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ABSTRACT: Rare Earth Metals (REMs) are vital for advanced technologies, yet they face increasing
supply risks, emphasising the need for efficient recovery from secondary resources such as NdFeB
magnet waste. The present work details the development and characterisation of magnetically responsive
vermiculite-based nanocomposites, with and without alginate immobilisation, aimed at the selective
recovery of neodymium (Nd(III)) and dysprosium (Dy(IIl)) ions from synthetic solutions and real
NdFeB magnet leachate. The composites were synthesised by incorporating Fe,O, nanoparticles into
vermiculite, and, in some cases, the resulting material was encapsulated in alginate beads. X-ray
diffraction was utilised to confirm the formation of magnetite, while the magnetic responsiveness of all
sorbents was sufficient for straightforward separation. The presence of additional functional groups,
including hydroxyl, carboxyl, and silicate, was shown to enhance sorption performance. Although
alginate immobilization significantly reduced sorption kinetics, it led to higher sorption capacities and
enhanced structural stability. Non-immobilised materials exhibited greater selectivity for Nd(III) over
Dy(IIl), a critical challenge in the separation of REMs. Regeneration studies confirmed the efficient
metals desorption when complexing agents were utilised. The high sorption performance of these low-
cost and eco-friendly nanocomposites in real leachate systems demonstrates their applicability for
sustainable REM recovery from e-waste streams.
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1 Introduction

Rare earth metals (REMs) are scarce and strategically
important resources for the green energy sector (Filho
etal., 2023). Elements such as neodymium and
dysprosium are essential for manufacturing NdFeB
magnets, which are used in equipment and technologies
like hard drives and wind turbines. Furthermore, these
elements are considered among the most critical rare
earth metals due to their supply risk and significance
for clean energy (Cardoso etal., 2019). The scarcity
and strategic importance of these elements have driven
research into REMs recovery technologies within the
context of the circular economy (Depraiter and Goutte,
2023).

In this context, secondary sources, such as electronic
waste and industrial by-products, are crucial to the
circular economy of REMs, as they provide a
sustainable alternative to primary mining, while
reducing environmental impacts and supply chain risks
(Jyothi etal.,, 2020). Among secondary sources,
leachates from hard drives and electronic waste are
particularly promising due to their high metal
concentration, that offers environmental and economic
advantages, often exceeding those found in ores
(Vuppaladadiyam etal., 2024). Sorption processes,
integrated into hydrometallurgical routes for recovering
REMs from NdFeB magnet scraps, are effective at low
concentrations and are direct, efficient, and cost-
effective (de Vargas Brido et al. 2022).

Several studies have investigated the sorption of
individual REMs. However, only a few sorbents have
been applied to concentrate and recover REMs from
magnet-waste leachates, such as sodium polyacrylate
core-shell fibers and nanoporous zeolitic imidazolate-8
framework nanocrystals (Jung etal. 2024), green
microalgae (Kucuker et al., 2017), bifunctional meso-
porous silica (Dudarko et al.,, 2022), EDTA-func-
tionalized chitosan (Srivastava et al., 2024), alginate
beads (Emil-Kaya et al., 2024), and vermiculite (de
Vargas Brido et al. 2024). Despite the efficient removal
of REMs by these sorbents, the main challenge faced by
sorption-based separations is selectivity. To overcome
this, promising strategies such as surface functiona-
lization (Dudarko et al., 2022; Srivastava et al., 2024)
and selective desorption processes (de Vargas Brido
et al.,, 2024; Jung et al., 2024) have been proposed.
Another common challenge is the overall stability of
sorbents, which must resist degradation over multiple

use cycles, thereby improving the economic viability
and sustainability of the process (de Vargas Brido et al.,
2022). According to Xiang et al. (2025), biopolymers,
carbon-based materials, and nanomaterials have shown
promising potential for reuse due to their easy
combination with other materials and biodegradability,
thereby enhancing the stability of the final sorbent
without compromising the safety or environmental
compatibility of its disposal.

Among these, vermiculite, a clay mineral, offers
several advantages including low cost, wide availa-
bility, high cation exchange capacity, and chemical
stability (Feng et al., 2020). Magnetic nanoparticles
(MNPs) are promising sorbents for the recovery of
REMs from wastewater due to their high adsorption
capacity, large specific surface area, selective sorption
enabled by surface functionalization, and efficient reuse
via magnetic separation (Kegl et al., 2020; Molina-
Calderén et al., 2022). Recently, various types of
magnetic nanoparticles have been proposed for
removing REMs from aqueous solutions, such as
calmodulin-functionalized magnetite silica nanoparticles
(NPs) (Ye et al., 2023), hematite NPs (Zhao et al.,
2024), and functionalized mesoporous magnetite silica
(Lietal., 2018).

Despite these advantages, MNPs face challenges such
as self-aggregation behaviour of nanosized particles
(Lu, 2012) and low reusability due to iron leaching
during sorption and desorption cycles (Artiushenko
et al., 2023). For this reason, MNPs are often coated
with a polymer layer or immobilized within a polymeric
matrix. Biopolymers have been investigated as matrices
for immobilizing MNPs that meet sustainability and
renewability criteria, while enhancing sorption capacity
through the wide variety of functional groups in the
final composite, such as hydroxyl, amine, and carboxyl
groups (de Vargas Brido et al., 2020).

Several low-cost, widely available biopolymers have
been employed to produce biocomposites incorporating
iron-based MNPs, including cellulose (Rahmatika et al.,
2020), lignin (Gautam etal., 2024), starch
(Rakotomalala Robinson etal., 2023), carrageenan
(Macedo etal.,, 2022), chitosan (Gonzalez-Martinez
et al., 2021), and alginate (Kloster et al., 2020). Among
these, alginate, an anionic linear polysaccharide, is well
known for its simple procedure to form homogeneous
spherical beads through ionic crosslinking (Ciarleglio
etal.,, 2023) and has demonstrated excellent perfor-
mance in the removal of REMs from aqueous solutions
(da Costa et al., 2021).
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Thus, this study aims to investigate the effect of
vermiculite content on magnetic nanoparticles, either
immobilised or not within alginate spheres, on the
efficiency of REMs removal and recovery from NdFeB
magnet leachate. Through this approach, this study
seeks to develop advanced and innovative sorbents that
provide a sustainable and cost-effective alternative for
REMs recovery, thereby addressing the critical scarcity
of these resources and supporting the circular economy
of these strategically important materials.

2 Materials and methods
2.1 Chemicals and materials

The chemicals and materials used in this work are listed
in the Supporting Information.

2.2 Sorbent synthesis

2.2.1 MNP@VermX

Expanded vermiculite was first crushed in a ball mill
and sieved. The fraction retained on a 400-mesh sieve
(0.037 mm opening) was collected. Next, the magnetic
nanocomposite (MNP@VermX) was synthesised by
adapting the method proposed by Schwertmann and
Cornell (2000) for the synthesis of magnetite
nanoparticles via oxidative hydrolysis, with vermiculite
powder added in different proportions to the reaction
medium. The procedure (Fig. 1(a)) involved dissolving
1.90 g of potassium hydroxide and 1.52 g of potassium
nitrate in 25 mL of deoxygenated water (previously
purged with N, for 2 h) at 60 °C under continuous
nitrogen flow with stirring at 500 r/min. Then, a
mixture of 4.73 g of iron sulfate heptahydrate and 0.2,
0.6 or 1.0 g of vermiculite was added dropwise to the
alkaline medium, and the stirring speed was increased
to 700 r/min for 30 min. Afterward, the solution was
heated to 90 °C for 4 h under a nitrogen atmosphere
without stirring. The final product was then magne-
tically separated, washed with deoxygenated water and
ethanol and subsequently dried at 40 °C. The resulting
samples were labelled as “MNP@VermX”, where X
represents the mass of vermiculite used in the synthesis
(0.2,0.6 or 1.0 g).

2.2.2 Alg@MNP@Verml.0

MNP@Verm1.0 exhibited the most effective sorption
of Nd(IIT) and Dy(III) (method described in Section
2.4.2.1) and was selected for the preparation of
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Fig.1 Schematic representation of the synthesis route of
MNP@VermX (a) and Alg@MNP@Verm1.0 nanocomposites (b).

vermiculite-alginate  magnetic beads via ionic
crosslinking (da Costa etal., 2022). Specifically, an
aqueous alginate solution (2%, w/v) was prepared by
dissolving 0.5 g of the biopolymer in 25 mL of
deionized water under continuous magnetic stirring at
1000 r/min for 30 min. Subsequently, 1.0 g of
MNP@Verm1.0 nanoparticles was dispersed in the
alginate solution using a glass impeller. The dispersion
was then homogenized in an ultrasonic bath to
eliminate air bubbles. Next, the solution was
continuously dripped into a 5 % (w/v) CaCl, solution
under magnetic stirring until a vortex formed. A
peristaltic pump was used for dripping, with the hose
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attached to the tip of a pipette to produce uniform drops were analysed by X-ray photoelectron spectroscopy
(Fig. 1(b)). The resulting hydrogels were dried at room (XPS) (Thermo Scientific, Czech Republic), in which
temperature for 72 h. The magnetic beads were labelled the Al Ko line energy was 1486.6 eV, operated at a

as Alg@MNP@Verm1.0. base pressure of 7 x 1078 mbar with a 200 um spot size.
Survey spectra were acquired over 10 scans at a
2.3 Sorbents characterization resolution of 0.50 eV, and elemental analysis by 15

scans with a resolution between 0.1 and 0.5 eV.
The magnetic saturation curves (VSM) of all
MNP@VermX and Alg@MNP@Verml.0 samples 2.4 Sorption
were obtained using a superconducting quantum
interference device (SQUID) magnetometer (Quantum  2.4.1 General aspects
Design, USA). Isothermal magnetization (M) as a
function of the applied magnetic field (H) was Sorption experiments were conducted in batch. A
measured at 5 K, 300 K, and 380 K. Geometric effects sorbent dosage of 0.1 g/L was used with binary or
were corrected according to the method described by —multi-metal solutions under stirring at 200 r/min for
Amorim et al. (2021). 24 h. The tests were performed at room temperature in
The crystallinity of the MNP@VermX and an orbital shaker (ZWYR-240, Labwit, Australia),
Alg@MNP@Verm1.0 samples was evaluated by X-ray except the kinetic studies were carried out under
diffraction (XRD) using a PANalytical Empyrean X-ray mechanical agitation to collect aliquots over time. The
diffractometer (PANalytical, Almelo, Netherlands) with pH was adjusted to 3.5 = 0.1 by adding small volumes
the CuKa monochromatic radiation operated at 45 kV  of 0.1 mol/L nitric acid.
and 40 mA. After each experiment, the sorbent was separated
The functional groups of MNP@VermX and Alg@ using an external magnetic field, and the liquid aliquots
MNP@Verm1.0 were identified by diffuse reflectance were filtered with syringe filters (Chromafil Xtra,
infrared Fourier transform spectrometry (DRIFT) using 0.20 pm porous). Subsequently, 25 uL of 65 % HNO,
a Jasco FT/IR 4X spectrometer (Japan). The samples was added to each aliquot to preserve the samples prior
were scanned at a resolution of 4 cm™! over the to analysis. The initial and final metals concentrations
wavelength range of 349-4000 cm™!, and the spectra were measured using Inductively Coupled Plasma Mass
were expressed in Kubelka-Munk units. Spectrometry (ICP-MS, Agilent 7700, USA). The
The morphologys of both samples were examined sorption efficiency parameters evaluated in this study
using  scanning electron microscopy coupled with  are the removal percentage (R) and sorption capacity

energy dispersive spectroscopy (SEM-EDS) (LEO (4), calculated by Egs. (1) and (2):
Electron Microscopy, UK).

Thermal stability was evaluated by thermogravi- R= G-C x 100%, (1)
metric and differential thermal analyses (TGA/DTA) Co
using a DTG-60 system (Shimadzu, Japan). The C —-C
. 0
analyses were performed under nitrogen atmosphere 9=—c )

(50 mL/min) with a heating rate of 20 °C/min.
The zeta potential of the samples was determined Where Cy is the initial concentration (umol/L) of the

using a Malvern Zetasizer Nano ZS (Malvern metalions, C is the concentration at any time 7, and C;

Instruments, UK) by electrophoretic light scattering. 1S the sorbent dosage (g/L).

The samples, MNP@Verm1.0 and milled Alg@MNP@

Verml.0, were dispersed in ultrapure water, and the pH 2.4.2 Binary study

of the suspensions was adjusted by the addition of

0.1 mol/L HNO; or 0.1 mol/L NaOH. Measurements ~Sorption studies were carried out using equimolar

were performed at 25 °C using disposable capillary solutions of Nd(IIT) and Dy(III) at a concentration of 10

cells (DTS1070). For each pH value, at least three umol/L. The working solutions were prepared from

independent measurements were performed, and the stock solutions obtained by dissolving 5 g of

results are reported as mean + standard deviation. neodymium(IIl) or dysprosium(IIl) nitrate hydrate in

Electrophoretic mobility was converted to zeta potential 100 mL of ultrapure water.

using the Smoluchowski approximation. This study investigated the effect of vermiculite
The Nd(III)- and Dy(Ill)-loaded materials (loaded- content on the sorptive response of magnetic

MNP@Verm1.0 and loaded-Alg@MNP@Verm1.0) nanocomposites in the NdA(III)/Dy(IIl) system using
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MNP@VermX sorbents. After identifying the optimal
magnetic sorbent, the performances of both alginate-
immobilized and non-immobilized sorbents were
assessed in terms of the pH effect, sorption kinetics,
equilibrium and desorption ability.

The effect of pH on the sorption efficiency of
MNP@Verm1.0 and Alg@MNP@Verml.0 was
evaluated by varying the initial pH from 1.0 to 6.0, by
adding nitric acid to the solutions. This pH range was
defined based on the simulated metal speciation in
aqueous solution using Visual Minteq 3.1.

Sorption kinetics were assessed by collecting aliquots
at predetermined time intervals. Experimental data were
fitted to reaction- and diffusion-based kinetic models
using nonlinear regression, specifically the pseudo-first
order (PFO, Eq. (S1)) (Lagergren, 1898), pseudo-
second order (PSO, Eq. (S2)) (Ho and McKay, 1998,
1999), Elovich (Eq. (S3)) (Aharoni and Tompkins,
1970; Wu et al., 2009), Weber and Morris (Weber and
Morris, 1963) (Eq. (S4)), and Boyd models (Egs.
(S5)—(S9)) (Boyd et al., 1947; Viegas et al., 2014) .

Sorption equilibrium studies were conducted using
equimolar binary solutions with fixed initial concen-
tration (10 pmol/L for each element) and varying
sorbent dosage, at 25 °C. Samples were collected at the
beginning and after 24 h of contact, acidified and
analysed by ICP-MS. Equilibrium data were modelled
using two- and three-parameter models: Freundlich (Eq.
(S10)) (Freundlich, 1906), Langmuir (Eq. (S11))
(Langmuir, 1918), Dubinin-Radushkevich (Egs. (S12)-
(S14)) (Dubinin and Radushkevich, 1947), Brunauer-
Emmett-Teller (BET, Eq. (S15)) (Brunauer et al.,
1938), Sips (Eq. (S16)) (Sips, 1948) and Toth (Eq.
(S17)) (Téth, 1995, 1997). Details of the equations and
the fitting methodology are provided in the Supple-
mentary Material.

Desorption studies were conducted to evaluate the
performance of six eluents: NH,Cl, MgCl, 6H,0,
DTPA, Na,EDTA-2H,0, HNO;, and HCI. The loaded
sorbents were prepared by contacting 0.1 g/L of
MNP@Verm1.0 and Alg@MNP@Verm1.0 with binary
solutions (pH 3.5 + 0.1) under stirring at 200 r/min for
24 h. Then, aliquots of 10.0 mg of the loaded sorbents
were contacted with 0.1 L of each solution (0.01 mol/L)
for 24 h. The Nd(IIT) and Dy(IIl) concentrations in the
eluates were analysed by ICP-MS. Desorption
efficiency was evaluated based on the difference in
sorbed phase concentration (Ag, umol/g) (Eq. (3)) and
desorption efficiency (D, %) (Eq. (4)).

_CE

A ’
C]CJ

3)

A
D=10024, @)
q
where C; is the metal concentration in the eluate
solution (umol/L).

2.4.3 Leachate of permanent magnets NdFeB

The efficiency of the sorbents (MNP@Verm1.0 and
Alg@MNP@Verml1.0) for concentrating REMs from
an NdFeB magnet leachate was evaluated by mixing
0.1 g/L of each sorbent with a simulated leachate
solution (pH 3.6) containing 7.27 mmol/L Fe(III),
0.034 mmol/L AI(IIl), 0.026 mmol/L Ni(Ill), 0.43
mmol/L Zn(II), 0.12 mmol/L Co(II), 0.015 mmol/L
Mn(II), 0.048 mmol/L Dy(IIl), 0.74 mmol/L Nd(III),
and 0.26 mmol/L of Pr(Ill) at 22 °C. The leachate
composition was prepared following Brewer et al.
(2019), where NdFeB magnetic scrap was leached with
sulfuric acid (1 mol/L).

After 24 h, the sorbents were washed with ultrapure
water, dried at 40 °C, and subsequently immersed in the
most effective eluents identified in the binary sorption
study. The metals concentrations in the eluates were
measured using inductively coupled plasma optical
emission spectrometry (ICP-OES) using a Perkin-Elmer
Optima 4300 DV spectrometer (USA).

The sorptive performances of the sorbents were
determined from the concentration of each metal in the
sorbed phase, according to Eq. (1).

2.5 Assessment of data correlation quality

The adjusted coefficient of determination (R.,) (Eq.
(S18)), the standard deviation of the residuals (S,.)
(Eq. (S19)), and the Akaike information criterion (AIC)
(Eq. (S20)) were used to assess the quality of fit of the
kinetic and equilibrium models (Simonin, 2016; Tan
and Hameed, 2017; Wang and Guo, 2020). Nonlinear
regression was performed using GraphPad Prism 10.4.0
software. Details are provided in the Supplementary
Material.

3 Results and discussion
3.1 Characterization of sorbents

Figure 2 shows the magnetic saturation curves (VSM)
of the MNP@VermX nanocomposites and the
Alg@MNP@Verml.0 spheres. The curves provide key
parameters, including the saturation magnetization
(M,,,) and coercive field (Hc) (Table 1).

at
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Fig. 2 Magnetization as a function of the applied magnetic field at 5 K, 300 K, and 380 K for MNP@Verm0.2 (a),
MNP@Verm0.6 (b), MNP@Verml1.0 (c), and Alg@MNP@Verm1.0 (d). The inset shows new measurements made with the
remaining coil field removed/corrected, except for the 5 K cure, for which the high coercivity required a direct magnified view

of the original data.

The hysteresis observed in the VSM curves confirms
that the samples exhibit ferromagnetic or ferrimagnetic
behaviour (Ghasemi, 2022). This indicates that the
MNP have sizes exceeding the critical threshold for a
single magnetic domain, leading to ferromagnetic or
ferrimagnetic  properties rather than superpara-
magnetism (Callister and Rethwisch, 2018). Further-
more, MNPs intercalated within the MNP@Vermiculite
nanocomposites tend to exhibit combined ferro-
ferrimagnetic behaviour due to the elongated
morphology of the nanoparticles within the clay layers
(Chen et al., 2016).

Table 1 shows that the M, values of the samples
decreased with increasing vermiculite and alginate
content in the nanocomposites. At room temperature,
the Mg, value decreased from 71 emu/g for
MNP@Verm0.2 to 45 emu/g for MNP@Verm1.0, and
further dropped to 25.8 emu/g for Alg@MNP@

Verm1.0 due to the higher content of non-magnetic

compounds, resulting from the addition of alginate.
Despite this reduction, all samples exhibited sufficient
magnetization to enable easy separation from the
solution using an external magnetic field, confirming
the practical applicability of both MNP@VermX and
Alg@MNP@Verml.0.

Unlike M, which depends primarily on material
composition, the coercivity depends on structural
variables rather than chemical composition (Callister
and Rethwisch, 2018). Structural defects, such as non-
magnetic phases or voids, can hinder domain-wall
motion, thereby increasing Hc. Consequently, the
incorporation of non-magnetic components such as
vermiculite or alginate typically enhances coercivity.
As expected, M, values increased at lower
temperatures. This behaviour is attributed to the
decrease in thermal agitation as the temperature
approaches 0 K, allowing dipole moments to align more
completely and reach maximum magnetization

6 https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783
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Table 1 Magnetic parameters of MNP@VermX and Alg@MNP@Verm!1.0 nanocomposites

Sample T(K) Mg, (emu/g) —Hc (Oe) +Hc (Oe)
MNP@Verm0.2 5 87+2 ~185+2 185+2
300 71+1 ~70+2 71+2
380 70+ 1 5842 55+2
MNP@Verm0.6 5 72+1 ~139+2 13842
300 56+ 1 ~102+2 87+2
380 56+ 1 —84+2 83+2
MNP@Verm1.0 5 63+1 ~190 +2 176 +2
300 45+ 1 —102+2 99 +2
380 45+1 8242 81+2
Alg@MNP@Verm1.0 5 348+04 372+15 352415
300 25.8+0.3 —125+2 123+3
380 24.0+03 —83+2 75+3

regardless of the applied field strength.

Figure 3(a) shows the characteristic diffraction peaks
of vermiculite and Fe;O, in all MNP@VermX
nanocomposites. Even in the Alg@MNP@Verml.0
spheres, some diffraction peaks associated with Fe;O,
were still identified. The peaks corresponding to the
1.43 nm (002) basal spacing, typical of vermiculite in
accordance with the ICDDPDF file no. 01-076-6603
(Valaskova et al., 2022), and those related to the (008)
plane became more pronounced with increasing
vermiculite content in the samples. However, the
characteristic (002) reflection is observed as a shoulder
of the peak at around 8.2 degrees (1.07 nm), which is
atypical for the vermiculite structure. This behaviour
may result from the exchange of K™ with Mg2* ions in
the interlayer during MNP synthesis, leading to a
contraction of the vermiculite basal spacing to 1.07 nm
(Malla, 1978; Delarmelinda etal.,, 2017). At low
vermiculite contents, the vermiculite interlayer becomes
fully saturated with K, resulting in the disappearance
of the (002) reflection (Dubus et al., 2023).

The characteristic diffraction peaks of Fe,O, were
observed at higher diffraction angles than those of
vermiculite. The diffraction peaks at 26 values of 18.3°,
30.2°, 36.5°, 38.2°, 42.9°, 53.8°, 57.3°, and 63.2°
correspond to the crystal planes of (111), (220), (311),
(222), (400), (422), (511) and (440), respectively, of the
iron oxide cubic phase (ICDDPDF file No. 04-013-
7099), confirming the presence of magnetite (Ancira-
Cortez et al., 2017; Rahman et al., 2017; Bugarci¢ et al.,
2021).

The Alg@MNP@Verml.0 spheres exhibit a
diffractogram with less intense peaks compared with
the respective non-immobilized sorbent (MNP@)
Verm1.0), which reflects the amorphous nature of the

polysaccharide alginate (Marangoni Junior et al., 2021)
with some crystalline structures associated with the
MNP@Verm1.0 content.

Figure 3(b) shows the FT-IR drift spectra of the
MNP@VermX nanocomposites. The spectra show a
strong peak characteristic of Si—O stretching vibrations
in the tetrahedral silicate layers of the vermiculite
structure, and the peak attributed to Fe—O stretching
(594 cm™!) of magnetite, whose intensity increases as
the amount of vermiculite in the composite decreases.

Figure 3(c) shows the FT-IR drift spectra of the non-
alginate sorbent (MNP@Verm1.0) and the alginate-
immobilized sorbent (Alg@MNP@Verml.0). The
main differences between the two spectra are the peaks
and bands corresponding to different functional groups
of the alginate present in Alg@MNP@Verml.0,
including: a broad band centered at 3282 cm™! due to
O—H stretching vibrations of the hydroxyl groups in the
alginate structure; a strong peak at 1604 cml,
attributed to the asymmetric stretching vibrations of the
carboxylate groups; and another peak at 1422 cm™!,
associated with the symmetric stretching of the same
functional group (COO-); some peaks in the region
between 1000-1270 cm™! corresponding to the C—O
and C—C stretching vibrations in the alginate
polysaccharide structure; and a small peak at 1310 cm™!
assigned to the bending vibrations of the O—H groups.

Other features present in both spectra include a
prominent peak characteristic of Si—O stretching
vibrations in the tetrahedral silicate layers of the
vermiculite structure, observed at 1003 cm™! in
MNP@Verml1.0 and slightly shifted to 1006 cm™! in
Alg@MNP@Verm1.0. The peaks at 813 cm™! in
MNP@Verm1.0 and 819 c¢cm™! in Alg@MNP@)
Verml.0 can be attributed to bending vibrations of
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Fig. 3 X-ray diffractograms (a) and FT-IR drift spectra of the non-
immobilized magnetic nanocomposites with different vermiculite
contents (MNP@VermX) (b) and of the non-immobilized magnetic
alginate composites containing 1.0 g of vermiculite (MNP@Verm1.0

and Alg@MNP@Verm1.0) (c).

Al-O within the octahedral vermiculite layers. In
addition, peaks at 629 and 450 cm™! are associated with
the bending vibrations of Si—O—Si and Si—O—Al bonds
in the silicate framework of vermiculite. In the
MNP@Verm1.0 spectrum, the identified peaks at 594,
383, 372, and 351 cm™! are attributed to the Fe—O
stretching and Fe—O bending vibrations of magnetite
nanoparticles. These peaks are shifted to 573 and 392,
379, and 368 cm™! in the alginate-immobilized sorbent.

The FT-IR spectra of the two sorbents reveal

prominent characteristic peaks of specific functional
groups of magnetite, vermiculite and alginate, con-
firming the preservation of their structural features in
the  non-immobilized and
sorbents, respectively. Minor shifts in the positions and
intensities of these peaks are attributed to the synthesis
process of the nanocomposites.

alginate-immobilized

The morphologies of both nanocomposites were

examined by scanning electron microscopy, as shown
in in Fig. 4.

The MNP@Verml.0 nanocomposite exhibits a

heterogeneous character with particles of variable sizes
and shapes and a rough surface (Fig. 4(a)). At higher
magnification (Fig. 4(b)), the layered structure of
expanded vermiculite with aggregates of magnetite
nanoparticles is observed, along with a high degree of
roughness and porosity.

The Alg@MNP@Verml.0 nanocomposite consists

of spheres with diameters of about 1 mm (Fig. 4(c)).
Although the surface is rough (Figs. 4(d) and 4(e)), the
alginate-immobilized sorbent exhibits a higher degree
of homogeneity than the non-immobilized one, due to
the presence of the polymer. Upon fracture of the
spheres, vermiculite layers in different orientations are
visible, together with aggregates of magnetite nano-
particles (Fig. 4(f)). Elemental analysis of both
composites indicates the presence of all elements
expected for expanded vermiculite (Mg, K, Fe, Si, Al,
O) and magnetite (Fe, O) (Table S3, Supplementary
Material).

Furthermore, in Alg@MNP@Verm1.0, the presence

of carbon and increased oxygen content is due to
alginate. In
Alg@MNP@Verml.0 result from the use of calcium
chloride as crosslinker in the synthesis of the
composite. With the exception of oxygen, whose
proportion increases, the relative content of the other
elements in Alg@MNP@Verml.0 decreases compared
with MNP@Verm1.0 due to the presence of alginate.
However, the proportions of the primary metals in
vermiculite remain nearly constant in both composites,
confirming the unchanged structure of the clay.

addition, Ca and Cl in

Figures 5(a) and 5(b) show the thermogravimetric
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Fig.4 SEM images of MNP@Verml.0 at magnifications

of 500x (a) and S5kx (b), and Alg@MNP@Verml.0 at

magnifications of 150x (c), 500% (d) and 2kx of the external surface (¢), and of the fracture (f).

(TGA) and differential thermal (DTA) analyses of
MNP@Verml.0andAlg@MNP@Verm1.0,respectively,
carried out in an air atmosphere.

The mass loss of MNP@Verm1.0 in the temperature
range of 30 to 1000 °C is primarily attributed to the loss
of water. However, a slight mass increase observed
between 140 and 220 °C is related to the oxidation of
Fe,O, to yFe,0; (Liang and Lu, 2020), which is
accompanied by an endothermic peak in the DTA
curve. Another DTA peak, observed between 720 and
800 °C, corresponds to the transition to aFe,0O,
(Monazam et al., 2014). The effect of temperature on
the vermiculite content in this temperature range is also
related to the loss of chemical structural water through
a dehydroxylation reaction. Thermal decomposition
above 800 °C leads to the formation of compounds such
as forsterite, mullite, and alumina (Feng et al., 2020).
The total mass loss of the MNP@vermiculite
nanocomposites was only 5 %.

Figure 5(b) shows that the initial mass loss (around
8%) up to 200 °C corresponds to dehydration and loss
of volatiles. In the range of 200-580 °C, the alginate
content undergoes thermal degradation in two distinct
steps (Pawar et al., 2020). This process involves the
cleavage of carbon chains and the formation of
carbonates (da Silva Fernandes etal., 2018). The
complete oxidation of the carbonates results in a slight
endothermic peak, with a minimum at 790 °C. Above
800 °C, the final degradation products remain stable up
to 1000 °C (Kragovi¢ et al., 2016). The final mass loss
of Alg@MNP@Verm1.0 was 40%, primarily attributed
to alginate degradation.

3.2 Sorption of neodymium and dysprosium from
binary solutions

3.2.1 Vermiculite effect

Figure 6 shows the effect of vermiculite content on the
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Fig.5 TGA and DTA of MNP@Verml.0 (a) and Alg@MNP@
Verm1.0 (b) nanocomposites.

sorption performance of the magnetic nanocomposites.
The results clearly demonstrate that the increase in
vermiculite content enhances the sorption capacity of
the magnetic nanocomposite.

MNP@Verm1.0 achieved the highest sorption
uptake, 63.0 umol/g for Nd(III) and 43.9 umol/g for
Dy(Ill). Vermiculite has a known cation exchange
capacity of around 1.43 mmol/g (de Vargas Brido et al.,
2021), which enhances the sorption capacity of single
magnetite nanoparticles. Based on these excellent
results, MNP@Verm1.0 was selected to synthesise
magnetic alginate beads, Alg@MNP@Verml.0, a
novel magnetic bionanocomposite.

3.2.2 pH effect

The pH of the medium is one of the most critical factors
in the sorption of charged adsorbates (Hisada and
Kawase, 2018; da Costa Costa et al., 2020), as it can
influence the speciation of ions in solution that are
attracted or repelled from the adsorbent surface.
Figure 7 shows the effect of pH on the sorption uptake
of magnetic nanocomposites with and without alginate

70' I Ndn)
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Fig. 6 Effect of vermiculite content on the sorption capacity of
magnetic nanoparticles towards Nd(III) and Dy(III). Experimental
conditions: Cygqy = Cpyany = 10 pmol/L; Cg= 0.1 g/L; stirring at
200 r/min; contact time of 24 h; pH 3.5+ 0.1.

immobilization.

For both sorbents, the sorption uptake increased with
increasing pH because, at higher pH, there is less
competition with H* ions. MNP@Verm1.0 showed
different sorption uptake wvalues for each metal,
especially in the pH range of 2.0-5.0 where Nd(III) was
preferentially sorbed over Dy(IIl). This behaviour was
not observed for the Alg@MNP@Verml.0 spheres,
where the sorption uptake values for both metals were
practically the same, except at pH 2.0.

Despite the best performance at high pH, a pH of
approximately 3.6 was selected for the kinetics and
equilibrium studies, as it corresponds to the pH of the
magnetic scrap leachates used as references in this
study (Brewer et al., 2019). At this pH, the sum of the
sorbed amounts of the two metals on each sorbent is
116.2 and 136.5 pumol/g for MNP@Verm1.0 and
Alg@MNP@Verml.0, respectively. This superior
overall performance of Alg@MNP@Verml.0 com-
pared to MNP@Verml.0 is intrinsically related to its
more negatively charged surface (Fig. 7(c)). At the
operating pH (3.6), the zeta potentials of the nano-
composites were around —4 and —19 mV, for MNP@
Verm1.0 and Alg@MNP@Verm1.0, respectively.

3.2.3 Kinetics

The sorption kinetic profiles of Nd(III) and Dy(III) on
MNP@Verm1.0 and Alg@MNP@Verm1.0 nanocom-
posites are shown in Fig. S1 (Supplementary Material)
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alongside the fits to the reaction models (PFO, PSO,
and Elovich) and diffusion models (Weber and Morris,
and Boyd), while the best-fit parameters and the quality
of the fits are provided in Table S4. The REMs sorption
kinetics of the REMs on the two nanocomposites are
significantly different.

For the NdA(III)/Dy(Ill):MNP@Verm1.0 system, a
steep increase in the amount of metals sorbed per mass
of sorbent (g,, pmol/g) is observed within the first hour,
followed by a slower sorption rate until equilibrium is
reached (Fig. S1(a)). In contrast, the Nd(IIT)/Dy(III):
Alg@MNP@Verml1.0 system shows an almost linear
and continuous increase in ¢, values throughout the
duration of the sorption assay (Fig. S1(b)). Moreover,
the kinetics of REMs sorption on MNP@Verm1.0 are
much faster than those on Alg@MNP@Verm1.0, with
equilibrium being reached at about 180 min for
MNP@Verm1.0, whereas 1440 min were still
insufficient to reach equilibrium for Alg@MNP@
Verml.0. Another interesting result concerns the non-
coincident pattern of ¢, values for Nd(III) and Dy(III)
on the MNP@Verml.0 nanocomposite, which led to
different equilibrium values for Nd(III) and Dy(III):
67.1 and 44.6 umol/g, respectively, in contrast to the
coincident pattern observed for the Alg@MNP@
Verm1.0, which resulted in similar g, values (68.4 and
68.0 umol/g, for Nd(IIl) and Dy(Ill)). These results
suggest that MNP@Verm1.0 shows selectivity towards
Nd(II), whereas Alg@MNP@Verm1.0 does not
differentiate between the two metals. This was
confirmed by the equilibrium selectivity values for both
sorbents, 2.49 and 1.06, respectively. These values were
calculated as the ratio of the partition coefficients of
each element, where the partition coefficient is defined
as the ratio of the solid phase concentration, ¢,, to the
solution concentration, C,. (Cardoso et al., 2013).

In this study, it was observed that the PSO model fits
the data better than the PFO model for Nd(III) and
Dy(IIl) sorption on MNP@Verm1.0, as evidenced by
higher R2adj values and lower AIC values (Table S4).
The PSO rate constants for Nd(III) and Dy(III) uptake
were 5.60 x 107 and 6.51 x 10™* g/umol per minute,
respectively. In addition, the estimated equilibrium g.
values were 68.1 and 47.3 pumol/g for Nd(III) and
Dy(IIl). In contrast, for Alg@MNP@Verm1.0, the PFO
model seems to better represent the kinetic behaviour,
displaying higher Rzadj and lower AIC values (Table
S4). The PFO rate constants were 8.96 x 1074 and 9.51 x
107* min"!, with the estimated equilibrium g.values of
95.6 and 92.2 pumol/g for Nd(III) and Dy(IIl),
respectively.

PFO and PSO models can fit data from systems
controlled by either surface reaction or diffusion.
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However, they do not supply detailed insights into the
underlying mass transfer mechanisms (Vareda, 2023).
Nevertheless, Vareda (2023) suggests that combining
these models with the Elovich equation, as well as the
Weber and Morris and Boyd models, can help identify
the rate-limiting step of the sorption, as these models
are theoretically designed to describe kinetic data from
systems limited by either chemisorption or diffusion.

When comparing the fits of the PFO and PSO models
with the Elovich model (as shown in Table S4), it can
be observed that although the Elovich model yields
results similar to the PSO model, it does not provide the
best description of the sorption kinetics in any of the
systems studied.

Additionally, the plot of g, versus 1*° exhibits two
linear regions for MNP@Verm!1.0 (Fig. S1(c)) and a
linear segment that does not pass through the origin for
Alg@MNP@Verml.0 (Fig. S1(d)), suggesting that the
sorption of REMs in both magnetic nanocomposites is
not solely controlled by intraparticle diffusion.
Furthermore, the Boyd plot method can be used to
predict whether the rate-limiting step is intraparticle
diffusion (indicated by a null y-intercept in the Bt
against ¢ plot) or film diffusion. For MNP@Verm1.0
(Fig. S1(e)) and for both Nd(III) and Dy(IIl), a straight
line is observed, with the 95% confidence interval for
the intercept including zero, implying that the sorption
process is controlled by intraparticle diffusion, in
contrast to the nonlinear correlation observed for
Alg@MNP@Verml.0 (Fig. S1(f)).

Since the results from the reaction- and diffusion-
based models are consistent, it can be inferred that both
intraparticle diffusion and sorption contribute to the
overall sorption process in the MNP@Verm1.0 system.
In the case of the Alg@MNP@Verml.0 system,
however, film diffusion, intraparticle diffusion, and
sorption collectively influence the overall sorption
process.

3.2.4 Equilibrium isotherms and sorption mechanisms

The equilibrium isotherms of Nd(III) and Dy(IIl) on
MNP@Verm1.0 and Alg@MNP@Verml.0 are shown
in Figs. 8(a)-8(d).

All the isotherms presented in Fig. 8 exhibit a
favourable L-shaped isotherm (Giles et al., 1960). This
shape indicates a strong affinity between the sorbent
and the sorbate at low concentrations and suggests no
significant competition with the solvent occurs during
sorption. However, while the isotherms for MNP@
Verml.0 clearly fall into subgroup L2, characterized by
the formation of a plateau as the sorption sites approach
saturation, the classification for Alg@MNP@Verm1.0

is less clear. The isotherms for Alg@MNP@Verm1.0
may correspond to subgroups L3 or L4, suggesting the
possibility of a multi-step sorption process. This could
involve the formation of new sorption surfaces (L3) or
the formation of a second plateau (L4) as described in
previous studies (Donohue and Aranovich, 1998).

Despite their similar classification, the two sorbents
display distinct behaviours. MNP@Verm1.0 shows
different sorption profiles for Nd(III) and Dy(III),
indicating selective sorption between the two elements.
In contrast, Alg@MNP@Verml1.0 exhibits no clear
preference, sorbing both elements with comparable
affinity.

Table S5 presents the best-fitting parameters for the
two- and three- parameter isotherms evaluated, along
with the quality metrics for each model’s fit to
equilibrium data. The inclusion of the three-parameter
models did not improve the fitting compared with
simpler models. Based on the quality criteria (higher
R2aGlj and lower AIC and S,, values), the Langmuir
isotherm provided the best description of the
experimental data for MNP@Verml.0, while the
Freundlich isotherm was the most suitable for
Alg@MNP@Verml.0.

The Langmuir isotherm best describes the saturation
behaviour of MNP@Verml.0 as concentration
increases for both metals. The maximum sorption
capacity (g, ) and equilibrium constant (K, ) for Nd(III)
and Dy(IIl) were 84.9 and 44.3 umol/g, and 2.39 and
5.73 L/umol, respectively. This model assumes
monolayer adsorption on energetically homogeneous
surfaces with no interactions between adsorbed species
(Amrutha et al., 2023).

For Alg@MNP@Verml1.0 spheres, the Freundlich
isotherm provided a satisfactory fit (chlj > 0.961) for
the sorption data of Nd(III) and Dy(III). The Freundlich
equilibrium constants (Kr) and the heterogeneity factor
(nr) were similar, with values of 44.0 and 42.6 L/g and
2.99 and 2.89 for Nd(III) and Dy(IIl), respectively.
These results align with the equilibrium profiles
(Fig. 8(b)), where the isotherms of both metals were
nearly identical. The Freundlich model suggests that the
sorption of the two rare earth metals occurs on the
heterogeneous surface of the sorbent (Ayawei etal.,
2017).

These contrasting behaviours suggest that the Nd(IIT)
and Dy(III) sorption on each sorbent occurs through
different mechanisms.

The sorption of Dy(III) or Nd(IIT) on nanocomposites
MNP@Verm1.0 and Alg@MNP@Verm1.0 appears to
result from synergistic interactions between their
individual components. Despite evidence of rare earth
metals removal, the XPS survey of the MNP@Verm1.0
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Fig. 8 Sorption isotherms of Nd(III) and Dy(IlI) on MNP@Verml1.0 (a and c) and Alg@MNP@Verml.0 (b and d)
nanocomposites, with the corresponding fits of the isotherm models.

and Alg@MNP@Verml.0 after the sorption did not
reveal peaks corresponding to the Dy(III) and Nd(III)
(Fig. 9). That occurs because the main peaks of Dy(III)
(Dy 3d5) and Nd(III) (Nd 3d5), appear in the same
range of Mg 1s (~1300 eV) and O KLL (1030-980 eV),
i.e., there is an overlap of these peaks, which hampers
the identification and determination of these REMs in
the samples.

Vermiculite, a layered clay mineral, has previously
demonstrated it effectively removes Dy(IIT) and Nd(III)
through cation exchange mechanism involving Mg(II)
cations (de Vargas Brido et al., 2024). The XPS survey
spectra of MNP@Verm1.0 and Alg@MNP@Verm1.0,
both before and after sorption, display characteristic

peaks of vermiculite, including Si, Al, and Mg (Fig. 9).

However, the high-resolution XPS spectra of Mg s
showed a distinct shift towards higher binding energies
after sorption, reinforcing the hypothesis of cation
exchange between the REM and the exchangeable
Mg?" cations in the vermiculite (Fig. 10) (de Vargas
Brido et al., 2024). In addition, the high-resolution XPS
spectra of Fe 2p for both samples, before and after
sorption, highlighted the Fe 2p3/2 peak. Deconvolution
of this peak revealed contributions from Fe(II) and
Fe(Ill), confirming the presence of magnetite and
indicating that the sorption process does not alter the
integrity of the heterostructure (Fig. 10).

The deconvoluted curves of O 1s of XPS spectra of
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Fig. 9 Survey XPS spectrum for MNP@Verm1.0 (a) and Alg@MNP@Verm1.0 (b), before and after the sorption studies.

MNP@Verm1.0 showed peaks at 530.5, 532.3, and
535.8 eV before and 530.7, 532.7, and 535.4 eV after
the sorption of Nd(III) and Dy(IIl). The peaks around
530 eV are related to Metal-O bonding and can be
attributed to the Fe—O bond (Hou et al., 2020). This
intensity and amplitude of this peak did not change
after sorption, indicating the preservation of the
magnetic nanoparticles in the sorbent. The signals at
532.3 and 532.7 eV revealed Si—O—Si binding (Zhang
etal.,, 2019; Li etal., 2021). The peaks at 535.8 and
535.4 eV indicate the presence of —OH groups (Ji et al.,
2019).

The high-resolution XPS spectra of O 1s of
Alg@MNP@Verm1.0 before sorption exhibit three
different peaks with binding energies of 536.1 eV
(assigned to sodium Na KLL auger), 5324 eV
(assigned to O—H/C—-0O—C), and 531.1 eV (assigned to
C=0), respectively (Luo etal., 2021; Hassan etal.,
2022). The XPS spectra of Alg@MNP@Verml.0 after
REMs sorption could be deconvoluted into two peaks at
531.78 and 533.28 eV, indicating a shift in the C=0,
C-0-C, and —OH signals, which corroborates their role
in the uptake of Nd(III) and Dy(II) (Luo et al., 2021).

Based on the zeta potential results, XPS analyses, and
sorption data (next section), it is possible to infer that
the sorption of Nd(III) and Dy(III) on MNP@Verm1.0
may be facilitated by electrostatic interactions due to
the negative charge of the sorbent, cation exchange due
to the vermiculite content, and complexation with —OH
groups (Zhao et al., 2024; Pinto et al, 2024). The
immobilization of the nanocomposite in sodium
alginate provides additional sorption sites, such as
carboxyl groups, which are responsible for the
complexation of REMs and the promotion of cation
exchange with Na* (absent in the material after
sorption, Table S6) (Zhang et al., 2025b).

3.2.5 Desorption studies

Desorption is an essential step for the effective recovery
of high-value REMs from sorbents. It plays an
important role on the viability and sustainability of the
process by regenerating the sorbent’s active sites while
enabling the recovery of the sorbed elements.

Figure 11 illustrates the desorption -efficiency
achieved using six eluents categorized into three
classes: inorganic salts (NH,Cl and MgCl,-6H,0),
complexing agents (DTPA and Na,EDTA-2H,0), and
strong inorganic acids (HNO; and HCI). The key
observation is that a higher desorption efficiency was
consistently obtained for dysprosium(IIl) than for
neodymium(III) across all eluents and sorbents tested.

NH,CI desorbed Nd(III) and Dy(Ill) with very low
efficiency (< 20%), especially from the loaded alginate-
immobilized nanocomposite, where the efficiency was
almost zero. This insufficient performance indicates a
poor exchange between NH, " and the sorbed REM. On
the other hand, MgCl,-6H,0 showed desorption
efficiencies of 54.9% and 76.7% for REM elution from
the loaded MNP@Verm1.0. This finding suggests that
the ion exchange mechanism of vermiculite plays a role
in the desorption from these magnetic nanocomposites,
since magnesium can exchange with the REM and
regenerate the clay interlayer (de Vargas Brido etal.,
2024). The same was not observed for Alg@MNP@
Verml.0, where the salt promoted much lower
desorption efficiencies, indicating that the vermiculite
interlayer is unavailable for ion exchange.

Strong acids performed intermediately to inorganic
salts and complexing agents, with very similar
desorption efficiencies. The desorption capacity
achieved with nitric acid ranged from 19.7 % for
Nd(II) on MNP@Verm1.0 to 63.6 % for Dy(Ill) on
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Fig. 10 High-resolution XPS spectra of Fe 2p, Mg 1s, and O 1s for MNP@Verml1.0 and Alg@MNP@Veml.0 nano-

composites, before and after sorption.

Alg@MNP@Verm1.0. Similarly, the desorption
efficiency using hydrochloric acid ranged from 18.4%
to 60.1%.

Comparing the three classes of eluents, complexing
agents showed the best response. DTPA performed
very similarly to magnesium chloride for
MNP@Verm1.0 but showed higher elution properties
to recover metals from Alg@MNP@Verml1.0, with
efficiencies rising to 75.5% and 94.2% for Nd(IIII) and
Dy(III), respectively. Compared to DTPA, Na,EDTA-
2H,0 caused the best response for MNP@Verm1.0 and
similar results for Alg@MNP@Verml1.0. The higher
desorption using Na,EDTA:-2H,0, in the case of the

non-alginate immobilized magnetic nanocomposite,
may be related to the combined desorption mechanisms
of this eluent, such as sodium exchange and REM
complexation (de Vargas Brido et al., 2024).

3.3 Simulated NdFeB magnet scrap leachate

Figure 12 illustrates the sorption performance of the
magnetic vermiculite-based nanocomposites, with and
without alginate immobilization, for different metals
from the simulated NdFeB magnet acid leachate. When
exposed to the concentrated metal solution (NdFeB
magnet leachate), the sorbents achieved high sorption
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Alg@MNP@Verm1.0-loaded nanocomposites.

uptake values.

This improvement in sorption capacity in the
simulated leachate, compared to the binary system,
indicates a synergistic effect on the sorption of multiple
metals. This effect is associated with the multiple
sorption mechanisms involved in the system, including
surface complexation, ion exchange, precipitation, and
2025a). Also, the
decreasing order of sorption capacities corresponds to
the decreasing order of initial concentrations of the
metals in the solution (Table S6). Moreover, the
sorption performance between the
sorbents was significantly reduced compared with the

physical filling (Zhang etal.,

difference in

20 Bl VNP@Verm1.0
16 Bl A'9@MNP@Verm1.0
2 mm1

“

1.25

1.00

0.75+

g (mmoUg)

0.50 1

0.25 1

0.00

S
QQ’Q\

S
&

o°®

N O

N N
N W >

N

\
éb

Fig. 12 Sorption uptake of MNP@Verml.0 and Alg@MNP@

Verm]1.0 for multiple metals removal.

DTPA  Na,EDTA.2H,0

Alg@MNP@Verm1.0
B Nan)
I oy(1)

95.1 83.0 88.3

HNO, HCI

Desorption performance of various eluents in the recovery of Nd(III) and Dy(Ill) from MNP@Verml.0- and

simplified binary system. Thus, the simplification of the
binary system did not accurately represent what occurs
during REMs sorption from leachate. The complexity
of the leachate composition can lead to multiple
sorption  mechanisms, which requires further
investigation to optimize the process and achieve scale-
up objectives. Table 2 compares the performance of
sorbents in retaining the main components of the
NdFeB magnet acid leachate. MNP@Verml1.0 and
Alg@MNP@Verml1.0 demonstrated higher sorption
uptake values than the bifunctionalized silica and
alginate spheres. As discussed, this superior efficiency
is attributed to the abundance of oxygen-containing
sorption sites on these materials.

Figure 13 illustrates the regeneration performance
obtained using the most efficient eluents identified in
the binary solution assays, DTPA and Na,EDTA-2H,0.
These complexing agents exhibited distinct results
depending on the loaded sorbent. For Alg@MNP@
Verm1.0, DTPA demonstrated higher efficiency in
metals desorption, whereas Na,EDTA-2H,0 was more
effective in regenerating the MNP@Verm1.0 nano-
composite. This result is consistent with the trend
observed in the binary system.

Interestingly, although the loaded sorbent contained
significantly more Fe(III) than Nd(III)-approximately
tenfold higher—the desorbed amounts of both metals
were of the same order. This means that Fe(III) is more
strongly bound to the sorbents than Nd(III), as most of
the loaded iron remained in the sorbent after desorption.
Regardless of the eluent tested, the desorption
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Table 2 Comparison of sorption efficiency for iron and REMs in the NdFeB magnet leachate

Sorbent

Removal order Reference

Phosphorus-EDTA-funcionalized silica

Calcium alginate beads

MNP@Verm1.0

Alg@MNP@Verm1.0

Nd3* (1.2 mmol/g) Dudarko et al., 2022
Fe3™ (1.1 mmol/g)
Dy3* (0.06 mmol/g)
Ni2* (0.02 mmol/g)
Fe3* (0.06 mmol/g)
Nd3* (0.02 mmol/g)
Pr3* (0.006 mmol/g)
Dy3* (0.0006 mmol/g)
Fe3* (10.5 mmol/g)
Nd3* (1.17 mmol/g)
Pr3* (0.40 mmol/g)
Dy3* (0.07 mmol/g)
Fe3* (12.3 mmol/g)
Nd3* (1.24 mmol/g)
Pr3* (0.43 mmol/g)
Dy3* (0.08 mmol/g)

Emil-Kaya et al., 2024

This work
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Fig. 13 Desorption efficiency of DTPA and Na,EDTA-2H,O for recovering REMs from the loaded sorbents.

efficiencies were generally higher for the loaded
alginate-immobilized magnetic nanocomposite than for
the non-immobilized counterpart, with the only
exception being Al(III).

These findings confirm that immobilizing vermiculite-
containing magnetic nanoparticles within alginate is an
effective strategy for enhancing the desorption perfor-
mance of metals-loaded MNPs. However, further
studies involving successive sorption—desorption cycles
are required to fully assess the long-term stability of the
sorbents.

4 Conclusions

In this study, vermiculite was successfully incorporated
into the synthesis of magnetite nanoparticles, and the
sample with the highest vermiculite content (MNP@
Verm1.0) was subsequently immobilised within
alginate beads (Alg@MNP@Verml.0). The materials
were extensively characterised and evaluated for their
sorption performance towards REMs (Nd(III) and
Dy(1Il)) removal from both a binary model solution and
an NdFeB magnet acid leachate.

The Alg@MNP@Verm1.0 beads exhibited magnetic
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properties suitable for efficient separation under an
external magnetic field. The alginate matrix introduced
functional groups, such as hydroxyls and carboxyls,
which improved sorption performance. Desorption
studies revealed that complexing agents such as DTPA
and EDTA were more effective than acids and
inorganic salts in recovering the sorbed metals.

In the NdFeB magnet acid leachate, the performance
of both sorbents improved with increasing metal
concentrations. However, the desorption behaviour
varied, with Fe(II) showing significant retention, while
critical REMs such as Nd(III) exhibited substantial
recovery.

These findings highlight the potential of vermiculite-
modified magnetite nanoparticles, particularly those
immobilized within alginate beads, for the efficient
concentration and recovery of critical REMs using
complexing agents. Further investigations, including
successive sorption-desorption cycles, are essential to
evaluate scalability and optimize the process for
economic and environmental sustainability.
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