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channels and 3D-pore network that offer favourable conditions for metal incorporation and substrate accessi-
bility. BEA zeolite was modified through chemical desilication followed by acid treatment and, mechano-
chemical treatments. Fe, Cu, and Mn were introduced via two distinct methods: ion exchange and
mechanochemical methods. The modified metal-ion BEA zeolites were characterized for their crystallinity,
texture, and metal content, and then tested for the degradation of methylene blue using Fenton-type reactions.
The reactions were monitored by UV-Vis spectroscopy, and the data were analysed with pseudo-second-order
kinetic model. The results showed that the treatment methods had a strong impact on the properties of the
zeolites and improved their catalytic performance. Chemical modification created hierarchical porosity on the
zeolite support, while mechanochemical incorporation gave higher metal loading, especially for Mn (1.20 vs
0.44 wt% with ion exchange). The hierarchical FeBEA-DAT-IE catalyst showed excellent activity (kap2 = 0.031
ppm ! min~!) and mechanochemical Mn incorporation achieved a six-fold higher rate constant than the con-
ventional ion exchange method. Overall, this study demonstrates that rational modification of BEA zeolite can
significantly enhance Fenton catalytic performance while producing materials suitable for advanced applications

including potential biomedical uses.

1. Introduction

The reaction between Fe®" (ferrous cation) and H0, (hydrogen
peroxide) produces highly reactive hydroxyl radicals (*OH), which
enable a wide range of applications, most notably the efficient degra-
dation of pollutants in water. This process is known as the Fenton re-
action [1,2]. Traditional homogenous Fenton processes use dissolved
iron salts in aqueous solutions, however present several limitations
including iron precipitation at neutral pH and difficulties in catalyst
recovery and reuse [1]. In heterogeneous systems, iron is stabilized on
solid supports, effectively addressing these challenges by allowing the
generation of radicals without iron precipitation while enabling catalyst
recovery [2]. When iron is replaced by other transition metals or com-
bined with them on solid supports, the process is referred to as
Fenton-type reactions [2]. These heterogeneous materials can be used in
conventional water treatment [3-5] as well as in emerging biomedical
applications, especially in chemodynamic therapy (CDT) [6,7].

The success of a heterogeneous Fenton catalyst largely depends on
the choice of the solid support, which must provide adequate surface
area, chemical stability, and accessibility to active sites. In this context,
zeolite-type materials represent a significant class of inorganic mate-
rials, distinguished by their highly defined crystalline structure
composed of TO4 tetrahedral (T = Si - silicon, Al - aluminium, or other
heteroatoms) [8]. The different arrangements of TO4 result in a variety
of structures, with different size of pores and channels [8]. These
structures have been widely studied and used in a broad range of in-
dustrial applications, from petrochemical and environmental to agri-
culture and healthcare [9-11]. For Fenton applications, zeolites offer
several advantages including high surface areas, tunable pore structures,
excellent ion exchange capabilities, and thermal stability [9].

However, conventional zeolites often exhibit mass transfer limita-
tions due to their microporous nature, particularly when dealing with
bulky organic pollutants. Herein, several strategies have been developed
to increase the catalytic activity of zeolites. Some of these strategies
include the development of an additional pore system, usually meso-
pores, obtaining the so-called hierarchical zeolites through synthesis or
post-synthesis methods [12]. Among post-synthesis methods one of the
most used is desilication that consists in a selective removal of Si from
the zeolite framework, using alkaline agents, being NaOH the most used.
Under controlled operational conditions, the generation of intra-
crystalline mesoporosity occurs without severe loss of crystallinity,
acidity and pristine microporosity [13,14]. Due to this treatment, the
deposition of extra-framework species may occur leading to partial oc-
clusion of the pore openings, so an additional acid leaching is recom-
mended to remove these debris [12-15]. An alternative method is
mechanochemistry, which, in the past few decades, has become a
powerful tool to change the properties of zeolites by decreasing its
crystal size. When compared with other methods, it also brings the
advantage of being solvent-free, allowing to suppress solvent elimina-
tion and drying steps [16,17]. The intercrystalline mesoporosity

resulting from the aggregation of small crystals not only improves mass
transfer but also allows to explore new applications where particle size is
decisive, such as in the biomedical field [16]. Furthermore, it is possible
to incorporate different additives or nanoparticles during the mecha-
nochemical process and obtain hybrid materials in a single step, with
unique properties. By precisely controlling the mechanical conditions,
the composition, and the distribution of these additives can be opti-
mized, leading to materials with enhanced functionality [16-18].
However, potential drawbacks of mechanochemical procedures include
heterogeneity in crystal size and the tendency for particle agglomera-
tion. So, a careful optimization of milling parameters is needed.
Among the various zeolite frameworks, the BEA zeolite emerges as a
particularly attractive candidate for Fenton applications. The large 12-
ring channels and three-dimensional pore network stand out for Fen-
ton applications since these structural characteristics provide substantial
space for substrate molecules and reaction intermediates, while main-
taining the crystalline order necessary for stable metal anchoring [19].
In the present work, a commercial BEA zeolite was modified using
chemical or mechanical treatments, followed by the incorporation of
iron (Fe*"), copper (Cu?"), or manganese (Mn2*") ions through the
classic ion exchange method or simultaneous addition of the metal ion
precursors to BEA zeolite during the milling procedure. The catalytic
performance was evaluated in Fenton-type reactions, focusing on the
role of the intracrystalline mesoporosity, generated through chemical
treatment or the intercrystalline mesoporosity due to crystal size
reduction during ball milling. This comparative approach allows for a
systematic evaluation of how different modification strategies affect
both the structural properties and catalytic performance of BEA-based
Fenton catalysts. The interpretation of the results will address two key
questions: (i) can these modification methods enhance the catalytic
activity in Fenton-type reaction? and (ii) which modifications yield the
most effective nanomaterial for potential biomedical applications?

2. Experimental section

2.1. Modification of zeolite BEA through chemical and mechanochemical
treatments

The zeolite BEA (CP814E, from Zeolyst International, SiO3/Al;03 =
25), provided in its ammonium form was modified through post-
synthesis alkaline treatment (desilication), according to previously re-
ported procedures [20], using 0.1 M NaOH (Merck, p.a) solution. The
treatment was performed at 65 °C for 30 min using a liquid/solid ratio of
30 mL/g. The solid was recovered by centrifugation, washed, and dried
in an oven at 110 °C. Considering that some ion exchange with sodium
could occur during the alkaline treatment, the solid was re-converted to
the acidic form by ion exchange with a 2.0 M NH4NO3 (Merck, p.a)
solution using a ratio liquid/solid of 25 mL/g at 80 °C for 6 h. The
recovered material was then washed, dried, and calcined for 3 h at
500 °C under dry air, being designated thereafter as BEA.
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A fraction of the sample subjected to desilication was further treated
with an acid wash using a 0.1 M HCl solution (Merck, p.a., fuming 37%)
at 70 °C for 3 h, with a liquid-to-solid ratio of 30 mL/g. This treatment
aimed to remove extra-framework aluminium species that could
partially block the pore openings [14,20]. The chemically modified
samples were labelled accordingly with the suffix “D” or "DAT" referring
to the desilication or desilication followed by acid treatment, respec-
tively BEA structure was also modified through mechanochemical pro-
cedures using a shaker ball mill (VWR Star-Beater). In a typical
experiment, about 300 mg of dry zeolite was charged in a steel milling
jar (1.5 mL capacity) with 5 steel spheres of 3 mm diameter. The sample
was then milled using different times and frequencies to optimize the
milling conditions. The mechanochemically modified sample was
designated as BEA-X-Y, where “X” represents the frequency (Hz) and “Y”
the time (min.).

2.2. Preparation of modified metal ion-BEA zeolite samples

Modified metal ion-BEA zeolite samples were prepared using two
methodologies: ion exchange (IE) and mechanochemistry (M) aiming to
introduce 1 wt% metal ion. The classic ion exchange was performed on
parent and the modified samples obtained by chemical or mechano-
chemical methods, under the experimental conditions described in our
previous studies [14,20,21] Therefore, the materials were mixed with
0.10 mmol of manganese (MnCly.4H20, Merck, p.a.), iron (Fe
(NO3)3.9H20, Merck, p.a.), or copper (Cu(NO3),.2H50, Rield-Haen, p.
a.) salt solutions at room temperature during 24 h, followed by filtration,
washing, drying and calcination at 350 °C for 4 h. The chemical symbol
of the metal ion was added as prefix to the sample's name.

For the Mn loading through mechanochemistry, the necessary
amount of MnCl,.4H>0 was introduced simultaneously with BEA on the
milling jar, using the previously optimized conditions, and finally
calcined using the same procedure used for the ion-exchanged samples.
In the samples’ designation, the metal name was added in prefix and the
introduction method “IE” for ion exchange or “M” for mechanochem-
istry was added in the end. For example, MnBEA-10-10-M refers to BEA

Chemical CuBEA-D-IE
YT FeBEA-D-IE
Modifications ey

BEA-DAT
Treatment (AT)

Desilication (D)

lon Exchange (IE)

CuBEA-DAT-IE
FeBEA-DAT-IE IE
MnBEA-DAT-IE
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modified in the ball mill for 10 min at 10 Hz where the ion metal Mn was
introduced through mechanochemistry. Fig. 1 represents the sample
denomination according to the treatment and the type of metal addition
methodology.

2.3. Characterization methods

The structural characterization of the samples was carried out using
powder X-ray diffraction (Philips, Analytical PW 350/60 X'Pert PRO
with X'Celerated detector). The diffractograms were acquired at room
temperature using CuKa radiation as the incident beam, by continuous
scanning from 5 to 40° (20), with a step size of 0.017° (20) and a time per
step of 20 s. The degree of crystallinity, Cxrp, was calculated based on
the intensity of the two most intense peaks at 20 around 8° and 22°,
taking the respective parent sample as reference.

The textural characterization was made through Ny adsorption at
—196 °C using an automatic apparatus Micromeritics ASAP 2010
(Micromeritics Instruments Corporation). Prior to the isotherm mea-
surement, the samples (around 50 mg) were outgassed at 300 °C for 3 h
under vacuum <1072 Pa. The micropore volume, Vpicro, and external
area, Aext, Were quantified by applying the o5 method, taking the stan-
dard isotherm obtained for non-porous silica as reference material [22].
The Vmicro corresponds to the back extrapolation of the linear region of
as plot defined by the experimental points that correspond to as > 1,
whereas A¢x; was calculated from the slope. The mesoporous volume,
Vimeso» Was quantified from the difference between Viga and Viicro,
where Viotq is the total pore volume that corresponds to the N volume
adsorbed at a relative pressure of 0.95, according to the Gurvitch rule
[22].

Scanning Electron Microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX) analysis were carried out on a JEOL/EO InTouch-
Scope™ with a Super-X EDX System, operating at 200 kV to characterize
BEA samples. To prevent surface charging, the samples were coated with
gold under vacuum prior to analysis using a Fisons Instruments SC502
sputter coater. Transmission Electron Microscopy (TEM) analysis was
performed using a JEOL JEM-2100 HT microscope operating at an

CuBEA-10-10-1E
FeBEA-10-10-IE
MnBEA-10-10-1E

BEA-10-10

Mechanochemical
addition of Mn
together with BEA
10 min, 10 Hz

MnBEA-10-10-M

BEA zeolite

Mechanochemical
Modifications

Fig. 1. Scheme of the treatments used in the preparation of the samples in this work. Note: Samples names included the metal as a prefix and the incorporation
method as a suffix (“IE” for the ion exchange, “M” for the mechanochemistry). The notation BEA-X-Y was used for mechanochemically treated samples, where X and

Y correspond to the milling frequency (Hz) and milling time (min), respectively.
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accelerating voltage of 200 kV. The TEM micrographs were obtained
using the OneView” 4k x 4k charge-coupled device (CCD) camera.

Elemental analysis was performed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) for the quantification of metals
in the solid samples with a 5110 ICP-OES spectrometer (Agilent Tech-
nologies), using a procedure describe in Ref. [23].

Laser light scattering (LLS) analyses were performed on a Matersizer
3000 (Malvern) for the determination of the size of crystal/crystal ag-
gregates through wet dispersion methods, using water as dispersant. All
measurements were performed in triplicate. The distribution profiles
were expressed as volume distributions by applying Mie scattering
theory for non-spherical particles.

X-ray photoelectron spectroscopy (XPS) analysis was performed with
a Kratos Axis-Supra instrument (Thermo Fisher Scientific) using a
monochromatic Mg Ka (1253.6 eV) X-ray source. Measurements were
conducted in Constant Analyzer Energy (CAE) mode, including a survey
spectrum with a pass energy of 150 eV and high-resolution spectra with
a pass energy of 40 eV. During data processing of the XPS spectra,
binding energy (BE) values were referenced to C 1 s peak (284.5 eV).
ESCApe software was used for spectra treatment supplied by the
manufacturer Kratos Analytical.

Fourier Transform Infrared spectroscopy (FTIR) measurements of the
samples were carried out using a PerkinElmer Spectrum Two spec-
trometer, equipped with an ATR accessory. A diamond prism was used
as the waveguide. All spectra were recorded with a resolution of 4 cm™!
in the wavelength region 4000-500 cm ! by averaging 16 scans and the
analyses were carried out at room temperature.

2.4. Catalytic activity

The catalytic performance of the samples was evaluated employing a
Fenton-type reaction involving modified metal-ion BEA zeolite samples.
This process was applied by using methylene blue (MB, Merck), as a
model compound and monitoring its degradation over time. Briefly,
seven batch experiments were prepared in 50 mL stoppered flasks with
10 mg of sample and 25 mL of 60 ppm MB solution. The flasks were
immersed in a thermostatic bath at 40 °C (Julabo MP) and stirred for 60
min to reach adsorption equilibrium before starting the reaction, which
is essential due to the high adsorption capacity of BEA zeolite [21]. After
that, the solution pH was adjusted to 3-4 using 0.5 M HCI and the re-
action was started by adding 0.5 mL of 70 mM hydrogen peroxide (H202,
Merck) to only six flasks, since the seventh served as control (time zero).
The reaction was stopped at intervals (5, 10, 15, 30, 45, and 60 min) by
adding 50 mg of sodium thiosulfate (NayS,03, Merck). The solid was
separated by centrifugation at 6000 rpm for 10 min (Hermle Z206A).
Supernatant aliquots were collected and their absorbances were
measured by UV/vis spectroscopy using a double beam spectropho-
tometer (Jasco V530). Absorbance of MB was recorded in the 550-750
nm range, focusing on the MB wavelength maximum at 663 nm, using
deionized water as the reference. Concentrations were determined using
a calibration curve, with adjustments made for dilution to ensure
compliance with the Beer-Lambert law. Each data point represents the
average of at least three individual aliquots/scans, with a standard de-
viation below 5% to ensure data reliability.

3. Results and discussion

3.1. Characterization of BEA samples modified by chemical and
mechanochemical methods

The commercial BEA structure was modified through chemical and
mechanochemical treatments with dual objectives: enhancing catalytic
performance through mesoporosity development obtained through
chemical treatments and achieving particle sizes suitable for advanced
applications by mechanochemical modifications.

For potential biomedical applications, particularly in cancer
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treatment, physicochemical properties such as size, shape, and surface
charge are crucial, as they significantly influence the potential effec-
tiveness and applicability of nanoparticles. These factors are emphasized
in the work by Blanco et al. [24], highlighting the importance of influ-
encing biodistribution and the ability to cross various biological bar-
riers. Additionally, nanoparticles within the 20 to 150 nm size range
demonstrated the optimal balance between effective tissue penetration
and prolonged circulation times [24].

To investigate the impact of the chemical and mechanochemical
treatments on the structure and texture of BEA zeolite, the samples were
characterized by powder XRD and low temperature Ny adsorption iso-
therms. The structural and textural characterization of the samples
modified by desilication (D) or desilication followed by acid treatment
(DAT), used in this study, were presented and discussed elsewhere [21],
but for clarity the main properties of these samples are summarized in
Table 1. Concerning the samples submitted to mechanochemistry,
Fig. 2A presents the diffraction patterns and Fig. 2B displays the Ny
adsorption isotherms of parent and milled samples.

XRD results show that despite the different modifications, the sam-
ples exhibit diffractograms characteristic of the parent BEA zeolite [21,
25]. Regarding the chemically modified samples, the more significant
loss of crystallinity (see Table 1) is observed upon desilication (25% loss)
that only slightly increases as a consequence of acid leaching. For the
mechanochemically treated materials, the grinding frequency of the ball
mill seems to be the most impacting parameter since almost 50% of
crystallinity is lost when 20 Hz frequency was applied (see Fig. 2A and
Table 1), especially for longer grinding times, i.e. sample BEA-20-20.
Sample BEA-10-10, with half frequency and time presents a small
decrease in crystallinity when compared with the parent zeolite and
even higher than the chemically treated samples.

The N, isotherms reproduced on Fig. 2A allow us to conclude that all
samples present curves that can be classified as type I + IV isotherms
[26]. The isotherm analysis for the chemically treated samples was
presented and discussed elsewhere [21]. The correspondent textural
parameters (Table 1) show for BEA-D a decrease in microporous volume
(Vmicro) that is compensated by the increase in mesoporous volume
(Vieso), as desired. For BEA-DAT, Viyicro is partially recovered due to the
unblocking of the pore openings because of the acid leaching step. In all
cases the external surface area of the crystals (Aey) was identical to the
parent material, suggesting that the size of the crystals or crystal ag-
gregates was preserved. The global Si/Al ratio shows a slight decrease
when compared with the pristine material that can be attributed to the

Table 1

Degree of crystallinity, (Cxgp), textural parameters, Al content (wt%) and Si/Al
ratio. The data for parent, D and DAT samples were previously published in
Ref. [21].

b

Sample Cxrp" Vinicro Vineso' Aext” Al (wt  Si/
(%) (ecm®/g) (em®/g) (em?/g)  %)? Al
BEA 100 0.17 0.40 250 2.88 13.24
BEA-D 75 0.11 0.44 247 2.47 8.92
BEA- 71 0.15 0.44 236 1.75 11.93
DAT
BEA-20- 38 0.07 0.30 131 nd nd
20
BEA-20- 54 0.10 0.32 130 nd nd
10
BEA-10- 87 0.15 0.41 188 3.33 10.72
10

nd - not determined.

 Calculated from powder X-ray diffraction patterns, using parent zeolite as
reference.

b Textural parameters calculated from N, adsorption isotherms at —196 °C:
Vmicro and Aex applying the ag method.

€ Vieso Obtained from Vieso = ViotalVimicro» D€INg Viorar the amount of Ny
adsorbed at p/p° = 0.95.

4 Al content and Si/Al ratio calculated from elemental analysis.
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Fig. 2. XRD patterns (A) and N, adsorption isotherms (B) for parent and milled samples. Mechanochemically modified samples were designated BEA-X-Y, where X

denotes the milling frequency (Hz) and Y the milling time (min).

removal of Si from the zeolite structure for BEA-D sample as well as
extra-framework species for BEA-DAT. For the milled series in accor-
dance with the significant loss of crystallinity, more severe grinding
conditions led to the damage of the characteristic pore structure with
consequent decrease of both Vijcro and Vieso and an important loss of
Aext- On the other hand, when milder conditions were applied better
preservation of textural parameters was observed for BEA-10-10 sample.

In addition, the decrease in Al content is more pronounced in the
chemically treated samples. The parent BEA exhibits a Si/Al ratio of
13.24, which decreases to 8.92 after desilication (BEA-D) and subse-
quently increases to 11.93 following the combined desilication-acid
treatment (BEA-DAT). These trends indicate the selective removal of Si
during desilication, resulting in a lower Si/Al ratio for BEA-D, and the
subsequent removal of extra-framework aluminium species during acid
leaching, which partially restores the Si/Al ratio in BEA-DAT. Despite to
have a slight decrease in Si/Al ratio for BEA-10-10 sample, the amount
of Al is similar to the pristine BEA zeolite.

To investigate the modification on the size and morphology of
crystal/crystal aggregates because of the chemical or mechanochemical
treatments, transmission electronic microscopy (TEM) and laser light
scattering (LLS) measurements were performed. Fig. 3 presents the TEM
images for parent BEA zeolite with different resolutions and BEA-DAT,
as an example for the chemically modified materials.

All TEM images reveal large aggregates consisting of very small
crystals, a characteristic feature of BEA zeolite, as clearly seen in the
TEM micrograph taken at a 50 nm scale (B). The modified sample shows

some changes of the crystal aggregates, generally showing a greater
level of heterogeneity. In the case of the chemically treated sample, BEA-
DAT (C), the presence of some small aggregates is noted although they
are not very densely stacked, with many free spaces between them. As
Aext is close to the one of the parent materials (see Table 1), it is assumed
that the textural modifications occurred inside the zeolite crystals, as
intended.

Fig. 4 shows the distribution curves expressed as volume densities as
a function of the mean particle sizes. Table 2 presents the particle size
data (D19, Dsg and Dgg) along with the Span, defined as (Dgg — D1¢)/Dso.
The Span indicates the relative distance between the 10% and 90%
points, normalized by the median particle size (Ds).

The particle size data obtained through LLS measurements comple-
ment the information given by microscopy images. For chemically
treated series (Fig. 4A), the volume density profiles are practically the
same, giving identical particle size data (D19, Dsp and Dgg) and Span
(Table 2), when compared with the parent BEA zeolite. On the other
hand, the milled sample series profiles present some deviation especially
towards larger size particles because of the denser staking, especially for
BEA-20-20 sample, where high frequency and time was applied. In this
case Dgg value is significantly higher when compared to the other milled
samples and, especially, the parent BEA zeolite. On the other hand, BEA-
10-10 sample displays the smallest particle size parameters, with Dpg
and Ds slightly lower than the parent BEA zeolite. These results in
addition with previous structural and textural characterization led to the
selection of BEA-10-10, as the milled sample for metal incorporation and

Fig. 3. TEM images with different resolutions for parent BEA (A and B) and chemically treated BEA-DAT (C).
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Fig. 4. Distribution of particles size determined by LLS measurements on the parent and modified samples through chemical (A) and mechanochemical

(B) treatments.

Table 2
Particle size data (D;o, Dso and Dgg) and span for parent and modified samples
by chemical and mechanochemical treatments.

Sample Djo (pm) Dso (pm) Dgp (pm) Span
BEA 4.32 8.99 18.70 1.7
BEA-D 4.49 8.93 19.90 1.7
BEA-DAT 4.44 8.87 18.70 1.6
BEA-20-20 4.09 12.2 38.3 3.5
BEA-20-10 3.81 9.06 25.5 2.3
BEA-10-10 3.77 8.63 22.9 2.2

further catalytic studies.

3.2. Characterization of modified metal-ion BEA zeolite

Metal incorporation represents a critical step in developing effective
heterogeneous Fenton catalysts, as both the amount and distribution of
active metal species directly influence catalytic performance. Three
transition metals, Fe, Mn and Cu, were introduced in zeolite samples
through ion exchange (IE) method, except for Mn which was also
introduced through mechanochemistry (M) [20]. In this case, Mn salt
was introduced in the milling jar with the zeolite and milled under
previously optimized conditions of 10 Hz for 10 min. The presence of the
metals was identified by TEM and SEM-EDX analyses (Fig. 5).

TEM images of both modified samples clearly confirm the presence
of Mn, evidenced by the black spots in the micrographs, suggesting that
the metal ions are located on the surface and/or within the pores
(Fig. 5A, B and E). The EDX spectra of MnBEA-DAT-IE display the
characteristic elements of the zeolite framework (Si, Al, and O), along
with the presence of Mn (Fig. 5C). In contrast, the SEM images reveal
that the mechanochemically modified sample (MnBEA-10-10-M;
Fig. 5B) consists of smaller fragments compared to the chemically
treated sample. However, at higher magnification (Fig. 5D, right side),
the crystal aggregates appear more densely stacked, in accordance with
the observed decrease in Ay for the starting materials (see Table 1).

The total metal ion and aluminium content was quantified by
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
and the surface metal content was estimated by X-ray photoelectron
spectroscopy (XPS). The values are quoted on Table 3.

For parent and mechanochemical modified samples, the total metal
loadings are close to the targeted value of 1 wt% for Mn, Cu, and Fe

loaded samples, except for MnBEA-IE where less than half of the desired
content was introduced. This reduced loading of Mn may reflect the
specific coordination requirements of Mn?* ions or competitive hydro-
lysis reactions during the exchange process. For sample FeBEA-10-10-
M* the targeted value was 0.7 wt%, (see Ref. [20]). For chemically
treated samples (D and DAT), the metal contents are substantially lower
than the targeted value of 1 wt%, which can be attributed to some
modification of the acidic properties as a consequence of the chemical
treatments that impacts on the ion exchange capacity of those samples
[21]. In the case of MnBEA-D-IE and MnBEA-DAT-IE, the amount of
metal incorporated is only about 20% of the intended value, whereas for
FeBEA-D-IE and FeBEA-DAT-IE about 80% of the desired value is
incorporated, suggesting that iron exhibits stronger affinity for the
modified zeolite framework or greater tolerance to the altered chemical
environment created by desilication. The difference in ionic radius of the
metal ions, Mn?* (0.83 A), Cu®* (0.69 A) and Fe>* (0.63 A), may explain
the preferential selectivity of the BEA structure for Fe or Cu over Mn
[27].

For the MnBEA and FeBEA series, the same trend observed for the
parent zeolites (Table 1) is maintained, with a decrease in Al content
upon chemical treatment. In contrast, for the CuBEA series, the Al
content of CuBEA-D-IE and CuBEA-DAT-IE remains essentially the same
amount with a slightly decrease. In addition, the results indicate that ion
exchange is not complete and depends of the treatment applied, the
diffusion of the metal ions and the intrinsic selectivity of the metal ions
toward the zeolite framework.

The surface metal contents, probed by XPS spectroscopy for selected
samples, shows that in the case of parent BEA-IE samples, the amount of
metal ions Mn and Cu detected at the surface is very large, when
compared with the total amount, especially in the case of Mn.

Fig. 6 displays the high-resolution XPS spectra of the photoelectron
regions of the metal species present in the MnBEA-IE (A) and CuBEA-10-
10-IE (B) samples, as examples.

High-resolution spectra of the Mn 2p region include four peaks at
639.1, 640.2, 643.4, and 647.4 eV for Mn 2p3/2, and two peaks at 652.8
and 654.7 eV for Mn 2p1/2, suggesting that the manganese species in
BEA structure share the same oxidation state.

The major contribution in the Mn 2p3/2 broad band deconvoluted in
four peaks is the peak at 640.2 eV (20%) followed by 643.4 eV (18%) for
MnBEA-IE. These BE values are probably typical of manganese cations in
the oxidation state (II) or (IV), according to the NIST XPS database and
the literature [28-30]. The presence of both oxidation states in these
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Fig. 5. TEM images of MnBEA-DAT-IE (A) and MnBEA-10-10-M (B) samples; EDX spectra of MnBEA-DAT-IE (C); SEM images of chemically treated CuBEA-DAT (D)
and mechanochemically modified MnBEA-10-10-M (E) samples.

Table 3
Metal contents quantified by ICP-AES and XPS (values in bold). For “*” sample, value from Ref. [20]. Note: Metal names were added as prefixes, while suffixes
indicated the incorporation method: IE — ion exchange, M — mechanochemistry.

Sample Metal content (wt.% and mmmol)
Al Mn Cu Fe
(wWt%) (mmol) (wWt%) (mmol) (Wt%) (mmol) (wt%) (mmol)
MnBEA-IE 2.88 1.04 0.44 (0.40) 0.080 - - - -
MnBEA-D-IE 2.47 0.84 0.08 0.015 - - - -
MnBEA-DAT-IE 1.75 0.57 0.20 0.018 - - - -
MnBEA-10-10-1E 3.33 1.04 0.56 0.100 - - - -
MnBEA-10-10-M 2.81 0.87 1.20 0.220 - - - -
CuBEA-IE 2.45 0.91 - - 0.93 (0.76) 0.15 - -
CuBEA-D-IE 2.22 0.82 - - 0.50 0.08 - -
CuBEA-DAT-IE 2.00 0.74 - - 0.40 0.06 - -
CuBEA-10-10-1E 1.85 0.69 - - 0.83 (0.11) 0.13 - -
FeBEA-IE 2.47 0.92 - - - - 1.06 0.19
FeBEA-D-IE 1.83 0.68 - - - - 0.77 (0.26) 0.14
FeBEA-DAT-IE 1.50 0.56 - - - - 0.85 (0.43) 0.15
FeBEA-10-10-1E 1.92 0.71 - - - - 1.05 0.19
FeBEA-10-10-M* - - - - - - 0.65 -
zeolites is attributed to their higher Si/Al ratio, alongside a lower con- The high-resolution spectrum of the Cu 2p region for CuBEA-10-10-
centration of manganese ions, as proposed in other studies [29,30]. IE shows a poor peak fit, suggesting that the metal is predominantly
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Fig. 6. High XPS spectra of Mn and Cu photoelectron regions from MnBEA-IE (A) and CuBEA-10-10-IE (B).

located within the zeolite structure. However, the contributions of the
two peaks in both Cu 2p3/2 and Cu 2p1/2 regions are similar, with each
accounting for approximately 50%. The largest contribution within the
Cu 2p3/2 doublet is 33.5% at 933.58 eV, while for Cu 2p1/2, it is 30% at
953.74 eV values that are consistent with the oxidation state of copper
(ID) [28,31,32]. Finally, in the high-resolution Fe 2p spectra of both
iron-BEA samples, five distinct peaks are identified, two for Fe 2p1/2
and three for Fe 2p3/2 regions. The BE values identified, in accordance
with the NIST XPS database and the literature, indicate that the surface
Fe is associated with ferric ions (Fe®™) [28,29,33].

XPS analysis revealed surface metal concentrations that differed
from the total metal contents determined by ICP-AES, highlighting the
heterogeneous distribution of metals within the zeolite framework and
the influence of the preparation method. Specifically, MnBEA-IE
exhibited a Mn surface concentration of 0.40 wt%, while CuBEA-10-
10-IE showed 0.11 wt% Cu, indicating that the synthesis approach
strongly affects the distribution of metals within the pore structure. For
Mn-BEA-IE, 91% of the total amount of Mn is located near the surface, as
well as 82% of Cu is on the surface in the CuBEA-IE sample (see Table 3).
Remarkably, for CuBEA-10-10-IE, the textural and morphological
modification made by the mechanochemical treatment allowed an
effective diffusion of the Cu inside the pores since only about 13 % of the
total Cu amount is located at the external surface. Nevertheless, this was
not observed for the FeBEA-D-IE and FeBEA-DAT-IE samples, in which
only 34% and 51%, respectively, of the total Fe was located on the
external surface, while the remainder was successfully exchanged into
the pore structure. This behaviour contrasts sharply with the high sur-
face metal concentrations observed for MnBEA-IE and CuBEA-IE. The
development of mesoporosity induced by chemical treatments positively
affected metal ion diffusion within the zeolite pore network during ion
exchange. In the mechanochemically modified samples, the reduced size
of the milled crystal aggregates shortened the diffusion path length,
thereby explaining the enhanced metal loading (Table 3). Moreover,
these samples exhibited a pronounced shift in surface versus internal
metal distribution; for example, CuBEA-10-10-IE contained only 13%
surface Cu compared to 82% for CuBEA-IE.

In order to understand if all metal ion species are ion exchanged in
BEA framework, FTIR analysis was performed with BEA, MnBEA-IE,
CuBEA-IE and FeBEA-IE (Fig. Sla)) and the modified samples
(Fig. S1b) and c)).

The BEA zeolite spectrum in the 3750-3000 cm™' region shows
distinct v(OH) vibrations at 3650 cm! and a broad band in the
3600-3000 cm™! range. These bands are attributed to OH groups
associated with extra-framework or partially extra-framework Al species
and to hydrogen-bonded silanols or hydrogen-bonded framework-
bridged OH groups (Si—-OH-Al sites), respectively [34-37]. The T-O-T
vibrational bands, characteristic of framework Si-O or Al-O bonds,
appear in the regions 1000-1300 cm™! and 620-800 cm™!, corre-
sponding to asymmetric and symmetric stretching vibrations, respec-
tively [34-37]. The band at 1470 em ™! s likely associated with the
presence of NHJ ions acting as counterions in the zeolite framework
[37], (Table S1).

The metal-modified samples exhibit the typical bands of BEA zeolite,
confirming that the parent framework structure is preserved after metal
incorporation. After the introduction of metal ions in BEA zeolite, the
intensity of the broad band 3600-3000 cm ™! decreased and the band at
1470 cm™? disappeared, which confirms that these sites have ion ex-
change capacity [37]. These changes indicate that the ion exchange with
metal ions occurred successfully, suggesting an overall ion-exchange
process within the zeolite structure.

For both the chemically and mechanochemically modified samples,
the same spectral pattern was observed for all materials, although a
reduction in the intensity of the characteristic BEA zeolite bands was
noted, as is evidenced in the spectra of the CuBEA series, as example
(Fig. S1b) and c)).

3.3. Heterogeneous Fenton reaction

The degradation of methylene blue (MB) was performed by hetero-
geneous Fenton or Fenton-type reaction. MB, a dye from the phenothi-
azine family, was selected as a model molecule to study degradation
behaviour of the samples [20]. The temperature (40 °C) and pH (3.0)
were set based on the optimal values identified in a preliminary study
conducted in a semi-batch reactor under atmospheric pressure and
stirring [10,38,39]. Similarly, the catalyst mass (0.4 g/L), hydrogen
peroxide concentration (70 mM), and the equilibrium step of, at least 1 h
of contact between the samples and MB to isolate the catalytic perfor-
mance from the initial adsorption phenomena, was previously optimized
[20]. In addition, to investigate possible influence of parent and starting
zeolite samples (without ion metal loadings) control experiments were
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made. In the sole presence of Hy0,, a negligible MB conversion was
noted, meaning that the reaction is only effective in the presence of the

heterogeneous catalysts.

Fig. 7 presents the kinetic curves for the degradation of MB over a 60-
min reaction period in the presence of Mn, Cu and Fe-BEA prepared
samples. To compare quantitatively the catalytic performance, kinetic
constants were calculated from the observed kinetic using pseudo-
second-order (Eq. (1)) model, since previous studies demonstrated
that this model offers a closer description of Fenton reaction kinetics as it
allows to capture the interaction between reactive species and the

catalyst [38,39].

1 1
[Col  [Co](kapat) +1

where [C] is the dye concentration, [Cp] is the initial dye concentration,
kap2 is the pseudo-second order constant and t is the reaction time.
The numerical results of the kinetic constants, determined using

Table 4

Materials Chemistry and Physics 358 (2026) 132500

Pseudo-second-order model applied to MB degradation: kinetic constant (kap2)

and statistical parameters for the nonlinear regression. The data for sample ”*”

are quoted from Ref. [20].

Sample Kkap2 (ppm~! min~?) R? SFit F N
MnBEA-IE 0.0021 =+ 0.0003 0.936 0.0643 72.7 7
MnBEA-D-IE 0.0008 =+ 0.0001 0.948 0.0496 60.3 6
MnBEA _DAT-IE 0.0010 = 0.0002 0.923 0.0776 60.3 6
MnBEA-10-10-1E 0.0012 =+ 0.0002 0.897 0.0640 43.6 6
MnBEA-10-10-M 0.0069 =+ 0.0010 0.922 0.0644 47.6 5
CuBEA_IE 0.0049 =+ 0.0040 0.974 0.0400 183.7 6
CuBEA-D-IE 0.0013 =+ 0.0001 0.941 0.0382 64.1 5
CuBEA-DAT-IE 0.0008 =+ 0.0001 0.945 0.0518 68.8 5
(Eq. 1) CuBEA-10-10-1E 0.0230 =+ 0.0030 0.975 0.0530 198 6
FeBEA_IE 0.0070 =+ 0.0010 0.971 0.0665 134.1 5
FeBEA-D-IE 0.0008 =+ 0.0001 0.977 0.0280 211.9 6
FeBEA-DAT-IE 0.0310 =+ 0.0020 1.000 0.0062 19593.5 6
FeBEA-10-10-1E 0.0043 =+ 0.0009 0.947 0.0879 88.8 6
FeBEA-10-10-M* 0.0034 + 0.0006 0.953 0.0740 79.0 5

Table Curve 2D 5.0 software, are presented in Table 4 as well as the

statistical parameters for the non-linear regression i.e. coefficient of

determination (R?), fit standard error of the regression (sgi), Fisher-
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Fig. 7. MB degradation kinetic curves for MnBEA series (A), CuBEA series (B) and FeBEA series (C). The markers denote the experimental values and the dashed lines
correspond to pseudo-second-order model. FeBEA-10-10-M* sample from Ref. [20].
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Snedecor parameter (F) and the number of data points used (N).

As anticipated from the fundamental Fenton chemistry principle, Fe-
loaded samples demonstrated superior catalytic performance compared
to Cu and Mn analogues, reflecting Fe's well-established role as effective
metal for *OH generation [10,27,38,39]. This can be partially attributed
to the higher ion metal content of the Fe loaded samples, as confirmed
by ICP-AES analysis (Table 3), In fact, the amount of ion metals is, in
general, well correlated with the obtained rate constants as can be
observed in Fig. 8. However, there are some outliers, precisely on Fe
loaded samples, suggesting that the characteristics of the zeolite support
may have some influence.

As can be seen on Fig. 7C, the chemically treated sample, FeBEA-
DAT-IE shows the highest catalytic efficiency, especially in the first
10 min reaction. By contrast, the other chemically treated sample
FeBEA-D-IE shows the worst performance compared to all samples of
FeBEA series, these correspond to the two-outlier points in Fig. 8.
Considering that, these samples contain similar amount of ion metal and
the XPS analysis reveal that a large amount of it is inside the zeolite
porous structure; this opposite behaviour can only be attributed to the
characteristics of the zeolite support. In fact, the desilicated sample
FeBEA-D-IE shows a decrease in Viyicro (see Table 1) due to partial pore
blockage by the debris formed as a consequence of the alkaline treat-
ment [21]. Therefore, despite that no limitations occur in the diffusion
of Fe ions during the ion exchange, the same is not true for the volu-
minous MB molecule, slowing the catalytic reaction, as seen on Fig. 7C
and by the low value of the rate constant on Table 4. On the other hand,
for FeBEA-DAT-IE, the acid washing after alkaline treatment removes
the debris, allowing some recovery of Vpjcro that, allied to an easier
diffusion promoted by the mesopores, which improves the access of MB
to the ion metal sites located inside the micropores.

For zeolites modified by mechanochemistry followed by ion ex-
change, higher amounts of metal ions are generally introduced
compared to the parent and chemically modified counterparts. This
enhancement can improve the catalytic efficiency, which is attributed to
the facilitated access of MB molecules to the internal active sites, as the
reduced size of the milled crystal aggregates shortens the diffusion
pathway. It must be emphasized that the simultaneous introduction of
the zeolite and metal ion precursors in the ball mill resulted in improved
catalytic efficiency, especially for MnBEA-10-10-M, where the amount
of Mn introduced is two times higher when compared with IE method,
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Fig. 8. Pseudo-second-order rate constants as a function of the total amount of
loaded metal ions.
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resulting in a rate constant gain of almost six times. On the other hand,
for Fe samples in the same conditions, a decrease of about 40% in the ion
metal content led to a solely reduction of the rate constant from 0.0043
to 0.0034 ppm ! min~! (about 20 %).

The choice of metal precursors was guided by their well-established
suitability for zeolite ion exchange. During the ion exchange process,
these cations replace charge-compensating species associated with the
anionic zeolite framework. The higher charge density of Fe>* compared
to Cu?" and Mn?" likely results in stronger electrostatic interactions
with framework sites, which is consistent with the higher and uniform
Fe loadings observed across the different samples. With respect to cat-
alytic performance, the presence of Fe*' aligns with classical Fenton
chemistry, in which the Fe3*/Fe?* redox cycle enables efficient gener-
ation of eOH radicals, responsible for the degradation of the MB mole-
cules. In contrast, Cu?’* and Mn?* participate in Fenton-type
mechanisms. These systems are generally more sensitive to metal
dispersion, coordination environment, and accessibility, which is re-
flected in their catalytic behaviour [10,19]. Notably, mechanochemical
incorporation of Mn resulted in a six-fold increase in the rate constant
compared to conventional ion exchange (Table 4), while the improved
internal distribution of Cu in mechanochemically modified zeolites led
to an almost five-fold enhancement in activity (Table 4). This pro-
nounced dependence on preparation method for Cu- and Mn-based
catalysts highlights the importance of optimizing both the metal incor-
poration strategy and the support structure in Fenton-type catalytic
systems.

Catalyst stability and reusability have been previously evaluated for
analogous metal-zeolite systems prepared using similar methodologies
in this study [20]. In that work, iron-loaded zeolite catalysts prepared
through both ion exchange and mechanochemical methods demon-
strated high degradation efficiency (85-95%) over two consecutive
catalytic cycles, confirming good reusability. For the third cycle, the
degradation efficiency reduced significantly due to progressive iron
leaching, however control studies with Fe>* in solution with concen-
trations equivalent to the zeolite iron content demonstrated that leached
iron contributes negligibly to methylene blue degradation. These results
validate the practical stability and predominantly heterogeneous nature
of metal-loaded zeolite catalysts prepared through methodologies
employed in the current study. Future work will focus on stability and
reusability evaluations of specific catalysts identifies in this study,
particularly FeBEA-DAT-IE and the high-loading MnBEA-10-10-M sam-
ples, to establish their long-term performance characteristics and opti-
mize regeneration protocols.

Throughout this study, two main questions were addressed: (i) Can
these modification methods enhance the catalytic activity in Fenton-type re-
action? The results demonstrate that enhancement in the catalytic per-
formance can be achieved through the optimal combination of high
metal content, increased mesoporosity, and adequate crystallinity.
Overall, chemically modified BEA zeolite with metal incorporation
through ion exchange showed lower metal loading and rate constants
when compared to the pristine metal-loaded BEA zeolite, except for
FeBEA-DAT-IE, which exhibited an exceptional rate constant (0.031
ppm ! min~1). This superior performance can be explained by the
combination of the high iron content and the favourable textural char-
acteristics of modified BEA zeolite. Indeed, the hierarchical structure of
FeBEA-DAT-IE sample exhibited increased micropore and mesopore
volumes, allowing better diffusion of MB molecules to the active metal
sites located within the pore network. Mechanochemically modified
BEA zeolite with co-incorporation of metal species showed superior
metal loading and increased rate constants, particularly evident for
samples containing manganese. MnBEA-10-10-M sample showed a 2.7-
fold increase in metal loading and a 6-fold enhancement in rate constant
when compared to the conventional ion exchange method applied to
mechanochemically modified BEA zeolite.
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(ii) Which modifications yield the most effective nanomaterial for potential
biomedical applications? To answer this, several factors should be
considered: the metal content, the metal accessibility, and the
physical characteristics of the resulting materials. Regarding metal
accessibility, it should be noted that metals present at external
surfaces are more susceptible to leaching, potentially reducing long-
term stability. Concerning physical alterations, mechanochemically
modified samples showed a decreased external surface area and
exhibited more densely packed structures. This densification pre-
sents both advantages and challenges for biomedical applications:
while the reduced particle size falls within the optimal range for
biological systems (20 — 150 nm), the increased density may affect
dispersibility in aqueous media. However, mechanochemically
modified samples show promising improvements in terms of cata-
lytic performance, combined with favourable particle size distri-
butions, making them viable candidates for potential biomedical
applications. The enhanced metal loading efficiency and superior
catalytic activity, particularly demonstrated by manganese-
containing samples, position these materials as promising plat-
forms for CDT applications where controlled radical generation is
essential.

Conclusions

Successful modifications of BEA zeolite were achieved through
chemical and mechanochemical treatments, followed by the incorpo-
ration of transition metals (Fe, Cu, Mn) via ion-exchange and mecha-
nochemical methods. These modifications showed enhanced catalytic
activity in Fenton-type reactions, with mechanochemical co-
incorporation, particularly of Mn, yielding the highest metal loading
and rate constants. While chemically modified samples were generally
less efficient, FeBEA-DAT-IE stood out due to its high Fe content and
hierarchical structure. These results are quite promising since the
combination of two positive effects results in the production of more
effective Fenton heterogeneous catalysts: (i) the preparation of metal
loaded catalyst in ball mill waives the use of solvents and further drying
steps, which is particularly relevant in large-scale processes; (ii)
mechanochemically modified samples also exhibited favourable particle
sizes for biomedical use, positioning Mn-BEA zeolite samples as prom-
ising candidates for biomedical applications.
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