features

VA1 Weathering and anthropic pollution

VA2 Weathering pollution

VA0 Near crater ashes (no impact from pollution

J. Mater. Chem. A
Fe valence state and coordination chemistry, providing critical
insights into the role of iron in structural and magnetic
transformations.

The X-ray absorption near-edge structure (XANES) region of
the XAS spectra provides information about the average elec-
tronic structure of the absorbing atoms (oxidation states, vacant
orbitals, and electronic conguration) and their chemical
speciation (site symmetry and coordination chemistry).27 In the
specic case of Fe oxides, the analysis of pre-edge regions of the
XANES spectra has been used to precisely evaluate the average
Fe valence state and coordination number.28 In volcanic ashes,
Fe cations may reside in several crystalline phases such as
magnetite, maghemite, hematite, ilmenite and olivine as well as
in amorphous/highly disordered phases which cannot be
proved by standard XRD methods. Considering the complex
matrix within which Fe cations assume different oxidation
states depending on the phases, XAFS serves as a powerful
technique for selectively probing the average local coordination
environment and oxidation state of iron, enabling a deeper
understanding of the correlation between structural trans-
formations and magnetic behaviour.29
2. Experimental
2.1. Sample preparation

Volcanic ashes, the result of an eruption during the volcanic
activity of Etna, were collected from three different regions
around the volcano: from the upper part of Etna (named VA0),
where the raw VA samples were collected.

Synthesised magnetic zeolites

Label Solution

VA1H60 Distilled water
VA1HM60 Seawater
VA2H60 Distilled water
VA2HM60 Seawater

) VA0H60 Distilled water
VA0HM60 Seawater

This journal is © The Royal Society of Chemistry 2025
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Table 2 Results of ICP analysis of the volcanic ash samples

Conc nal (%) SD (%)

VA0 VA1 VA2 VA0 VA1 VA2

Al2O3 16.4 16.9 13.2 0.2 0.1 0.1
CaO 10.5 10.7 11.6 0.1 0.1 0.1
Fe2O3 11.4 10.9 13.3 0.1 0.1 0.1
MgO 6.4 5.3 10.4 0.2 0.1 0.2
Na2O 3.5 3.2 2.4 0.1 0.1 0.1
SiO2 44.5 46.6 43.8 0.3 0.2 0.1
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a nearby town located on the slope of the mountain, Zafferana
Etnea (at 74m height above sea level) (named VA1), and the area
surrounding Chalet Sapienza, 2500 m height above sea level
(named VA2) (Fig. 1). Regarding the chosen regions, VA1 was
inuenced by both weathering and anthropic pollution, while
VA2 was only affected by weathering pollution. According to the
European Waste Catalogue (EWC),30 both VA1 and VA2 are
classied as municipal waste residues (code 20-03-03). In
contrast, VA0 was not impacted by either weathering or
anthropic activities.

The synthesis of zeolites was performed with the collected
powders at 60 °C using both distilled water (H) and sea water
(HM) following the procedure described in the previous paper
of co-authors.4 We refer to those samples as VAXH60 and
VAXHM60, where X stands for the sample (0, 1 and 2), respec-
tively, and 60 indicates the temperature of incubation. All
chemicals were purchased from Sigma-Aldrich. Labels for the
samples are reported in Table 1.
2.2. Characterization techniques

The structural and morphological analyses of the raw materials
and synthetic products were performed by X-ray diffraction
(XRD), and scanning (SEM) and transmission (TEM) electron
microscopy, respectively. Details of the XRD and SEM instru-
ments and measurement conditions are reported in the
previous paper.4 Briey, XRD patterns were collected in q–2q
geometry over the angular range of 3–70°, using Cu Ka radiation
(l= 1.5406 Å), with a step size of 0.02° and a scan time of 3s per
step. Cu Ka has been chosen in line with previous studies.4 TEM
analysis was performed using a Philips CM200 microscope
operating at 200 kV. For TEM observations, samples in the form
of powder were dispersed in ethanol. A drop of the suspension
was deposited on a commercial holey-carbon grid for TEM, and
held in air until ethanol evaporation.

The magnetic properties were studied using a Quantum
Design SQUIDmagnetometer (Hmax=±5 T, T= 5–300 K) as well
as a vibrating sample magnetometer (VSM Model 10 – Micro-
sense) equipped with an electromagnet (m0Hmax =±2 T, T= 300
K). Zero eld cooled–eld cooled (ZFC–FC) protocols were used
to record the magnetization versus temperature within 5–300 K
under an applied eld of 2.5 mT. The ZFC magnetic curve was
obtained by heating the sample from 5 K to 300 K under
a magnetic eld, aer a cooling process in a zero magnetic eld.
The FC magnetic curve was obtained by cooling the sample
from 300 K to 5 K under the applied magnetic eld. The eld
dependence of the magnetization has also been studied at both
low temperature (5 K) and room temperature (300 K). The
powders were xed using epoxy resin in polycarbonate capsules
to prevent any movement of the sample during the measure-
ment. All the magnetic data are normalized by the total mass of
the magnetic phase (∼12%) of the samples. The magnetic
fraction was estimated under the assumption that all iron
detected in the composite is present as ferrimagnetic iron
oxides (e.g., Fe3O4 or g-Fe2O3), based on the synthesis condi-
tions and observed magnetic behavior. Total Fe content was
quantied by inductively coupled plasma optical emission
This journal is © The Royal Society of Chemistry 2025
spectroscopy (ICP-OES), and the corresponding mass
percentage of the magnetic phase was calculated accordingly.
Specically, the Fe(III) concentration obtained from ICP-OES
was converted to iron oxide by applying a stoichiometric
factor, based on the molar mass ratio between iron oxide and
elemental Fe(III). In practice, the concentration was rst ob-
tained as elemental Fe(III), and then converted to Fe2O3 by
applying the factor Fe2O3% = Fe (wt%) ×MFe2O3/(2 ×MFe) = Fe
(wt%) × 159.69/(2 × 55.845) z Fe (wt%) × 1. This procedure
yielded Fe2O3 contents reported in Table 2. To estimate the
fraction of magnetic phases, we assumed that the Fe2O3 origi-
nates entirely from iron oxides, including both magnetic (Fe3O4

and g-Fe2O3) and antiferromagnetic (a-Fe2O3) phases. This
method provides an upper-limit for estimation of the magnetic
component within the sample.

The Fe K-edge XAS measurements were performed at the
XAFS beamline (Exp. #20195485) of the ELETTRA synchrotron
facility (Trieste, Italy).31 The XAFS beamline exploits the
synchrotron radiation emitted by the 11.1 ELETTRA bending
magnet. The synchrotron X-ray beam is rst vertically reected
using a collimating Pt-coated Si mirror ensuring efficacious
harmonic rejection, and the beam energy was tuned using
a double Si(111) crystal monochromator. The sample powders
were ground, mixed with the polyvinylpyrrolidone (PVP) poly-
mer in approximately 1/10 weight concentration and pressed (at
5 kbar) to obtain thin solid pellets (13 mm diameter). The Fe K-
edge (EFe = 7112 eV) XAS measurements were carried out in
transmission mode at room temperature in the 7100 eV to
7250 eV energy range in the near-edge region (XANES). The edge
jump discontinuities were in the range of 0.2–0.8 for all the
samples. Incident (Io) and transmitted (It) intensities were
measured using two gas lled ionization chambers. Fe foil was
placed aer the It chamber, and the transmitted X-ray intensity
was measured using a third ionization chamber (Ir). The sample
and Fe reference absorption signals (a = mt) were calculated as
a(E) = ln(Io/It) and ar(E) = ln(It/Ir), respectively.32 Three scans
were collected for each sample and averaged (aer checking for
the correct energy scale) to improve the data statistics and avoid
artefacts due to X-ray beam dris or instabilities. The raw a(E)
spectra were processed using the Athena soware following the
standard procedures for pre-edge background removal and
post-edge normalization.33,34 The pre-edge peak region was
analysed by rst subtracting an arctangent background from
the normalized XAS spectra of the investigated samples and
J. Mater. Chem. A
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then by tting the pre-edge peak with a sum of Gaussian
functions following a consolidated approach.35 The number of
the components used in the t was chosen as the minimum
necessary to reproduce the peaks clearly identiable in the
experimental spectra. All operations associated with the t
decomposition were carried out using the Fytik soware
without applying any constraint to the peak position, width, and
intensity.36
3. Results

The morpho-structural properties of the volcanic ash (VA)
samples and their transformation into magnetic zeolites during
the hydrothermal process were investigated using X-ray
diffraction (XRD), and scanning (SEM) and transmission
(TEM) electron microscopy. The starting volcanic ashes, as re-
ported in a previous study of the co-authors,4 upon hydro-
thermal treatment (see Fig. 2 for the process), show distinct
transformations, conrming the conversion from ashes to
magnetic zeolites (see XRD analysis in Fig. S1 and S2). SEM
analysis further revealed the morphological diversity of the
hydrothermally treated samples. Octahedral crystals of X-type
zeolite (1–2 mm in size) were prominently identied in the
samples treated with distilled water (for example, VA0H60 in
Fig. 3a). In contrast, the seawater-treated samples were char-
acterized by an abundance of globular grains composed of
nanocrystals (for example, VA0HM60 in Fig. 3d). Sponge-like
masses interspersed with sub-idiomorphic crystals were also
observed in several samples, highlighting the morphological
complexity induced by the reaction environment. TEM analysis
reveals that the treated ashes consist of both crystalline and
amorphous material and zeolites (Fig. 3b, e and S3). The 3D
periodic channels of X-type zeolites are frequently observed in
the VA0H60 sample (Fig. 3c), whereas less regular channels are
visible in the VA0HM60 one (arrow, Fig. 3f). Selected area elec-
tron diffraction (SAED) measurements were performed to
identify the crystalline phases. Specically, Fig. 3h shows the
SAED pattern of the area shown in Fig. 3g. A unit cell can be
identied in the SAED (white dashed line) pattern, whose
Fig. 2 Transformation from volcanic ashes (i.e., pyroxene, plagioclase
magnetic zeolites (i.e., X-type zeolite, zeolite P, sodalite and hematite) via
the morphology of the resulting zeolites.

J. Mater. Chem. A
geometry and interplanar distances corresponding to the
diffraction spots (d(−1,−1,3) = 0.254 nm; d(5,1,3) = 0.145 nm;
d(6,0,2) = 0.133 nm) indicate the presence of a magnetite crystal
in the [−3,9,2] zone-axis orientation. The dark-eld image ob-
tained with the diffraction spot encircled in the SAED pattern
enables visualization of the corresponding crystal (Fig. 3i).
3.1. Magnetic properties

The temperature dependence of magnetization has been
studied by zero-eld-cooled (ZFC) and eld-cooled (FC) proto-
cols. The ZFC curves of all the VA samples (Fig. 4 upper panel)
follow a similar trend that can be described by the occurrence of
different magnetic regimes. Starting from low temperature, the
rst region is characterized by a decrease of the magnetization
up to about 25 K that can be ascribed to the paramagnetic
behaviour associated with iron ions dispersed within the glassy
matrix and/or with paramagnetic iron-containing crystalline
phases, conrmed by ICP analysis (Table 2). This is followed by
a discontinuity point at about 55 K, and then the curves show an
irreversible magnetic behaviour over the explored temperature
range, suggesting the presence of a fraction of particles still in
a magnetic blocked state at 300 K.37,38

From the difference (MFC–MZFC) we obtained a good
approximation of MTRM (thermoremanent magnetization),
describing the energy prole of the system.39,40 The dMFC–ZFC/dT
curve is a good estimation of the energy barrier distribution and
allows identication of even slight changes in the temperature
dependence of magnetization, consistent with the ZFC–FC
curves, as shown in Fig. 3 (bottom panel). Interestingly, the
dMFC–ZFC/dT curve of all the volcanic ash (VA0, VA1, and VA2)
samples showed an intense peak at about 55 K. Since this
temperature turned out to be magnetic eld-independent (see
Fig. S3 in the SI), and given the identication of mainly anti-
ferromagnetic silicate iron-containing phases by XRD, it seems
logical to ascribe this to an antiferromagnetic–paramagnetic
transition,3 the temperature being in the range typical of Fe-
silica oxides, like fayalite or Fe-containing pyroxenes.3,41

Although hematite is also present, its Morin transition (∼260 K)
is not discernible in theM(T) curves, likely due to the dominant
, olivine, magnetite, and significant amounts of amorphous silica) to
hydrothermal treatment with distilled or seawater. SEM pictures show

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Sample VA0H60: (a) SEM image; (b) and (c) TEM images showing a general view and the 3D channels in a zeolite (arrow), respectively.
Sample VA0HM60: (d) SEM image; (e) and (f) TEM images showing a general view and the channels in a zeolite; (g–i) are a bright field image, the
corresponding SAED pattern, and the dark field image obtained with the circled spot in the SAED pattern, respectively. The white dashed lines
identify a unit cell corresponding to a magnetite crystal oriented along the [−3,9,2] zone axis.
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magnetic response of other iron oxides and silicate phases, as
reported in similar systems.30,42

The transformation process of volcanic ashes to magnetic
zeolites induces relevant modications in magnetic properties.
The ZFC–FC curves of VA0H60 and VA0HM60 (5) show the
occurrence of a peak typically ascribed to the magnetic relaxa-
tion of monodomain ferro (or ferri) MNPs, such as magnetite-
like phases.43 This is accompanied by a wide peak in the
derivative ofMFC–MZFC of these samples indicating the blocking
temperature of the magnetic mono-domain nanoparticles (i.e.,
the temperature at which 50% of the particles overcome their
anisotropic energy barriers).44 Despite the differences in the
dispersion medium, experimental data indicate that seawater
treatment does not signicantly affect the intrinsic magnetic
properties of the nanoparticles: no clear change in interparticle
interaction and in surface effects appears evident. Field
dependences of magnetization at 5 K and 300 K has been
investigated for all the samples. As an example, M vs. H
measurement curves of the VA0 series are reported in Fig. 5. VA1
and VA2 series are reported in Fig. S5.

The M vs. H curves at 300 K exhibit ferromagnetic-like
behaviour (S-shaped curves) indicating that the magnetic
This journal is © The Royal Society of Chemistry 2025
behaviour of the samples is dominated by ferro- or ferri-
magnetic materials (Fig. 6). The value of the Ms for the VA0
sample is around 10.5 Am2 kg−1. This value signicantly
reduced in the samples aer hydrothermal treatment to 3.5 and
0.5 Am2 kg−1 for VA0H60 and VA0HM60, respectively. However,
the hystereses of all the samples exhibit small coercivity, in
agreement with the ZFC–FC curve, highlighting the presence of
a population of single-domain and/or multidomain particles
blocked at room temperature. The hysteresis at 5 K shows an
increase of the slope at high eld and a ferromagnetic behav-
iour with Hc s 0.45 In particular, the linearity at high eld is
attributed to the antiferromagnetic-like and/or paramagnetic
behaviour, whereas the presence of uncompensated spins can
be an indication of the ferrimagnetic-like component, in
correlation with the ZFC–FC curves demonstrating the coexis-
tence of paramagnetic, antiferromagnetic, and ferro/
ferrimagnetic phases, which are predominant over the others
within certain temperature ranges. The antiferromagnetic-like
contribution can be reasonably associated with hematite,
detected by XRD, whose weak magnetic response is reected in
the linear portion of the hysteresis curves at 5 K. The eld
dependent magnetization measurements at room and low
J. Mater. Chem. A
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Fig. 4 ZFC FC curves of the VA samples under a magnetic field of 2.5 mT (upper panel); difference MFC–MZFC curves and the corresponding
derivative of (MFC–MZFC) curves (bottom panel).
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temperatures for the VA1 and VA2 series show similar magnetic
behaviour before and aer zeolitization (Fig. S5). All the
extracted magnetic parameters are reported in Table 3. In the
case of the VA1 series, the process used to obtain zeolites seems
to affect the sample slightly differently with respect to VA0 and
VA2: the occurrence of the peak in the dMFC–ZFC/dT curve is very
weak, but still at the same temperature as for the zeolites ob-
tained from VA0 and VA2, suggesting the same origin, but
Fig. 5 ZFC/FC curves under a magnetic field of 2.5 mT of the VA0 seri
derivative of (MFC–MZFC) (bottom panel).

J. Mater. Chem. A
somehow masked by a higher fraction of fayalite which is not
converted during the treatment.

In addition, no Verwey transition around 120 K, typically
associated with stoichiometric magnetite,46 was detected in any
of the VA samples. The absence of this feature can be explained
by the predominance of fayalite and oxidized ferrimagnetic
oxides (g-Fe2O3 and a-Fe2O3) evidenced by XRD, together with
the likely non-stoichiometric or nanocrystalline character of
es (upper panel); difference MFC–MZFC curves and the corresponding

This journal is © The Royal Society of Chemistry 2025
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Table 3 Magnetic parameters, saturation magnetization (Ms), reduced remanent magnetization (Mr/Ms), effective magnetic moment (Meff) and
coercive field (Hc) for all the samples (Hc values at 5 K are also reported for comparison)

Sample Ms at 300 K (Am2 kg−1) Mr/Ms at 300 K Meff at 300 K (Am2 kg−1) Hc at 300 K mT Hc at 5 K mT

VA1 11.5(3) 0.04 8.06(6) 5(3) 19(3)
VA1H60 1.5(4) 0.03 0.52(4) 5(3) 15(2)
VA1HM60 4.5(2) 0.1 3.03(3) 21(3) 39(2)
VA2 20(2) 0.09 13.5(2) 9(3) 45(5)
VA2H60 8.5(3) 0.01 2.5(3) 5(3) 90(2)
VA2HM60 7.5(2) 0.06 3.5(3) 8(3) 70(3)
VA0 10.5(3) 0.09 6.5(3) 9(3) 21(2)
VA0H60 3.5(5) 0.04 1.5(3) 10(5) 72(2)
VA0HM60 0.5(5) 0.02 0.9(2) 8(2) 68(2)

Fig. 6 Field dependence of magnetization curves at 5 K and 300 K for
the samples of the VA0 series.
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magnetite-like phases, all of which are known to suppress or
smear out the transition. Related systems have been shown to
display a weak Verwey-like anomaly at low temperature,
This journal is © The Royal Society of Chemistry 2025
accompanied by a small hysteresis attributed to magnetite.47

Similarly, the 300 K hysteresis loops of the VA samples exhibit S-
shaped ferromagnetic-like behavior with very low coercivity,
while the 5 K loops reveal the coexistence of ferrimagnetic and
antiferromagnetic contributions. This conrms that the
magnetic response of volcanic ashes is governed by oxidized or
non-stoichiometric magnetite-like nanoparticles together with
silicate-hosted antiferromagnetic phases.

3.2. XAFS study

To clarify the relationship between the magnetic behaviour and
Fe chemical speciation, advanced structural characterization
was carried out by Fe–K edge XANES analysis. In fact, the shape
of the Fe absorption K-edge curve is strongly inuenced by the
Fe oxidation state and coordination environment, which is
affected by the nearest-neighbour species and their geometry
around the absorber atom (tetrahedral, octahedral, or other).32

Fig. 7a shows the normalized Fe K-edge XANES spectra of all the
VA samples and the synthesised magnetic zeolites. The spectra
of VA1H60 and VA1HM60 are broadened in the post-edge region,
with respect to VA1, suggesting that the hydrothermal proce-
dure using either distilled water or seawater has affected the
local structure of iron in volcanic ashes. This effect is also
evident in the spectra of the VA2 and VA0 series. It is worth
noting that there is a positive chemical shi of the absorption
edge position in VA1H60, VA1HM60 and the other magnetic
zeolites, indicating that the oxidation state of iron has increased
aer the hydrothermal process. Additional variations are also
visible in the edge region, the shape of the absorption
maximum and both the intensity and energy position of the pre-
edge peaks (Fig. 7b). These changes are related to a variation in
the Fe oxidation state and local structure, in response to the
synthesis procedure.

The relevant parameter to infer the oxidation state of Fe is
the energy position of the centroid of the pre-edge features,
which is related to the 1s–3d electronic transitions,32 and this
transition is dipole-forbidden. However, the hybridization of Fe-
3d states with oxygen-p states favors the probability for some
dipole-allowed transition. The p–d hybridization depends on
the FeO coordination symmetry, i.e. it is negligible in the FeO6

octahedral (Oh) symmetry while it is high in the FeO4 tetrahe-
dral (Td) symmetry.48 Distortions out of the Oh symmetry
J. Mater. Chem. A
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Fig. 7 (a) Experimental Fe K-edge XANES spectra; (b) close look at the pre-edge region of all the samples.
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provide some superposition between Fe-3d and O-p states, thus
enhancing the pre-edge peak intensity. This implies that the
pre-edge peak energy position and intensity are greatly affected
by the average Fe oxidation state and coordination geometry.49,50

These features provide a simple way to estimate the FeO average
coordination symmetry and average coordination number.
Moreover, the average coordination number can be inferred
from the intensity (or integrated area) of the centroid.

Following a consolidated approach, the pre-edge peaks along
with the Gaussian component used in the tting procedures
(aer background subtraction) are shown in Fig. 8. It was
observed that the spectra of the volcanic ashes exhibit a two-
component pre-edge feature, while aer zeolitization the peaks
merge into a single intense peak. The pre-edge peak of the VA1
sample was tted accordingly with two components whose
energies (∼7111.8 and 7113.7 eV) are fairly consistent with
those of Fe in a silica matrix compound, while the rst and the
second features were ascribed to contributions from Fe2+ and
Fe3+, respectively.15 The rst peak reected all the features of the
1s / 3d pre-edge region typical of low-spin ferrous reference
complexes.51 All the VA samples have an octahedral iron site,
J. Mater. Chem. A
and therefore, the only intensity mechanism for the 1s / 3d
pre-edge feature is the allowed electric quadrupole transition.
The 1A1g ground state of these low-spin ferrous complexes has
an electronic hole conguration of e4g, with e3g being the only
allowed excited hole conguration (Fig. 9a). The e3g hole
conguration produces a 2Eg excited many-electron state giving
rise to a single pre-edge feature at lower energy.28 On the high-
energy side of the pre-edge, the presence of an unsplitted
feature at ∼7114 eV indicated an apparent major contribution
of Fe3+. These peaks correspond to the pre-edge features of
a high-spin ferric tetrahedral complex which is a signature of
the presence of neighbouring pairs of Fe3+. The 1s / 3d pre-
edge feature of these complexes gains intensity both from the
allowed electric quadrupole mechanism and from the electric
dipole mechanism associated with the hybridization of 4p
orbitals into 3d orbitals. In the high-spin ferric octahedral case,
there are two one-electron allowed excited hole congurations,
(t2)

2(e)2 and (t2)
3(e)1 (Fig. 9b), which produce two many-electron

states, 5T2 and
5E, respectively. The two contributions from Fe2+

and Fe3+ oxidation states are separated by 2 eV which contribute
to the total pre-edge in the VA samples.
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Background subtracted pre-edge peaks of the samples obtained after the subtraction of an arctangent curve mimicking the absorption
edge (red line), the Gaussian components used to fit the pre-edge peak (blue dashed lines), and the best fit to the data (black solids) and the
residual (green line).
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On the other hand, the magnetic zeolites synthesised from
volcanic ashes showed a pre-edge feature that displays an
intense peak at the same energy of the second peak in the pre-
edge of the volcanic ashes (∼7114 eV). The centroid position of
this peak is the same as Fe3+ reference compounds indicating
that during the formation of zeolites Fe2+ components in
volcanic ashes converted to Fe3+. The pre-edge features of
This journal is © The Royal Society of Chemistry 2025
a high-spin ferric tetrahedral complex gain intensity from 4p
mixing into the 3d orbitals. Since the 4p orbitals transform as t2,
only mixing into the 3d t2 set contributes to the intensity of the
transition into the 5T2 state.

In particular, accurate evaluation of the pre-edge peak
centroid energy and integrated intensity compared with those
of Fe model compounds can provide quantitative information
J. Mater. Chem. A
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Fig. 9 (a and b) The electronic configuration at ground and excited states for the 1s to 3d excitation mode.

Table 4 Pre-edge peak data of the Fe K-edge XANES spectra of all the
samples

Sample
Centroid
(eV)

Integrated
intensity

Fit agreement
index (%)

VA1 7113.4 0.17 99.84
VA1H60 7113.0 0.19 99.32
VA1HM60 7113.9 0.17 99.35
VA2 7113.2 0.18 99.75
VA2H60 7113.8 0.13 99.53
VA2HM60 7114.1 0.16 99.35
VA0 7113.3 0.18 99.42
VA0H60 7113.9 0.15 99.31
VA0HM60 7113.9 0.15 99.45
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on both the Fe oxidation state and coordination environment
where its intensity will be minimal in the case of regular octa-
hedral symmetry around the absorber, whereas it will reach its
maximum in the tetrahedral case.52 This analysis can be
provided with the energy vs. oxidation state/coordination
Fig. 10 Plot of the background subtracted pre-edge peak integrated
intensity vs. centroid energy position of all the samples. Zero energy
refers to the first maximum of the first derivative of the metallic Fe
spectrum.

J. Mater. Chem. A
number calibration curve using the energy position and inten-
sity of the centroid of the pre-edge peaks of Fe2+ and Fe3+

reference compound spectra (Table 4). The integrated intensity
of the pre-edge peaks is plotted as a function of their centroid
energies in Fig. 10. A clear trend is depicted: in pristine VA0,
VA1 and VA2 samples the integrated areas of the pre-edge peak
are representative of domination of glassy Fe2+, and the Fe–O
coordination number is found to be between 4 and 5. In
contrast, the pre-edge centroid for all the zeolite samples clearly
shied by about 1 eV coming close to the region of Fe3+ 5-
coordinated compounds.16
4. Discussion

Combining Fe XANES analysis with magnetic characterization
allows better understanding of the behaviour of Fe in complex
matrices before and aer the hydrothermal treatment. If we
consider the derivative of FC–ZFC in Fig. 4 the intense peak at
about 55 K in volcanic ash samples could be ascribed to
a magnetic phase transition from antiferromagnetic (low T) to
a paramagnetic behaviour (high T).3 In this framework, the X-
ray diffraction patterns of the volcanic ashes were meticu-
lously re-examined. Among the detected phases—pyroxene,
feldspars, olivine, and magnetite/maghemite—only iron inte-
grated into a silica oxide complex aligns with the Néel temper-
ature observed in our experimental magnetic and XAS data.53

The magnetic transition observed in the FC–ZFC curves is
consistent with the behaviour of fayalite (Fe2SiO4), the Fe-rich
endmember of the forsterite–fayalite solid solution series.
Fayalite typically exhibits a broad magnetic transition at
approximately 65 K,54 in agreement with the experimental
results. In contrast, forsterite (Mg2SiO4), the Mg-rich end-
member, is diamagnetic. As the magnesium-to-iron ratio
increases, transitioning from fayalite toward forsterite, the
magnetic transition temperature decreases.55 This interpreta-
tion is further supported by the ndings of Geiger et al., who
reported a Néel temperature of 55 K for Fa80Fo20 (80% fayalite
and 20% forsterite).41 Thus, the hypothesis that iron within
a silica oxide complex acts as the antiferromagnetic phase
responsible for the observed magnetic features agrees well with
both experimental and literature data.
This journal is © The Royal Society of Chemistry 2025
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Aer zeolitization, Fe2+ atoms in fayalite could be likely
transformed into Fe3+ of hematite, as well as magnetite-like
phases, owing to the oxidizing conditions (see equations
later). This hypothesis is strongly supported by the evolution of
pre-edge regions of Fe XANES spectra, which reveal the increase
in the oxidation state of iron. Although its structure (conrmed
by TEM) and valence state (conrmed by XANES) are consistent
with magnetite, the absence of a detectable Verwey transition,
likely due to chemical substitution,56 oxidation,57 and surface
modication,58 precludes unambiguous identication based
solely on magnetic measurements. The proposed mechanism is
that fayalite will be oxidised to hematite (Fe2O3), magnetite
(Fe3O4) and silica (SiO2) according to the following equations:59

2FeO$SiO2 + 1/2O2 / Fe2O3 + SiO2 (1)

2FeO$SiO2 + 1/3O2 / 2/3Fe3O4 + SiO2 (2)

Exposing fayalite in water at high temperature (as in our
case) provides a catalytic surface for water adsorption. Water
molecules rst undergo a physisorption process and upon
interaction between Fe 3d-orbitals and water O 2p-orbitals,
a weak substrate–adsorbate bond is created. Subsequently,
water molecules dissociate into OH and H surface species,
where the OH groups reside on the metal atoms, the H species
are attached to the surface O atoms and OH dissociates to
produce adsorbed oxygen atoms.60,61 It should be underlined
that this process also marginally involves pyroxenes.

Moreover, the fusion of volcanic ashes at high temperature
with NaOH is the reason for the partial conversion of fayalite to
hematite, during the synthesis of zeolites. The preliminary
evidence of this transition, observed through the reduction of
the intensity of peaks of fayalite in X-ray diffraction patterns of
the magnetic zeolites and the consequent increase of the
intensity of peaks related to hematite (Fig. S2), is supported by
the changing magnetic behaviour of volcanic ashes aer treat-
ment. Firstly, the saturation magnetization decreased moving
from the volcanic ashes to the magnetic zeolites. The signicant
reduction clearly conrmed the increase of the antiferromag-
netic hematite phase (the expected value of the effective
magnetic moment for pure nanostructured hematite is <0.5
Am2 kg−1).62,63 Secondly, NaOH leads to the disruption of the
silica network, and subsequent production and diffusion of
more water molecules, promoting the oxidation of fayalite and
magnetite, according to the following reaction:

2NaOH + xSiO2 / Na2O$xSiO2 + H2O (3)

Under these conditions, iron oxide mainly exists in the form
of hematite with a small amount of magnetite-like phases as
intermediate reaction products, due to the high oxygen partial
pressure. The presence of maghemite cannot be ruled out.
These results are strongly supported by the XAS analysis sug-
gesting a change in the coordination number for iron. As
a matter of fact, the disappearing intense antiferromagnetic–
paramagnetic transition visible in the FC–ZFC curves of
magnetic zeolite, conrms the presence of olivine with a higher
This journal is © The Royal Society of Chemistry 2025
ratio of fayalite (Fa80Fo20) in the FC–ZFC curves of the starting
VA samples.

5. Conclusion

This work sheds some light on the mechanism of a sustainable
and high-yield strategy to convert volcanic ash from Mount
Etna—rich in olivine and other iron-containing silicates—into
magnetically active zeolitic materials via hydrothermal treat-
ment. The pristine ash displays mixed magnetic features arising
from the coexistence of ferri/ferromagnetic and paramagnetic
phases. Hydrothermal processing induces both structural and
magnetic transformations. At 60 °C, zeolitic crystallization
occurs while retaining magnetic functionality, and promoting
partial conversion of olivine into hematite, leading to a reduc-
tion in magnetization, and to magnetite-like phases. These
trends are supported by Fe K-edge XAS, which conrms the
evolution of iron speciation. Overall, this work highlights the
value of volcanic waste as a low-cost feedstock for the produc-
tion of functional materials with potential applications in
magnetic separation, catalysis, and environmental remedia-
tion—offering a resource-efficient and circular pathway for
advanced material design.
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