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This study explores the use of manganese ferrite nanoparticles (MnFe;04) for the removal and recovery of
neodymium (Nd) from aqueous solutions, focusing on their potential application in wastewater treatment and

Keywords: environmental remediation. Neodymium, a critical element for the high-technology and energy industries, is
Rare ear.th elements increasingly present in aquatic environments due to its widespread use in devices such as computers, electric
geoiymmm vehicles, and wind turbines. Through a series of kinetic, equilibrium, and desorption tests, the study optimized
errite . . T .
key operational parameters using Response Surface Methodology. Equilibrium analyses revealed that the Nd
Magnets . R . . R .
Sorption removal at equilibrium (qe) reached 8 mg/g, while the maximum sorption capacity (qm) was determined to be

9.2 mg/g. The results demonstrated a high removal efficiency (up to 90 %) under optimal conditions, which
included a nanoparticle dose of 1000 mg/L, an initial neodymium concentration of 20 pmol/L, pH 6, and no
salinity. The material showed great potential for neodymium recovery from synthetic magnet solutions, with
removal rates exceeding 70 %. Desorption tests confirmed complete recyclability of the sorbent. These findings

Response surface methodology

highlight manganese ferrite nanoparticles as a promising and sustainable approach for neodymium recovery.

1. Introduction

The rare earth elements (REEs), as defined by the International
Union of Pure and Applied Chemistry (IUPAC), consis of 17 chemical
elements, including the lanthanide series, along with yttrium and
scandium. These elements possess very similar physical and chemical
properties and are essential to the transition toward a green, low-carbon
economy [1,2]. Their unique properties make them essential in the
production of batteries for hybrid and electric cars, permanent magnets
in hard drives and wind turbines, and various electronic devices and
industrial catalysts [1,3,5-7]. Due to increasing demand, supply risks,
and their importance in the development of new technologies, the Eu-
ropean Commission [8] has classified several elements, including REEs,
as “Critical Raw Materials”. The U.S. Department of Energy, in its 2023
Critical Materials Strategy report [12], identified dysprosium, neodymi-
um, praseodymium, and terbium as the most critical REEs by 2035.
Neodymium (Nd) is particularly crucial, as it is extensively used in green
energy production and strategic technologies [13], especially in NdFeB-
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based permanent magnets, which are the strongest available on the
market, with magnetic strength 4 to 10 times greater than that of regular
magnets [14,15].

NdFeB magnets are renowned for their superior magnetic properties,
primarily consisting of the Nd;Fe 4B matrix phase [11]. They typically
contain 25-30 % Nd, 60-70 % Fe, and around 1 % B (mass basis).
However, depending on the application, additional elements like Pr, Dy,
Tb, Co, Gd, Cu, Al, Ga, and Nb, among others, are added to enhance the
efficiency of the magnet. These magnets have life cycles ranging from 2
to 3 years in consumer electronics to 20 to 30 years in wind turbines.
Increasing demand for renewable energy and advanced technologies,
transitions to clean energies, particularly in electric vehicles and wind
power, are expected to increase demand by 8.6 % per year from 2022 to
2035 [11].

The potential for ecosystem disruption, combined with the fragility
of the supply chain, highlights the importance of recovering Nd from
secondary sources and reusing it in industrial applications. Leachates
from the NdFeB permanent magnet industry, for example, have shown
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promise as a viable source of neodymium, as demonstrated by studies
like Brewer et al. [17] and Briao et al. [18]. Traditional methods for
REEs' removal from waste typically involve pyrometallurgical and hy-
drometallurgical processes. Pyrometallurgy has several limitations,
including the generation of slag and the loss of valuable metals. In
contrast, hydrometallurgy uses aqueous reactions, including chemical
precipitation, membrane separation, and ion exchange, which are easier
to control and poses fewer environmental risks. Despite this, the
extensive use of aggressive chemicals in hydrometallurgical is still not
ideal in the prospect of a sustainable recovery of REEs such as Nd
[6,13,15,19]. To reduce the environmental impacts associated with
REEs recovery, sorption has emerged as a promising alternative for
extracting REEs from aqueous environments [3,4,7,13]. This method
minimizes the use of chemical reagents, works across a wide concen-
tration range, and is generally regarded as environmentally friendly
[15]. Additional advantages include high removal efficiency, ease of
operation, low maintenance costs, and the ability to regenerate sorbents
[19,20]. However, several factors should be considered when applying
sorption as a REEs recovery technology, including the concentration of
the element, sorbent dose, contact time, pH, temperature, and salinity/
ionic strength. Beyond maximum sorption capacity, other factors in-
fluence the suitability of a sorbent, particularly its desorption and reuse
potential. Desorption involves releasing substances from a solid surface
into an acidic or basic solution, complementing sorption by enabling
both high recovery efficiency and enhanced sorption performance.
These factors are crucial in determining the overall effectiveness and
sustainability of the sorbent in repeated cycles of use.

Ferrites have been proven effective as sorbents in water decontam-
ination, removing toxic elements like mercury [23], arsenic [24,25],
lead [26,27], and cadmium [28]. Spinel ferrites, a class of magnetic
nanoparticles with the chemical formula MFe;04 (where M represents
transition metals like Fe, Cd, Ni, Co, Mn, Zn, Cu, and Mg) are particularly
notable among these materials. In addition to their magnetic properties,
they materials are valued for their low (eco)toxicity and cost-
effectiveness [29,30]. Particularly, manganese ferrite nanoparticles
(MnFe;04) have shown effectiveness in removing REEs (La and Ce) and
other critical elements (Cd, Pb, As, and Zn) from aqueous solutions. For
example, Ghobadi et al. [7] demonstrated that modified MnFe;04
nanoparticles exhibit a high sorption capacity, reaching 1001 mg/g for
La3* and 982 mg/g for Ce>*, with optimal performance at a pH of 7 and
an initial concentration of 500 mg/L. Under the same conditions, the
unmodified MnFe04 nanoparticles displayed lower sorption capacities,
with 785 mg/g for La®* and 770 mg/g for Ce>". Similarly, Liu et al. [31]
reported maximum sorption capacities of 1030 mg/g for La®>* and 1020
mg/g for Ce** (99.3 % removal) with modified nanoparticles, compared
to 757 mg/g for La®>* and 751 mg/g for Ce3>" (76.2 % removal) with
unmodified ones. These results consistently demonstrate that modified
MnFe;04 nanoparticles outperform their unmodified counterparts in
sorption capacity. However, despite the enhanced performance of the
modified nanoparticles, their modification incurs in higher costs.
Therefore, it is essential to explore more sustainable processes that use
unmodified nanoparticles, balancing efficiency with economic and
environmental considerations. Recent studies also utilised MnFe;O4
nanoparticles for REEs removal from both single-element solutions [22]
and complex mixtures [32].

Given the increasing demand for Nd in advanced technologies,
coupled with the environmental and health risks associated to its
contamination and toxicity, this study aims to develop low-cost mate-
rials for Nd sorption and optimize its recovery from viable alternative
sources. This research evaluates the effectiveness of manganese ferrite
nanoparticles (MnFey04) in removing Nd from a simulated NdFeB
magnet leachate is evaluated. Through this approach, this study seeks to
introduce MnFe,04 nanoparticles as an efficient method for removing
and recovering Nd from highly contaminated and complex solutions.
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2. Materials and methods
2.1. Materials and reagents

All reagents were obtained from certified suppliers and used without
further purification. Stock solutions of Nd (1000 mg/L), Dy (1000 mg/
L), and Pr (1000 mg/L) were obtained from Inorganic Ventures™, while
Al (1000 mg/L), Co (1000 mg/L), Ni (1000 mg/L), and Zn (1000 mg/L)
were provided by Merck. Ferrous sulphate heptahydrate (FeSO4-7H50,
>99 % purity) was purchased from Panreac, and manganese sulphate
monohydrate (MnSO4-H20, >99 % purity) from Merck. All stock solu-
tions were prepared in a 2-5 % HNOs solution. HNO3 (65 % v/v) and
NaOH (>98 % purity) were obtained from Merck. Ultrapure water
(Milli-Q, 18 MQ cm 1) was produced in a Millipore Integral 10 system.
The salt used for artificial saline solutions was sourced from Tropic
Marine Centre (Tropic Marin), with its composition detailed by Atkinson
et al. [33] (Supplementary Material, Table S1). Salinity was measured
using a WTW series 720 multiparameter device. Glassware was washed
with ultrapure water, soaked in HNO3 (25 % v/v) solution for at least 24
h, and then rinsed with ultrapure water before use.

2.2. Synthesis and characterization of MnFe;04 nanoparticles

MnFe,04 nanoparticles were prepared following the co-precipitation
method as previously described by Tavares et al. [25]. Briefly, KOH (34
mmol) and KNO3 (15 mmol) were dissolved in 25 mL of ultrapure water
previously flushed with Ny, heated to 60 °C under N3, and mechanically
stirred at 500 rpm. After total dissolution, an aqueous solution of 10 mL
of MnSO4-H5,0 (6 mmol) and 15 mL of FeSO4-7H5,0 (11 mmol) was
added dropwise, and the mixture was then mechanically stirred at 700
rpm. The reaction continued for 30 min before being heated to 90 °C in
an oil bath, under Ny without stirring, for 4 h. The black product was
magnetically separated, rinsed with deionised water and ethanol, and
subsequently dried at 40 °C. More details on procedures and reagents are
described by Tavares et al. [25].

The nanoparticles were thoroughly characterised using various
techniques. Transmission electron microscopy (TEM) was utilised to
determine the morphology and particle size of the material, employing a
Hitachi H-9000 TEM microscope operated at 300 kV. The specific sur-
face area was assessed through Brunauer-Emmett-Teller (BET) analysis,
using Ny adsorption/desorption measurements conducted on a Gemini
V2.0 Micromeritics instrument.

The crystalline structure of the nanoparticles was determined using
X-ray powder diffraction analysis. The measurements were performed
on the powdered samples with a Philips Analytical PW 3050/60 X'Pert
PRO diffractometer operating in 6/26 configuration. The instrument was
equipped with an X'Celerator detector and automated data collection
was managed through X'Pert Data Collector v2.0b software. Mono-
chromatized Cu Ka radiation (wavelength A = 1.54056 A) was utilised
under operating conditions of 45 kV and 40 mA.

Fourier Transform Infrared (FT-IR) spectrum was recorded with a
Mattson 7000 spectrometer at a resolution of 4 cm ™!, using a horizontal
attenuated total reflectance (ATR) cell. Magnetization and zeta potential
measurements were also performed. Direct current (dc) magnetization
susceptibility was measured across a temperature range of 10 to 300 K
under an applied field Happ, = 50 Oe, following initial cooling in the
absence of the field and in the presence of H,pp. Additionally, magne-
tization as a function of the applied field was measured at 300 K. These
measurements were performed using an MPMS 5 s (Quantum Design)
magnetometer equipped with a Reciprocal Sample Measurement sys-
tem. Detailed methodologies for each one of these techniques can be
found in previous studies [22,25].

2.3. Experimental design and response surface methodology

Sorption experiments were conducted to assess the efficiency of
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MnFe;04 nanoparticles in removing Nd from spiked ultrapure water.
The experiments were performed in Schott flasks (150-250 mL) at a
constant temperature of 20 °C with continuous mechanical agitation
using a glass rod. Working solutions were prepared by adding a volume
of the commercial stock solution of Nd to ultrapure water. To evaluate
the effect of salinity, solutions with salinities of 10 and 20 were created
by adding approximately 10 and 20 g of Tropic Marin salt to 1 L of ul-
trapure water, respectively. Different doses of MnFe,O4 nanoparticles
were introduced into the Nd-spiked solutions, and the suspensions were
briefly placed in an ultrasonic bath to ensure proper disaggregation and
dispersion of the nanoparticles. This moment marks the beginning of the
experiment (tp). Control solutions (without sorbent) were run concur-
rently with each experiment to monitor potential Nd losses or contam-
ination. Aliquots were taken at predetermined time intervals (up to 48
h), and MnFe,04 nanoparticles were separated magnetically using an
external magnet. The samples were then acidified to a pH < 2 and stored
at 4 °C for later characterization.

The experimental design followed a Box-Behnken approach, a three-
level factorial design (—1, 0, +1, where 0 is the central point of the
experiment) already applied in REEs' sorption studies [34]. To improve
the model's precision, five replicates of the central point were con-
ducted. The three factors under study were sorbent dose (250, 625, and
1000 mg/L), initial Nd concentration (1, 25.5, and 50 pmol/L), and
salinity (0, 10, and 20). The tested concentrations simulate a dilution
ranging from 7 to 700 times that of a permanent magnet leachate
[17,18]. The detailed experimental conditions are provided in Table 1.
An additional experiment was conducted to validate the ideal conditions
predicted by the model. In this experiment, a nanoparticle dose of 1000
mg/L and an Nd concentration of 20 pmol/L were used, with salinities of
0 and 20, at a pH of 6. These conditions were selected to test the ac-
curacy of the model and its applicability under both low- and high-
salinity scenarios.

Response surfaces were generated using Design-Expert V13 software
from StatEase®. To develop the response surfaces, the linear, quadratic,
and combined effects of each variable were modeled as a second-order
polynomial and calculated using Eq. 1:

K K K
Y =P+ Z BiXi + Z BiX? + Z Py XiX; (€))
i1 i=1

i<j

where Y is the value of the response variable under study, B, is a con-
stant, f; is the linear coefficient, f; is the quadratic coefficient, p; is the
interaction coefficient, and X;,X;, ..., Xy are the coded values of the in-
dependent variables, which were calculated according to Eq. 2:

X = R @
AXk
Table 1
Experimental design matrix with the description of each experimental condition.
Experiment  Nd initial concentration (umol/L)  Salinity =~ Sorbent dose (mg/L)
1 25.5 10 625
2 25.5 20 250
3 25.5 0 1000
4 50 0 625
5 1 0 625
6 1 20 625
7 25.5 10 625
8 25.5 10 625
9 1 10 250
10 25.5 0 250
11 50 10 250
12 25.5 20 1000
13 25.5 10 625
14 50 10 1000
15 1 10 1000
16 50 20 625
17 25.5 10 625
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where Xy is the coded value of the independent variable xy, x( is the
value of the variable at the central point, and Axy is the phase shift
between levels for variables. The significance of each effect was evalu-
ated with ANOVA and only significant effects (p < 0.05) were consid-
ered in Eq. 1. Response surfaces were calculated to determine the
removal percentages (R, %) for Nd in the solution, with the results
representing the removal achieved after 6 and 24 h. The removal effi-
ciency was calculated using Eq. 3:

(Co —Cy)

R(%) = "¢
0

x 100 3)

where Cj is the Nd initial concentration (pmol/L) and C; is the Nd
concentration (pmol/L) after 6 and 24 h.

Considering that all the elements removed from the solution were
adsorbed onto the nanoparticles, the amount of Nd per mass of sorbent
(qs, mg/g) was calculated based on Eq. 4, where m (g) is the mass of
sorbent added and V (L) is the volume of the solution. The other vari-
ables have the same meanings as described above:

(G —Cy)

‘L:TXV (€))

2.3.1. Sorption kinetics on the removal of Nd by MnFe;04 nanoparticles

A subsequent series of experiments was carried out to examine the
sorption kinetics. These experiments were conducted using the central
point condition of the Box-Behnken design, which included a Nd con-
centration of 25.5 pmol/L, a salinity of 10, and a sorbent dose of 625
mg/L. The experiments were performed in 250 mL Schott flasks, and
control solutions were also analysed to ensure the viability of the results.
Aliquots were collected at time intervals of 0, 15, 30 min, 1, 3, 6, 24, and
48 h acidified up to pH < 2 and analysed by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES). The sorption kinetics were
examined by fitting the experimental data to three different kinetic
models: Lagergren's Pseudo-First-Order (PFO) model (Eq. 5) [35], Ho’s
Pseudo-Second-Order (PSO) model (Eq. 6) [36], and Elovich model (Eq.
7) [37]. These three models are based on reaction kinetics and treat the
sorption process comprehensively. The PFO model suggests that the rate
of sorption is directly proportional to the difference between the sorp-
tion capacity and the available sorbent, making it particularly relevant
for systems where the primary limitation is the availability of sorption
sites. Conversely, the PSO model incorporates chemical interactions
between the sorbent and sorbate, making it more appropriate for sys-
tems with high sorption capacity and where chemisorption plays a sig-
nificant role. The Elovich model, while also addressing chemisorption,
introduces the concept of site heterogeneity, assuming that different
sorption sites exhibit varying activation energies for sorption.

q =q.(1—e™) (%)
_ kot
qt - 1 + qek2t (6)
1
q = Bln(l + aft) )

where q; is the expected Nd concentration in MnFey04 nanoparticles at
time t, qe (mg/g) represents the equilibrium concentration predicted by
the model, k; (1/h) corresponds to the PFO constant, ko (g/pg h) is the
PSO constant, o denotes the initial sorption rate (ug h/g), and p is the
desorption constant (g/1g).

2.3.2. Equilibrium sorption isotherm of Nd on MnFe204 nanoparticles

To investigate the sorption equilibrium of Nd onto manganese ferrite
nanoparticles, equilibrium studies were conducted by contacting 200
mg/L of nanoparticles with varying Nd concentrations (1, 10, 50, and
100 pmol/L) for 48 h, based on previous studies indicating that
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equilibrium was reached within this timeframe. The experiments were
conducted at pH 6, a value commonly observed in real effluent solutions.
Additionally, the characterization of the nanoparticles revealed that the
zeta potential was positive at pH 4 and negative at pH 6. This behaviour
suggests that, at pH 6, the nanoparticle surface is predominantly covered
with negatively charged species, which exhibit a strong affinity for
binding positively charged species such as Nd. Consequently, sorption
experiments at pH 6 are particularly relevant, as this pH promotes the
efficient removal of Nd from aqueous media. After the 48-h contact in-
terval, the solutions were acidified to a pH below 2 and analysed for Nd
content by ICP-OES. Equilibrium models are used to describe a sorbent's
sorption capacity and to understand of the sorption mechanisms, surface
properties, and affinity of the sorbent under isothermal conditions. The
experimental data were fitted to three common isotherm models:
Freundlich (Eq. 8) [38,39], Langmuir (Eq. 9) [38,39] and Sips (Eq. 10)
[40]. Each model offers distinct insights: the Freundlich isotherm de-
scribes adsorption on heterogeneous surfaces without a saturation point;
the Langmuir isotherm assumes monolayer adsorption on homogeneous
surfaces; and the Sips isotherm combines aspects of both, describing
adsorption on heterogeneous surfaces at low concentrations and
approaching Langmuir-like saturation at higher concentrations. These
models provide critical insights into the adsorption capacity and surface
properties of the nanoparticles, improving the ability to predict
adsorption efficiency.

q. = KeCFF (8)
Am KiCe

- ~e 9

G = T4 (K.Co) ©)
KsCPs

q. = AmsBsCe (10)

14 (KsGe)™

where Kj, (L/pmol) and g, (umol/g) are the Langmuir constant and
sorption capacity, respectively; Ky (L/g) and ng are the Freundlich
constant and heterogeneity factor, respectively; and Kg (L/pmol), qms
(pmol/g), and ng are the Sips constant, sorption capacity, and hetero-
geneity criteria, respectively.

2.3.3. Simulated leachate from permanent magnets

The sorption efficiency of MnFe,04 nanoparticles for removing REEs,
specifically Dy, Nd, and Pr, was assessed using a simulated leachate
solution derived from magnet scrap leaching. This solution contained a
mixture of nine metals: Al, Co, Dy, Fe, Mn, Nd, Ni, Pr, and Zn (Table 2).
The leachate was prepared as described by Brewer et al. [17] and Briao
et al. [18]. Due to the high concentrations of certain elements, partic-
ularly Fe at 406 mg/L and Nd at 107 mg/L, a nanoparticle dose of 15 g/L
was chosen to ensure effective Nd sorption. The sorption process was
carried out under mechanical agitation for 24 h at a pH of 3.5. The use of
acidic pH conditions could lead to the leaching of the nanoparticles,
however, Pinto et al. [32] investigated the reusability of MnFeyO4
nanoparticles through multiple sorption/desorption studies, where the
results regarding sorption efficiency showed no decrease after five uses,

Table 2
Composition of the simulated leachate solution of a magnet
[17,18].
Elements Concentration (pmol/L)
Al 34
Co 120
Dy 48
Fe 7270
Mn 15
Nd 740
Ni 26
Pr 260
Zn 430
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with efficiency being maintained for each element across all cycles. After
five uses, the Nd efficiency was 92 %, demonstrating that the MnFeo04
nanoparticles can be reused at least up to five times without leaching
occurring in acidic media. The concentrations of REEs were measured
using ICP-OES.

2.3.4. Desorption experiments

Desorption experiments were conducted at room temperature
(20 °C) using 5 mg of MnFeyO4 nanoparticles that had previously
interacted with a solution simulating leachate from permanent magnets.
These nanoparticles were exposed to 10 mL of 0.01 mol/L HNOs,
selected as the desorption agent. Desorption was carried out for 24 h.
The nanoparticles were then magnetically separated, and the liquid
samples were analysed by ICP-OES. Desorption efficiency was deter-
mined using Egs. 11 and 12:

XM 1000 11

Ciheoretical =

Recovery (%) = _c x 100 12)

theoretical

where Ciheoretical (Mg/L) represents the theoretical concentration of the
chemical element in the solution, q, (mg/g) is the amount of the element
sorbed by the sorbent, m (g) is the mass of sorbent used in the desorption
process, V (mL) is the volume of the acidic desorption solution, and C
(mg/L) is the concentration of the chemical element measured after
desorption.

2.4. Neodymium quantification

The quantification of elements in liquid samples was performed by
ICP-OES (Jobin Yvon Activa M (radial configuration) equipped with a
peristaltic pump and a Burgener nebuliser). Only calibration curves with
a correlation coefficient >0.9995 were accepted. Control standards were
analysed at regular intervals to ensure that the quality and accuracy
criteria were continuously met. The error associated with each standard
was <10 % and the lowest calibration standard was considered the limit
of quantification. The range of the calibration standards varied from 10
to 500 pg/L.

After the sorption process, the quantification of Nd and other ele-
ments in the nanoparticles was performed, requiring the acid digestion
of the materials for analysis. In the digestion procedure, 20 mg of
nanoparticles were weighed into Teflon containers. The nanoparticles
were then digested in a CEM MARS 5 microwave using 1 mL of 65 %
HNO3 for 20 min, at 170 °C. The digests were collected in 25 mL poly-
thene containers, where the volume was topped up with ultrapure
water. The samples were then analysed by ICP-OES. To ensure the
quality of the method, a blank (Teflon container with only HNO3) was
carried out in parallel, which was always below the limit of quantifi-
cation (10 pg/L).

3. Results and discussion
3.1. Characterization of manganese ferrite nanoparticles

A previous study detailed the synthesis and characterization of
MnFe;04 nanoparticles for sorption applications [22]. A typical TEM
image of the MnFeyO4 nanoparticles is shown in Fig. 1A, revealing
spherical particles with an average diameter of 75 + 15 nm. Further-
more, these nanoparticles exhibited a BET surface area of 39.2 m?/g and
a pore volume of 0.11 cm®/g. Magnetic hysteresis analysis confirmed
ferrimagnetic behaviour, with a specific saturation magnetization of
48.1 emu/g (Fig. 1B). Zeta potential measurements showed a value of
16.6 mV at pH 4 and — 23.3 £ 0.9 mV at pH 6 (n = 5), indicating a
negatively charged surface at pH 6, which enhances the nanoparticles'
affinity for adsorbing positively charged species like Nd>*. The X-ray
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Fig. 1. TEM image (A) and magnetization curve of MnFe;O4 nanoparticles, as a function of the magnetic field measured at 300 K (B).

diffraction (XRD) patterns of the MnFe-Os nanoparticles, shown in
Fig. 2, display characteristic peaks corresponding to the crystalline
spinel structure of MnFez0a4, as indexed by the JCPDS — International
Centre for Diffraction Data (PDF card 01-071-4919). The FT-IR spec-
trum of MnFe504 is represented in Fig. 3. The vibrational band observed
at 537 cm™! corresponds to metal-O stretching vibrations within the
lattice, while the band at 1095 cm ™ is associated to metal ~OH and
metal ~-OHj, stretching vibrations, indicative of water sorption on the
oxide surface [25]. The band at 1643 cm ! is attributed to H-O-H
bending vibrations, arising from molecular water adsorbed or incorpo-
rated into the crystalline lattice. The broader band at 3369 cm ™ is
linked to O—H stretching modes of chemisorbed water.

3.2. Response surface methodology

Control experiments using ultrapure water with Nd and without
sorbent showed negligible changes in Nd concentration, confirming that
losses from precipitation or contamination did not impact the sorption
process.

The response surfaces for Nd removal, depicted in Fig. 4, show metal
removal as a function of Nd concentration and sorbent dose across
varying salinity levels (0, 10, and 20) after 6 and 24 h. The model fit,

(311)

(111)  (220) (400)
1 (731)

Intensity (u.a.)
=
S

Iron manganese oxide - MnFe,0, (Jacobsite)
01-071-4919

20 40 60 80 100
20 / degrees

Fig. 2. Powder X-ray diffraction of MnFe,0, particles.

Transmitance %

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™!

Fig. 3. Infrared spectrum of MnFe,O,4 nanoparticles.

with correlation coefficients (Rz) of 0.8420 and 0.8554 for 6 and 24 h,
respectively, provided reasonable estimates of the response, demon-
strating a good fit [41,42].

A significant relationship between salinity and Nd removal efficiency
was observed. After 6 h, the maximum removal efficiency of 94.5 % was
achieved at no salinity, using a sorbent dose of 1000 mg/L and an Nd
concentration of 23 pmol/L. After 24 h, the maximum removal effi-
ciency increased to 97.2 % under similar conditions. However, as
salinity increased, the efficiency of Nd removal decreased, with
maximum removal rates at salinity 10 reaching 76.5 % after 6 h and
83.8 % after 24 h. At the highest salinity level (20), maximum removal
rates were 70 % after 6 h, rising to 77.7 % after 24 h. These findings
highlight that while Nd removal improved with higher sorbent doses
and lower salinity, the concentration of Nd for maximum removal varied
between 23 and 25.5 pmol/L. Despite this, sorption was not completely
inhibited at higher salinities and the sorbent remained effective, sug-
gesting that MnFeyO4 nanoparticles can remove Nd in saline
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Fig. 4. Response surfaces obtained for the removal of Nd by MnFe,04 nanoparticles at 6 h (A to C) and 24 h (D to F) of contact time. The removals at salinity 0 (A and

D), salinity 10 (B and E), and salinity 20 (C and F) are represented.

environments.

It is well established that increased ionic strength, such as from NacCl,
can significantly reduce sorption efficiency due to competition for active
sites and the barrier effect posed by Na™ ions. In this study, this effect is
evident, as increasing salinity decreases the removal efficiency by
around 20 %, even at the highest nanoparticle dose, compared to the
efficiency observed at zero salinity. This susceptibility to high ionic
strength had not been reported in previous research. Studies by Pinto
et al. [32] and Tu et al. [43] showed that MnFe;O4 nanoparticles
maintained their capacity to remove REEs even in the presence of high

NaCl concentrations. However, the difference in removal rates between
those reported in previous studies and those determined in the present
study may be attributed to variations in experimental conditions. In this
study, the saline matrix is more complex than a simple NaCl solution.
The presence of additional major cations in the salt used to prepare the
saline solutions (such as Na™, K, Mg?*, and Ca?") likely contributes to
the more pronounced decline in sorption efficiency compared to earlier
studies. This approach, however, is a more realistic assessment of
MnFe,04 sorption efficiency in saline aquatic environments, which are
typically more complex. Despite the reduction in efficiency with

Table 3

increasing salinity, the results showed that a maximum removal rate of
83.8 % was achieved for a salinity of 10 and 77.7 % for a salinity of 20,
after 24 h. These finding show that manganese ferrite nanoparticles are
still effective for removing REEs from saline matrices.

Table 3 shows that nearly complete Nd removal (94.5 %) was ach-
ieved after 6 h, using an initial Nd concentration of approximately 20
pmol/L and the highest nanoparticle dose (1000 mg/L). The optimal
conditions (1000 mg/L nanoparticle dose and salinity of zero) remained
consistent across both time intervals, suggesting that these parameters
are well-defined. Thus, the ideal conditions for effective Nd removal
include a nanoparticle dose of 1000 mg/L, a salinity of zero, and an
initial Nd concentration of 20 pmol/L at a pH 6, with 24 h required for
near-complete removal. Experimental validation under these conditions
(Table 3) produced results closely aligned with the model's predictions

for salinity 0. Although Nd removal was marginally lower than expected,
the relative errors remained within 5 %, confirming the model's reli-
ability. Overall, these optimized conditions, achieving at least 90 % Nd
removal from aqueous solutions, are effective for Nd extraction using

manganese ferrite nanoparticles, demonstrating significant potential for
industrial applications.

Validation of the optimal conditions predicted by the model — comparison between the Nd removal percentages predicted by the model and those obtained in
experimental assays.

Time (h) pH Nd concentration (pmol/L) Salinity Nanoparticles dose (mg/L) Removal expected (%) Removal obtained (%) Relative error (%)
6 94.5 90 4
24 6 20 0 1000 o7 03 5
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3.2.1. Sorption kinetics of Nd by MnFe,0O4 nanoparticles

Fig. 5 shows the percentage of Nd removed during a 48-h contact
interval with MnFe;0O4 nanoparticles, under the following conditions:
salinity of 10, a sorbent dose of 625 mg/L, and an initial Nd concen-
tration of 25.5 pmol/L at pH 6. These parameters represent the central
point of the Box Behnken design used for optimization studies. Samples
were collected at various time intervals from O to 48 h. The data shows a
rapid increase in Nd removal during the first 6 h, followed by a slower
rate of removal, ultimately reaching a plateau at 24 h. The larger stan-
dard deviations (<17 %) observed during the initial 6-h interval were
primarily due to variability in the magnetic separation process, which
had to be performed quickly to avoid disrupting the kinetic studies. At
later time points, these deviations (<9 %) decreased as slower separa-
tion became feasible.

To investigate the sorption kinetics, the Nd removal data was fitted
to three kinetic models: PFO, PSO, and Elovich (Fig. 6). Table S2, from
Supplementary Material, presents the fitting parameters for the kinetic
models. The Elovich model provided the best fit, with the highest R?
values, suggesting that chemisorption, such as ion exchange [7,31], is
the dominant mechanism. These models accounts for the heterogeneity
of the sorption sites, implying varying activation energies. As shown in
Fig. 6, the q; value is higher for the Elovich model, indicating greater
enrichment of the sorbent. However, the kinetics are slower compared to
the PFO model for example, likely because the Elovich model describes
chemical interactions that dominate during prolonged sorption periods,
where the sorption rate progressively decreases and does not account for
simultaneous desorption, as often occurs in ion capture within porous
solids [44]. Consequently, the Elovich model is more applicable in the
early stages of sorption, when the system is far from equilibrium. The
low standard deviation value, Sy/y, further supports the Elovich model's
superior fit, as it demonstrates the least variability in residuals, indi-
cating a more accurate representation of the experimental data
compared to the other models.

3.2.2. Sorption isotherms of Nd by MnFe,04 nanoparticles

The sorption capacity of MnFe;O4 nanoparticles for Nd was evalu-
ated at varying initial Nd concentrations (1, 10, 50, and 100 pmol/L)
using a fixed sorbent dose of 200 mg/L at pH 6, after a 48-h contact
interval. As shown in Fig. 7, the sorption capacity of the nanoparticles
increases with rising Nd concentrations, reaching a maximum of 8 mg/g
at 50 and 100 pmol/L. This saturation plateau indicates that the nano-
particles have reached their maximum sorption capacity, beyond which
no significant increase in Nd uptake occurs, despite the higher avail-
ability of Nd. This behaviour suggests that the sorbent sites are fully
occupied at these higher concentrations, limiting further sorption.

To better understand the sorption equilibrium dynamics, the exper-
imental data were fitted to the Freundlich, Langmuir, and Sips isotherm

100
80 i §
£ o ﬁ
s
>
o
E 40
[}
14
20
OY T T T I | I | 1
0 6 12 18 24 30 36 42 48
Time (h)

Fig. 5. Removal percentages (%) of neodymium by MnFe,O4 along 48 h of
contact time. Experimental conditions: sorbent dose of 625 mg/L, initial Nd
concentration of 25.5 pmol/L, and salinity of 10, for pH 6.
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Fig. 6. Curve fittings of three kinetic models (PFO, PSO, and Elovich) to
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Fig. 7. Neodymium (Nd) sorption isotherms on manganese ferrite nano-
particles (sorbent dose of 200 mg/L), after 48 h at pH 6.

models. As shown in Fig. 7 and Table S3, from Supplementary Material,
the Sips model provided the best fit, as evidenced by its higher R? values
and lower standard deviation (Sy,y), reflecting its superior accuracy in
describing the experimental data. The Sips model, which assumes a
surface with homogeneous energetic sites and cooperative sorbante-
sorbate interactions, accurately describes the sorption process, particu-
larly by transitioning from Freundlich behaviour at low equilibrium
concentrations (C.) to Langmuir-type monolayer sorption at high Ce.
This versatility allows the Sips model to describe the behaviour of
MnFe,04 nanoparticles across a wide range of Nd concentrations with
high precision.

The experimental maximum sorption capacity was 8 mg/g, with a
slight error of 13.2 % when compared to the model-predicted capacity of
9.218 mg/g. This small discrepancy falls within acceptable limits, con-
firming the validity and reliability of the sorption process. Given the
close alignment between experimental and predicted values, it can be
assumed that the maximum sorption capacity of the nanoparticles is 8
mg/g. Additionally, the Sips constant of 2.207 suggests that sorbent
saturation occurs at lower C, values [18]. These findings highlight the
applicability of the Sips model in predicting the sorption performance of
MnFey04 nanoparticles for Nd, particularly in systems with varying
concentrations.

3.2.3. Simulated leachate from permanent magnets

Fig. 8 illustrates the sorption behaviour of MnFe;04 nanoparticles for
each metal present in the simulated leachate from a permanent magnet.
The sorption efficiency (%) follows the increasing order of: Fe > Dy >
Nd > Pr > Zn > Co > Ni > Al The MnFe,04 nanoparticles exhibited non-
selective sorption of the ions in the simulated leachate, showing no
particular preference was observed for any specific metal. The nano-
particles effectively removed nearly all elements, not just REEs. Since
Mn is part of the nanoparticles' composition and was partially leached
due to the acidic nature of the solution, it is not represented in the results
despite being present in the initial leachate. Fe, the primary component
of the nanoparticles, displayed the highest removal efficiency (99.8 %),
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Fig. 8. Removal percentages (%) of the elements present in a synthetic solution
simulating the dissolution of a magnet after 24 h (sorbent dose 15 g/L and
pH 3.5).

indicating that, unlike Mn, the Fe within the nanoparticles remained
intact and was not leached even under acidic conditions.

For the removal of Nd, Dy, and Pr (some of the most economically
valuable elements in the simulated leachate) the nanoparticles achieved
removal efficiencies of 74.8 % for Nd, 84.7 % for Dy, and 73.5 % for Pr.
The initial concentrations of these elements in the solution were 740
pmol/L (107 mg/L) for Nd, 48 pmol/L (8 mg/L) for Dy, and 260 pmol/L
(37 mg/L) for Pr. It was anticipated that the sorbent would be more
enriched in Nd due to its higher concentration in the leachate (Fig. 9).
While achieving optimal removal efficiency is ideal, the current condi-
tions do not fully mirror the real industrial environments. Therefore,
these results obtained from a solution containing a mixture of metals,
provide a more realistic reflection of industrial conditions. In this
context, the removal percentages of the REEs are considered favourable.

Fig. 9 compares the predicted and observed sorption quantities of Dy,
Nd, and Pr by manganese ferrite nanoparticles, using a material con-
centration of 15 g/L in this trial. The three elements exhibited an error
margin of around 20 % between the expected and observed q; values,
suggesting that increasing the nanoparticle dose to 17-20 g/L may be
necessary for complete Nd removal. This adjustment in nanoparticle
dosages has significant implications for the scalability of the removal
process. If the required amount of nanoparticles is too high, it could
compromise the economic viability of the method by increasing opera-
tional and logistical costs, unless the nanoparticles can be produced at a
very low cost. Therefore, it is crucial to carefully assess the relationship
between nanoparticle dose and removal efficiency to ensure that the
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Fig. 9. Comparison of the amount of element sorbed by the manganese ferrite
nanoparticles (q,), both expected and obtained for the elements Dy, Nd, and Pr.
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process remains effective, scalable, and economically viable. The rela-
tively high removal percentages obtained in this study indicate strong
potential for industrial applications in recovering Nd from permanent
magnets. However, further optimization is needed for future trials
involving real magnet dissolution matrices and larger-scale sorption
assays.

3.2.4. Desorption experiments

Nd, Dy, and Pr were analysed in the desorption experiments. Table 4
presents the desorption efficiencies for each element, expressed as per-
centages. The data show that all elements can reach 100 % recovery
within 6 h, indicating that extending the contact time to 24 h is un-
necessary, as the same behaviour is observed at both time points. Since
desorption percentages for all elements exceed 80 %, the concentration
of HNO3 has minimal effect on the desorption efficiency for these three
elements.

Overall, effective desorption is achieved for all elements, which is
promising for both the potential reuse of manganese ferrite nano-
particles and the recovery of these elements. The results also demon-
strate that diluted HNOs is effective for desorption. Nonetheless, further
research is needed to determine the minimum concentration of the
HNOj solution required for desorption and to evaluate the sorption ef-
ficiency of the recycled material.

3.3. Performance of MnFe;04 nanoparticles for Nd removal: A
comparative assessment

A review of the literature reveals that most studies investigating Nd
removal from water using different sorbents are conducted in simplified
matrices. These typically involve initial Nd concentrations between 200
and 250 mg/L, pH levels ranging from 5 to 6, sorbent doses of 1 to 5 g/L,
and contact times of 1 to 6 h [45-52]. Several studies have explored the
application of manganese ferrite nanoparticles for contaminant removal
from water. These studies often employ initial Nd concentrations around
500 mg/L, with pH levels between 6 and 7, sorbent doses below 1 g/L,
and contact times ranging from 20 min to 1 h [7,22,24,31,53-56]. While
initial Nd concentrations in these studies vary slightly (200 to 500 mg/
L), such high levels can present challenges for achieving efficient
removal. This study, though broadly consistent with these parameters,
distinguishes itself by examining the impact of salinity in a real marine
environment using actual marine salt. This is in contrast to much of the
existing research, which typically employs NaCl to simulate salinity.
Furthermore, the present study investigates a more complex solution
derived from the dissolution of permanent magnets, offering valuable
insights into Nd removal under more realistic and challenging
conditions.

When comparing the findings of this study with previous research,
notable differences in sorption capacities emerge. For instance, Duran
et al. [53] reported a maximum sorption capacity of 44.29 mg/g for Nd
removal using MnFe;04-chitosan nanoparticles in deionised water with
a contact time of 250 min. In contrast, Liu et al. [31] achieved much
higher sorption capacities, exceeding 1000 mg/g for La and Ce removal
using modified MnFe;04 nanoparticles, with much shorter contact times
of 30 min. Similarly, Ghobadi et al. [7] observed high sorption capacities
with MnFe504-GO nanoparticles, reporting up to 1001 mg/g for La and
982 mg/g for Ce in only 20 min.

Table 4
Recovery percentage (%) of Dy, Nd, and Pr desorption from manganese ferrite
nanoparticles, after 1, 6, and 24 h contact time.

Time (h) [HNO3] (mol/L) Recovery (%)
Dy Nd Pr
1 84 85 84
6 0.01 100 100 100
24 100 100 100
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While previous studies have demonstrated that modifying nano-
particles can significantly enhance sorption performance, this study
highlights the use of unmodified nanoparticles as a more sustainable
alternative. Although modified nanoparticles are highly effective, their
production often involves more complex and less environmentally
friendly processes. In contrast, unmodified manganese ferrite nano-
particles still achieved high removal efficiencies, exceeding 90 % in
freshwater and 70 % in saline water, even in more complex solutions like
magnet leachate. This highlights their potential as a simpler and more
practical solution, particularly in real-world applications where
competing ions are present.

In the studies conducted by Briao et al. [18] and Dudarko et al. [57],
both explored REE sorption from a simulated NdFeB magnet leachate in
batch mode under similar experimental conditions, differing primarily
in pH and sorbent dosage. Dudarko et al. [57] adjusted the leachate pH
to precipitate iron, thereby reducing competition between iron and REEs
during sorption, whereas Briao et al. [18] did not, a situation similar to
the present study. Nevertheless, the sorption capacities reported in these
studies were higher than those achieved here. Dudarko et al. [57] re-
ported a sorption capacity (qe) of 1.19 mmol/g (171.6 mg/g) for Nd,
while Briao et al. [18] observed a qe of 1.4 mmol/g (201.9 mg/g). In this
study, the maximum sorption capacity for Nd removal was considerably
lower, reaching only 8 mg/g after 48 h. This reduced capacity, compared
to values reported in the literature, can be attributed to the more com-
plex and realistic conditions of the experiments. Unlike previous studies,
which typically employed simpler matrices such as deionised or ultra-
pure water, this study focused on a real saline environment, with high
salinity and the presence of competing ions. These factors likely
increased competition for sorption sites, resulting faster saturation of the
material.

Furthermore, this study examined a solution derived from the
dissolution of permanent magnets, adding an additional layer of
complexity compared to the ideal conditions often used in published
works. These more realistic conditions make it challenging to achieve
the same high sorption efficiencies reported in simpler systems, where
the absence of competing ions allows for more optimal removal per-
formance. Consequently, while the maximum sorption capacity
observed in this study was lower, it reflects a more practical scenario for
real-world applications. This highlights the importance of adjusting
expectations when moving from controlled laboratory experiments to
more complex environmental systems.

4. Conclusions

In conclusion, this study highlights the effectiveness of manganese
ferrite nanoparticles as a highly efficient method for the removal of Nd
from aqueous solutions. The initial experiments demonstrated the
nanoparticles' strong capacity for Nd extraction from ultrapure water,
while further optimisation through response surface methodology
identified key factors affecting removal efficiency. Notably, nano-
particle dosage emerged as the most significant factor, with salinity
negatively influencing the performance. The optimal conditions,
including a nanoparticle dose of 1000 mg/L, an initial Nd concentration
of 20 pmol/L, and zero salinity, achieved nearly 100 % removal after 24
h at pH 6, with experimental validation confirming over 90 % removal
efficiency.

Simulation of real magnet dissolution conditions revealed removal
rates exceeding 70 %, with MnFey;O4 nanoparticles displaying non-
selective sorption behaviour and effectively removing a variety of ele-
ments, including REEs like Nd, Dy, and Pr. Although this lack of selec-
tivity may require additional downstream processing steps, the potential
economic and environmental impacts of such processes warrant further
investigation. For sorption to become a viable alternative to conven-
tional REE recovery methods, future studies should incorporate both
pre- and post-sorption processes in their enviro-economic assessments,
including tools such as Life Cycle Assessment. While the experimental

Journal of Water Process Engineering 71 (2025) 107200

conditions did not fully replicate industrial processes, the promising
removal rates in complex media suggest significant potential for in-
dustrial applications, particularly in recovering Nd from permanent
magnet effluents. This efficient Nd removal could also extend to other
REE-rich effluents, with MnFe,04 nanoparticles offering a sustainable
solution for REE management. However, additional optimisation is
necessary to improve performance under real industrial conditions,
especially in large-scale sorption assays and magnet dissolution
matrices.

The successful desorption experiments demonstrated the feasibility
of industrial-scale recovery, with 100 % recovery achieved within just 6
h. This high desorption efficiency, coupled with the techno-economic
viability of MnFe;04 nanoparticles for recovering Nd from permanent
magnet effluents, positions the material as suitable for scale-up. Opti-
mising the desorption process is essential to improve selectivity and
efficiency in larger-scale applications. Furthermore, future research
should explore the reusability of MnFe;04 nanoparticles through mul-
tiple desorption cycles, as this would reduce material synthesis costs and
lower the environmental footprint of large-scale applications.

Given their removal performance, these nanoparticles show great
promise as sorbents for Nd recovery from industrial leachates, sup-
porting both economic and environmental sustainability. Future
research should focus on investigating additional parameters, such as
temperature, nanoparticle toxicity, optimal desorption conditions, and
consecutive sorption/desorption cycles to evaluate nanoparticle recy-
clability. This will optimize the process and ensure its long-term effec-
tiveness and sustainability at a larger scale.
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