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ARTICLE INFO ABSTRACT

Keywords: This study addresses the hydrometallurgical recycling of NdFeB magnets obtained from discarded hard disk
Rare'e.arth elements drives. Magnet powders processed via hydrogen decrepitation were thermally oxidized at 850 °C to convert iron
Leaching into insoluble oxides, minimizing iron dissolution during subsequent acid leaching. The research examined
Thermal treatment . . . . . . . o . . .

Magnet various parameters and different inorganic and organic acids — acetic, citric, trichloroacetic, methanesulfonic,
Defrepitation and hydrochloric acids - to identify suitable operating conditions for rare-earth elements (REE) recovery.
Recycling Thermal pretreatment substantially improved iron selectivity but initially limited REE extraction. Elevated
Hydrometallurgy temperatures notably enhanced leaching performance since hydrochloric acid (HCI) at 93 °C achieved complete

dissolution of REEs with minimal iron contamination. Effective leaching conditions (0.5 mol/L HCI, solid-to-
liquid ratio S/L = 100 g/L, 93 °C, 8 h) were established, yielding high-purity solutions suitable for selective
extraction. In addition to REEs, the dissolution behavior of other potentially valuable elements such as boron,
cobalt, aluminum, and copper was also assessed, providing insights into their co-recovery potential. The resulting
leachate composition, characterized by high REE concentrations and limited impurity levels, offers favorable
conditions for implementing solvent extraction processes for the selective recovery of both REE and the other

critical metals contained in the leachate.

1. Introduction

Neodymium-iron-boron (NdFeB) magnets have become essential to
numerous modern technologies, driving a significant rise in demand for
key rare earth elements (REEs) such as neodymium (Nd), praseodymium
(Pr) and dysprosium (Dy). Since their development, the demand for
these critical materials has escalated notably. According to a report from
the European Commission's Joint Research Centre, in 2018, global
consumption of these REEs was around 50,000 tons, with Nd making up
about 40,000 tons [1]. Looking ahead, the International Renewable
Energy Agency anticipates a dramatic increase in demand, projecting
annual needs could reach approximately 225,000 tons. This growth is
predominantly driven by expanding production in the electric vehicle
sector (approximately 180,000 tons) and rising installations in wind
energy technology (around 50,000 tons) [2]. Such an unprecedented
surge may result in a substantial shortfall of nearly 135,000 tons of

NdFeB magnets within the coming decade. To mitigate this impending
shortage, efforts are concentrated on both developing new mining op-
erations and enhancing recycling practices. Several new mining projects
are currently underway or planned in regions with potential reserves,
including Canada, Australia, Turkey, and the Nordic countries. How-
ever, reliance solely on primary extraction might not sufficiently meet
the future needs. Therefore, many governments, especially in regions
with limited mining capacity like Europe, the United States, and Japan,
have increased investments in the recycling sector to improve the se-
curity of REE supplies [1,3]. Although current recycling rates are rela-
tively low, substantial room exists for expansion, potentially reclaiming
up to 2500 tons of essential elements such as Nd and Dy annually [3].
The critical role of recycling NdFeB magnets stems from their unparal-
leled magnetic properties, identified since their introduction in 1983.
Compared to traditional magnet types, NdFeB magnets provide
remarkably higher magnetic energy densities — approximately fifteen-
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fold that of ferrite-based magnets, seven-fold that of AINiCo magnets,
and roughly two and a half times greater than samarium-cobalt magnets
[1]. Such exceptional attributes have made NdFeB magnets vital com-
ponents in advanced technology fields dominating over half of the
global permanent magnet market [4]. NdFeB magnets typically contain
iron (60-70 wt%), neodymium (20-25 wt%), boron (around 1 wt%),
and smaller proportions of praseodymium and dysprosium (each up to 5
wt%), which contribute to improved thermal stability at operating
temperatures as high as 200 °C. Additionally, the inclusion of trace el-
ements such as cobalt, copper, and nickel further enhances the magnets'
performance and durability [1].

In response to environmental concerns and increasing demand for
NdFeB magnets, innovative recycling methods aligned with circular
economy principles have emerged (Fig. 1). A particularly promising
approach is short-loop recycling (Fig. 1, route a), involving hydrogen
decrepitation (HD). In this process, hydrogen induces brittleness in
spent magnets, breaking them down into powders suitable for new
magnet fabrication through magnetic compaction and high-temperature
sintering [5]. An advanced variant, the Hydrogenation Disproportion-
ation Desorption Recombination (HDDR) process, provides further
refinement by hydrogenating both grain boundary phases and the
NdyFe;4B matrix, followed by a high-temperature disproportionation
reaction and subsequent desorption of hydrogen. The final recombina-
tion at elevated temperatures restores the original Nd;Fe;4B magnetic
phase [6-12]. HD also serves as an efficient pre-treatment for longer-
loop recycling processes, facilitating subsequent extraction of REEs
through hydrometallurgical or pyrometallurgical techniques [13-17]. In
pyrometallurgy, another innovative method, Liquid Metal Extraction
(Fig. 1, route c), selectively recovers REEs from magnet scrap using
molten magnesium [18,19]. In this technique, magnets are immersed in
liquid magnesium, allowing REEs to diffuse into the molten metal, fol-
lowed by distillation to separate metallic rare earths. The process
significantly reduces environmental impact compared to traditional
mining by virtually eliminating effluent. Magnesium is reusable after
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distillation, and iron-rich residues can re-enter steel manufacturing,
highlighting the method's economic and ecological advantages despite
its relatively high energy requirements.

A more conventional recycling method, the hydrometallurgical
approach (Fig. 1, route b), involves several sequential steps, including
leaching, solvent extraction, ion exchange, and precipitation, to recover
REEs. These steps are similar to techniques commonly applied in hy-
drometallurgical ore processing and have been extensively studied to
optimize efficiency and minimize environmental impacts [20]. Thermal
oxidative pre-treatment enhances the selectivity during leaching by
preventing iron (Fe) dissolution, crucial since iron contamination com-
plicates REE purification during subsequent extraction and precipitation
steps. After extraction, REEs are precipitated as salts, subsequently
converted into pure metals for new magnet production. Additionally,
this method can co-recover other valuable metals such as Pr, Dy, Ni, Co,
and Cu, further promoting resource efficiency, while residual Fe can be
recycled into the steel industry.

Extensive research has been conducted on hydrometallurgical recy-
cling methods for recovering REEs from NdFeB magnets, primarily
focusing on leaching processes using inorganic and organic acids. Early
investigations, such as those by Lyman and Palmer [21], demonstrated
that sulfuric acid effectively dissolves magnet scrap, selectively leaching
REEs while preventing excessive iron oxidation under mild conditions.
Subsequent work by Rabatho et al. [22] utilized nitric acid with
hydrogen peroxide to achieve efficient dissolution of Nd, Dy and B,
significantly reducing Fe dissolution at lower acid concentrations.

Additional studies, including those by Yoon et al. [23] and Hooger-
straete et al. [24], underscored the significance of thermal oxidative
pretreatment in enhancing selective dissolution. Yoon et al. effectively
combined roasting with sulfuric acid leaching, achieving complete Nd
extraction at elevated temperatures, whereas Hoogerstraete et al.
employed oxidative roasting at higher temperatures followed by hy-
drochloric acid leaching, yielding high purity REE solutions with mini-
mal iron contamination. More recently, Kumari et al. [25] optimized

(c)
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Fig. 1. Recycling routes of REEs from NdFeB magnets, (a) short-loop recycling, (b) hydrometallurgical route, (c) liquid metal extraction (pyrometallurgy).
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pre-treatment conditions, including demagnetization and roasting at
850 °C, significantly improving REE dissolution efficiencies with very
limited iron contamination, thus simplifying downstream purification
processes. Similarly, Parhi et al. [26] and Erust et al. [27] reported high
dissolution yields using dilute hydrochloric and sulfuric acids, respec-
tively, albeit highlighting persistent challenges with iron dissolution.

Parallel to inorganic acid research, growing environmental concerns
have driven interest toward organic acid leaching methods. Yoon et al.
[23] demonstrated effective selective leaching of Nd and Dy with acetic
acid following combined mechanical and thermal treatments, limiting
iron dissolution significantly. Behera and Parhi [28] confirmed high Nd
dissolution efficiencies with acetic acid under optimized conditions,
though significant iron co-dissolution persisted at higher acid concen-
trations. Investigations by Gergoric et al. [29,30] and Reisdorfer et al.
[31] compared various organic acids, such as citric, malic, glycolic, and
maleic acids, achieving high REE extraction efficiencies but frequently
encountering iron contamination issues, especially at prolonged leach-
ing times or higher acid concentrations. Recent studies by Belfqueh et al.
[32] systematically evaluated several organic acids, reaffirming higher
acetic acid performance in terms of selective REE recovery compared to
citric, tartaric, and formic acids.

However, the current literature often overlooks the behavior of non-
rare earth elements co-present in the leached material, such as
aluminum (Al), boron (B), cobalt (Co), and iron (Fe). Understanding
their solubility, co-dissolution, and potential for recovery or removal is
crucial, as their presence can significantly impact downstream purifi-
cation processes, material purity, and overall environmental perfor-
mance. A more comprehensive assessment of these co-elements is
therefore needed to improve process control and support the develop-
ment of truly sustainable recycling workflows.

In this context, the present work primarily aims at investigating the
dissolution behavior of non-REE elements during the leaching of HD
powders derived from NdFeB magnets, using organic and inorganic
acids. However, such an analysis is only meaningful under conditions
where REE dissolution is ensured, as the absence of efficient REE re-
covery would prevent any economically viable recycling process.

To this end, a preliminary roasting treatment was applied to oxidize
the HD powder, effectively converting iron into insoluble oxides in the
leaching media, as demonstrated previously by Kumari et al. [25] and
Reisdorfer et al. [31] Establishing effective and selective REE leaching
conditions was therefore a necessary prerequisite to define a robust and
process-relevant baseline. Once these conditions were achieved,
particular attention was given to the dissolution behavior of co-existing
elements, an aspect that remains insufficiently addressed in the litera-
ture under conditions representative of an economically viable and se-
lective recycling process.

By explicitly examining the behavior of both target REEs and
accompanying elements, this study provides new insights into impurity
management, co-element valorization, and the design of selective hy-
drometallurgical flowsheets. This comprehensive approach supports the
principles of green chemistry and circular economy by promoting
resource efficiency, minimizing environmental impact, and enabling the
full valorization of end-of-life products.

2. Materials and methods
2.1. Experimental procedures

2.1.1. Sample preparation

Permanent NdFeB magnets recovered from discarded hard disk
drives (HDDs) were processed into powder using the hydrogen decrep-
itation (HD) method at room temperature under a hydrogen pressure of
1 bar. The resulting material was then sieved to isolate particles smaller
than 200 pm, yielding a median particle size (dso) of 100 pm. Assuming a
Rosin—Rammler [33,34] particle size distribution with a shape param-
eter n = 2.5, consistent with previous work [19] on decrepitated NdFeB
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powders, the corresponding D1 and Deo were model-based estimates
equal to 47 pm and 158 pm, respectively. The results of ICP-MS analysis
performed on the decrepitated powder are presented in Table 1. Prior to
elemental analysis, solid samples were subjected to total acid digestion.
Approximately 50 mg of dried powder were weighed into Teflon vessels
and treated with 10 mL of freshly prepared aqua regia (HCI:HNOs = 3:1
v/v). The suspensions were heated on a hot plate at 120 °C for 2 h until
complete dissolution. This digestion procedure is consistent with
established protocols for NdFeB magnets and rare-earth-rich materials
using aqua regia or mixed HCl/HNOs systems. After cooling, the solu-
tions were quantitatively transferred and diluted to a final volume of 50
mL with deionized water, and filtered when necessary before analysis.
Iron was quantified by ICP-OES due to its higher concentration, while
other elements were determined by ICP-MS. [35,36]

2.1.2. Thermal oxidation of the HD powder as pre-treatment

Prior to the leaching experiments, the HD magnet powder underwent
a roasting process aimed at oxidizing the material, specifically con-
verting iron into oxides that are insoluble in the leaching media, as
demonstrated by Kumari [25] and Gergoric [30]. Gergoric conducted
roasting at 400 °C for 1.5 h, while Kumari employed a higher temper-
ature of 850 °C for 6 h. To establish effective roasting conditions for
complete oxidation of the HD powder and to enhance leaching selec-
tivity by rendering iron insoluble, an initial oxidation study was carried
out on 3 g of HD powder using TGA-DSC (Setaram — TG96) at 450 °C and
850 °C for 14.5 h under an air flow of 200 mL-min~!. Based on the re-
sults, full oxidation was then performed in a muffle furnace (Nabertherm
N 11/H, maximum temperature 1280 °C). The mass change was assessed
by weighing the sample in a crucible before and after roasting.

2.1.3. Leaching of the oxidized powder

During the roasting process, the samples agglomerated and were
subsequently pulverized using a micro-crusher to achieve a particle size
below 100 pm that is appropriate for ensuring efficient dissolution. [28]
Since laser granulometry was not available, its particle size distribution
was estimated using a Rosin-Rammler [33,34] model with the same
shape parameter (n = 2.5) previously used for the <200 pm powder.
Assuming Dsg = 60 pm as typical median size of such micro-crushing
conditions, the model predicts Djp = 29 pm and Dgy = 89 pm. These
values indicate that the <100 pm micro-crushed fraction presents a
relatively narrow and homogeneous particle size distribution. [19]

Leaching experiments were performed in 150 mL beakers containing
100 mL of leaching solution. Stirring was maintained throughout the
process using a magnetic heating and stirring plate. The acids employed
for leaching included acetic acid (puriss p.a. >99.8%, Sigma Aldrich),
citric acid (ACS reagent >99.5%, Sigma Aldrich), trichloroacetic acid
(ACS reagent >99.0%, Sigma Aldrich), methanesulfonic acid (>99.0%,
Sigma Aldrich), and hydrochloric acid (puriss p.a. >37.0%, Sigma
Aldrich). Leaching solutions were prepared by diluting concentrated
acids to the desired concentrations using ultrapure water with a re-
sistivity of 18.2 MQ.cm at 25 °C and an ionic content of less than 1 pg/L.

Table 1
Elemental analysis of the decrepitated powder of spent magnets.

Elements Contents (%) Uncertainties (%)
Fe 64.05 < 2%
Nd 23.34 < 5%
Dy 3.26 < 5%
Pr 1.73 < 5%
Gd 1.35 < 5%
Co 1.01 < 5%
B 1.00 < 5%
Al 0.68 < 10%
Ge 0.23 < 10%
Cu 0.16 < 10%
Nb 0.11 < 10%
Ga 0.11 < 10%
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This water was produced using a Direct-Q® 3 UV Remote Water Puri-
fication System equipped with a 0.22 pm filter.

Initial leaching experiments followed the procedure described by
Gergoric [30], which involved using 1 mol/L acid, stirring at 400 rpm, a
temperature of 23 + 1 °C, a solid-to-liquid (S/L) ratio of 20 g/L, and a
leaching duration of 24 h. The mass of the powder was accurately
measured prior to leaching using a precision balance (Ohaus PR Series,
model PR223) to enable calculation of leaching efficiency.

Leaching effiency of the element (i) was determined using the
following equations:

Amount of (i) in the leachate « 100
Initial amount of (i) in the powder

= <—"i~"“ ) x 100
N powder

Leaching effiency,(%) = (w%)%) x 100
‘powder 'powder

Leaching effiency;(%) = <

where n; prs (mol) corresponds to the amount of element i in the preg-
nant leach solution (PLS), and n;powder (mol) is the initial amount of i
present in the roasted powder. The term Cjprs (mg.L’l) refers to the
concentration of element i in the leachate, while Vp;s (L) denotes the
total volume of the pregnant leach solution collected after leaching.
Cpowder(i) (mg.g_l) represents the initial content of element i in the
roasted powder, expressed per gram of solid, and mp,wder (g) is the total
mass of powder subjected to leaching. Both formulations are equivalent
and can be employed depending on whether the available data are
expressed in terms of molar quantities or concentrations.

Several parameters were investigated to determine favorable con-
ditions and better understand the leaching behavior of REEs, including
roasting time, acid concentration, addition of chloride ions, type of
organic acid, acid renewal, use of inorganic acids, and temperature.

2.1.4. Liquid-liquid extraction post-processing

Liquid-liquid extraction have been performed by using the pregnant
liquor solution made by leaching HD powder roasted at 850 °C during 6
h under the following experimental conditions: HCI at 0.5 mol/L, S/L =
100 g/L, temperature = 93 °C, agitation = 500 rpm. To perform liquid-
liquid extraction experiments, 50 mL of the pregnant liquor solution
were contacted with the extraction solvent in centrifuge tubes (the
volume of the extraction solvent depends on the phase volume ratio O/
A). The organic solvent was made of di(2-ethylhexyl)phosphoric acid
(D2EHPA) (Sigma Aldrich) and tributyl phosphate (TBP) (Sigma
Aldrich) diluted in Kerosene (low odor, Thermo Scientific) to the desired
concentration. Tubes were placed in a shaker (Laboshake Gerhardt
Analytical Systems model LS500) for shaking at 250 rpm during 30 min
at a temperature of 25 °C to reach the steady state. After shaking, tubes
were centrifuged at 2000 rpm during 2 min (Unrefrigerated benchtop
centrifuge Sigma model 3-16 L) to separate the aqueous solution and the
extraction solvent. The aqueous solution is then recovered and diluted
100 times for elemental analyses.

The extraction rates are calculated using the following equation:

Extraction rate (%) = (1 7M) x100 = (1 7M) x 100
naq‘O Caq,O

Where Caq0 and n,qo represent the initial concentration and initial
amount of substance in the aqueous phase, respectively, while, Cyq ext
and Nagexc correspond to the concentration and amount of substance
after extraction in the aqueous phase.

2.2. Characterization of the materials

2.2.1. X-ray diffraction spectroscopy
Following the roasting and leaching experiments, both the treated
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powder and leach residues were recovered, dried, and subjected to X-ray
diffraction (XRD) analysis. XRD patterns were acquired using a Bruker
D8 Discover diffractometer equipped with a Cu-Kas radiation source (A
= 1.5406 A), operating at 40 kV and 40 mA. Measurements were per-
formed under ambient conditions using a LynxEye detector, with data
collected over a 20 range of 2.5° to 65°, at a step size of 0.035°, and a
counting time of 3 s per step. Phase identification was carried out using
Match! 4 software, with diffraction peaks matched against the inte-
grated powder diffraction database provided within the software.

2.2.2. Microwave plasma atomic emission spectrometer

At scheduled intervals during the leaching process, 3 mL liquid
samples were collected using a volumetric pipette. These samples were
immediately filtered under vacuum through 0.45 pm hydrophilic
membranes to remove any residual solids. The pH of the filtrates was
then measured using a VWR® pHenomenal® pH 1100 L meter. Prior to
use, the pH electrode was calibrated with four buffer standards (pH 4, 7,
9, and 10; VWR Chemicals). The redox potential (Eh vs. Ag/AgCl) was
measured using a VWR® pHenomenal® Redox 110 L meter equipped
with a pHenomenal® Redox electrode calibrated with a standard redox
potential solution at 400 mV vs Ag/AgCl (VWR Chemicals), as recom-
mended by the manufacturer. Following filtration, each sample was
diluted 100-fold with deionized water (resistivity = 18 Mohms, VWR
Puranity TU 6+) and acidified with 2% HNOs (puriss p.a. >65%, Sigma
Aldrich) to ensure sample stability before elemental analysis. Metal
concentrations in the resulting solutions were quantified using a Mi-
crowave Plasma-Atomic Emission Spectrometer (MP-AES, Agilent
4210). To enable quantitative multi-element analysis, a mixed-element
stock solution was prepared to reflect the elemental composition at
the S/L ratio used in leaching experiments. From this stock, a set of eight
calibration standards was prepared, covering a concentration range
from 0.08% to 125% relative to the initial composition. For each
element (excluding Nb), two to six emission lines were monitored to
validate concentration measurements. In addition, individual elemental
standard solutions at 75% of the expected concentration were prepared
to support Fast Linear Interference Correction (FLIC), utilizing MP-
Expert software for data processing. All calibration and standard solu-
tions were freshly prepared for each analytical session, with final con-
centrations adjusted to match the specific elemental distribution of the
leaching feedstock.

3. Results and discussion
3.1. Powder thermal oxidation and effect of roasting time on leaching

3.1.1. Thermal oxidation of the HD powder

The primary objective of the roasting step was to render iron insol-
uble by converting it into hematite (FexOs), a phase known for its
limited solubility in acidic media, while simultaneously oxidizing the
Nd-Fe-B intermetallic matrix into rare-earth—containing oxides such as
NdFeOs. This transformation is intended to suppress iron dissolution
during subsequent leaching of NdFeB magnet powder. Two established
roasting protocols were considered: one based on Kumari's method [25],
which applies a high-temperature treatment at 850 °C for 6 h, and
another derived from Gergoric's [30] study, involving a lower temper-
ature of 400 °C for 1.5 h. While Kumari reported improved selectivity
during leaching, Gergoric's results showed no significant distinction in
element recovery. To further investigate the influence of temperature
and duration on iron oxidation and its impact on leaching behavior,
roasting trials were conducted on HD powder at 450 °C and 850 °C for
an extended period of 14 h. The resulting mass changes, shown in Fig. 2
(a), reflect the oxidation progression at 450 °C (blue line) and 850 °C
(red line) while DTG curves are given in Fig. 2(b) for better under-
standing of the thermal chemical behavior. At 450 °C, oxidation
appeared to be ongoing even after 14 h, as indicated by a mass increase
of 17.25%.
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Fig. 2. TGA-DSC analysis of HD powder under air at 850 °C (red) and 450 °C (blue).
Fig. 3 presents the X-ray diffraction (XRD) patterns of HD magnet oxidation, in agreement with earlier findings by Kumari. To assess how
powder subjected to roasting at 850 °C for 1, 2, and 6 h. roasting duration affects the selectivity of the leaching process, addi-
In contrast, roasting at 850 °C led to a clear mass stabilization after tional samples were treated in a muffle furnace at 850 °C for varying
approximately 6 h, with a final mass gain of 35.68%, confirming full durations of 1, 2, and 6 h. Each sample was placed in a crucible and
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Fig. 3. XRD patterns of roasted powders after (a) 1-h, (b) 2-h and (c) 6-h.
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subjected to thermal treatment under ambient air conditions.

Compared to the untreated powder, the roasted samples exhibit
distinct changes in crystalline phases, highlighting the progressive
transformation induced by thermal oxidation. In all roasted samples,
diffraction peaks corresponding to hematite (FepyO3) are clearly
observed, becoming more pronounced with longer treatment times. The
formation of neodymium orthoferrite (NdFeOs) is also evident across all
durations, with relatively consistent peak intensities. This phase is likely
the result of oxidation of the Nd;Fe 4B structure. A metallic iron phase
(a-Fe) is detected primarily in the sample roasted for 1 h, with its in-
tensity decreasing after 2 h and disappearing entirely after 6 h. This
disappearance indicates the progressive oxidation of metallic iron into
more stable oxide phases, namely Fe,O3 and NdFeOs. Additionally,
minor peaks attributed to magnetite (FesO4) are detected, becoming
more distinct in samples treated for longer durations. Dysprosium oxide
phases are consistently present in all oxidized powders, regardless of
roasting time, suggesting that Dy oxidation occurs readily and remains
stable under the tested conditions.

These structural transformations were targeted based on prior liter-
ature to enhance selectivity during further leaching by minimizing iron
solubilization. Kumari et al. [25] demonstrated that roasting at 850 °C
for 6 h effectively converts metallic iron into Fe;Os, significantly sup-
pressing its dissolution during acid leaching. Conversely, Gergoric et al.
[30] applied a milder treatment at 400 °C for 1.5 h, which likely resulted
in partial oxidation or simple demagnetization, limiting its effectiveness
in reducing iron solubility. Ultimately, the complete disappearance of
a-Fe and the rise of Fe,O3 and NdFeOj3 peaks after 6 h at 850 °C
confirmed full oxidation.
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This overall phase evolution also indicates that roasting not only
passivates iron but also breaks the strong metallic and partially covalent
bonding within the NdyFe;4B matrix, converting REEs into oxide envi-
ronments that govern their subsequent leaching behavior.

From a chemical standpoint, thermal oxidation promotes both the
passivation of iron and the breakdown of the Nd-Fe-B intermetallic
phase into simpler oxide phases. The main oxidation reactions can be
schematically expressed as:

4 Fe 4 3 O2—2 Fe20s3
2 REE + 3 0>—2 REE20swith REE = Nd, Pr, Dy

Nd20s + Fe203—2 NdFeOs

These reactions illustrate how roasting converts the metallic and
partially covalent Nd-Fe-B matrix into iron oxides and rare-earth-
containing oxide phases, thereby suppressing iron solubility while
chemically activating REEs through structural oxidation. These struc-
tural changes are expected to influence subsequent leaching behavior,
improving selectivity through the reduced solubility of oxidized iron
phases in acidic media.

3.1.2. Effect of roasting on the leaching treatment

To evaluate the impact of thermal oxidation on selective leaching,
HD powders roasted at 850 °C for 1, 2, and 6 h were subjected to
leaching under conditions adapted from Gergoric [30]: 1 mol/L acetic
acid, 400 rpm agitation, 23 + 1 °C, S/L = 20 g/L, and a 24-h duration.
The use of acetic acid under these conditions was intended to isolate the
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Fig. 4. Leaching efficiency by 1 mol/L acetic acid as a function of time after thermal pretreatment of the HD powder during (a) 1 h, (b) 2 h and (c) 6 h. (temperature

= 23 °C; S/L = 20 g/L, 400 rpm).
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effect of complete oxidative roasting on leaching behavior using a
reference organic acid previously reported in the literature. The corre-
sponding REEs and iron dissolution efficiencies are shown in Fig. 4 and
are supported by XRD patterns before and after leaching (Figures SI-
1-SI-3 in Supporting Information).

For the sample roasted for 1 h, the average dissolution efficiency of
REEs is 38.2%, with individual solubilization efficiencies of 34.3% for
Nd, 36.6% for Pr, 40.2% for Dy, and 41.8% for Gd. Iron dissolution is
notably high at 76.1%. XRD analysis reveals the disappearance of the
a-Fe peak after leaching, confirming significant iron removal, while
other phase peaks remain unchanged. After 2 h of roasting, REEs
leaching efficiency drops significantly to an average of 21.2%, and iron
dissolution decreases to 25.0%. Although the o-Fe peak is again absent
in the post-leaching XRD patterns, the overall phase composition re-
mains stable, suggesting partial oxidation and reduced iron solubility. In
the 6-h roasted sample, REEs dissolution efficiencies further declines to
9.5% on average (Nd: 7.4%, Pr: 9.2%, Dy: 8.6%, Gd: 12.8%), while iron
solubility is reduced dramatically to 0.3%. The XRD pattern confirms
complete oxidation, as indicated by the absence of a-Fe and the presence
of Fe3O3 and NdFeOjs. Slight reductions in peak intensities across the
patterns correlated with the modest leaching of REEs.

These results demonstrate a clear trend: increasing the roasting
duration reduces iron dissolution, due to the formation of insoluble iron
oxides such as Fe;03 and NdFeOs. However, this selectivity comes at the
cost of reduced REE recovery. The 1-h treatment yielded the highest REE
solubilization but failed to suppress iron dissolution, while the 6-h
treatment achieved strong selectivity with minimal iron leaching but
poor REE recovery. This trade-off highlights the challenge in ensuring
both high selectivity and extraction efficiency. Comparatively, Gergoric
[30] reported high REEs leaching under similar conditions, but applied a
lower roasting temperature of 400 °C for 1.5 h, likely demagnetizing
rather than oxidizing the material. This fundamental difference in
thermal treatment likely explains the higher dissolution efficiencies for
both REEs and iron in this study, which contrasts with the selective
leaching observed in this work. The observed selectivity aligns with the
findings of Reisdorfer [31] and Kumari [25], who emphasized the
benefits of pre-roasting NdFeB magnets to enhance separation between
REEs and iron. Although this pre-treatment hinders REE solubility under
mild leaching conditions, it converts REEs into stable oxide or ortho-
ferrite phases (NdFeOs) whose high lattice stability kinetically limits
proton-driven dissolution. However, this transformation simplifies
downstream processing by eliminating the need for extensive purifica-
tion, which is often reagent-intensive and environmentally burdensome.

In conclusion, roasting at 850 °C significantly improves iron selec-
tivity during leaching but simultaneously limits REE recovery. This
underscores the importance of developing leaching strategies tailored to
oxidized magnet powders. Future investigations will focus on improving
REE solubilization from 6-h roasted powders, aiming to maintain the
low iron dissolution benefits of thermal pre-treatment while enhancing
rare earth extraction through modifications in leaching chemistry or
conditions.

3.2. Leaching

3.2.1. Effect of acid concentration and chloride ion addition

To evaluate whether acetic acid concentration and chloride ion
addition could improve REEs extraction from roasted magnet powder
while minimizing iron dissolution, leaching experiments were con-
ducted during 24 h at 23 + 1 °C with 400 rpm agitation and S/L = 20 g/
L. Using acetic acid concentrations from 1 to 5 mol/L, REE leaching
peaked at 24.5% with 3 mol/L, then declined at higher concentrations,
while iron dissolution remained low (<0.25%). Addition of NaCl at 0.2
and 0.5 mol/L resulted in REEs leaching efficiencies of 15.0% and
16.0%, respectively, with iron dissolution under 0.2%. These results
indicate that neither increasing the acid concentration nor adding
chloride ions significantly enhanced REE extraction efficiency,
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confirming that acetic acid alone is insufficient for effective REE re-
covery under the tested conditions.

3.2.2. Influence of the nature of the acid

To investigate the influence of acid strength on the leaching effi-
ciency of REEs from roasted HDD magnet powder, a series of leaching
experiments were conducted using inorganic acids and organic of
varying pK, values. The aim was to evaluate the relationship between
acid dissociation strength and REE solubilization while maintaining
minimal iron dissolution. Organic acids are generally considered to be
less environmentally impactful than inorganic acids, as they tend to
exhibit lower impacts in categories when assessed through life cycle
analysis. This is largely attributed to their biodegradability, lower en-
ergy requirements during synthesis, and reduced emissions during use
and disposal. Therefore, in addition to assessing leaching efficiency, the
potential environmental advantages of organic acids make them
attractive alternatives for sustainable hydrometallurgical processes.
However, it is important to consider their efficiencies to ensure complete
recovery of metals [37]. All experiments involving organic acids were
performed during 24 h at 23 + 1 °C, with agitation set at 400 rpm, S/L =
20 g/L, and acid concentration of 1 mol/L.

The newly investigated leaching systems included citric acid (pKa; =
3.1, pKa2 = 4.76, pKa3 = 6.4), trichloroacetic acid (TCA, pK, = 0.67),
methanesulfonic acid (MSA, pK, = —1.9), and hydrochloric acid (pK, =
—6.3), whereas acetic acid (pK, = 4.8) was investigated in the previous
section. The variation of the extraction efficiency vs. leaching time for
each new acids is reported in Fig. 5.

Citric acid, despite being triprotic, exhibited limited REE dissolution:
5.3% for Nd, 6.3% for Pr, 5.4% for Dy, and 5.7% for Gd, along with low
iron dissolution (0.3%). For comparison, acetic acid exhibited similarly
poor performance (Fig. 4c), with very limited REE dissolution (average
9.5%) and negligible iron solubility (0.3%) under the investigated
conditions. TCA significantly improved leaching, achieving 29.2% for
Nd, 33.2% for Pr, 28.9% for Dy, and 28.6% for Gd, with iron solubility
remaining at 0.1%. MSA demonstrated the highest REE extraction
among the organic acids with leaching efficiencies of 39.6% (Nd), 44.2%
(Pr), 40.8% (Dy), and 41.9% (Gd), and iron dissolution of 0.3%.

Leaching with hydrochloric acid was evaluated under the following
modified conditions adapted from Gergoric [30] and Kumari [25]
(Fig. 5d): HCl concentration of 0.5 mol/L, increased S/L ratio of 100 g/L,
and 500 rpm agitation. Despite the reduced acid concentration and
higher solid loading, HCl achieved an average REE dissolution of 41.5%
after 24 h. More specifically, 40.1% Nd, 40.3% Pr, 41.3% Dy, and 44.2%
Gd were dissolved under these conditions after 24 h. These results are
comparable to those of MSA, although iron dissolution was notably
higher (leaching efficiency = 4.5%), which may necessitate expensive
post-leaching purification steps due to the abundance of iron in the
feedstock.

Overall, the data clearly demonstrate that lower pK, values are
associated with enhanced REE leaching efficiency, confirming that acid
strength plays a pivotal role in the dissolution process. While citric acid
and acetic acid exhibited limited performance, both TCA and MSA,
along with HCI, substantially increased REE recovery while maintaining
varying degrees of selectivity against iron. However, even with the
strongest acids, the maximum REE dissolution remained around
40-44%, indicating that further optimization is necessary for industrial
application.

The leaching curves in Fig. 5 suggest that equilibrium was not
reached within 24 h for weaker acids, implying that extended treatment
times or acid replenishment could further enhance extraction, particu-
larly for citric acid and TCA. For MSA, the plateau in dissolution hints at
acid depletion. Moreover, although HCl provides strong performance, its
increased iron co-dissolution raises environmental and processing con-
cerns. Enhancing temperature or optimizing acid concentration and S/L
ratios may improve leaching without drastically increasing environ-
mental burden.
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Fig. 5. Leaching efficiency of REEs and Fe by 1 mol/L (a) citric acid, (b) TCA, (c) MSA (temperature = 23 °C; S/L = 20 g/L, 400 rpm) and by 0.5 mol/L (d) HCL
(temperature = 23 °C; S/L = 100 g/L, 500 rpm) as a function of leaching time after thermal pretreatment of the HD powder during 6 h.

Finally, the observed differences in solubility point to selective
dissolution behavior, which could be further understood through the
lens of Pearson's Hard and Soft Acids and Bases (HSAB) theory [38,39].
This framework can offer valuable mechanistic insights into the in-
teractions between REEs, iron species, and the various acid media
employed, guiding future strategies for selective and efficient REE re-
covery. REEs such as Nd, Pr, Dy, and Gd are classified as hard acids due
to their high charge density and low polarizability. Iron, depending on
its oxidation state, can be classified as either Fe3* (hard acid), as in
FeNdOs, or Fe?* (borderline acid), as found in Fe3O4. During roasting,
iron is primarily oxidized to Fe®*, stabilizing it in insoluble oxide phases.

The acids investigated in this study differ both in their intrinsic
acidity and in the chemical nature of their conjugate bases, which
together govern their leaching behavior. In the case of organic acids,
metal dissolution may proceed through a combination of proton-driven
attack and metal-ligand complexation. However, acetic and citric acids
did not show efficient dissolution of REEs, indicating that ligand
complexation alone is insufficient to destabilize rare earth oxide phases
in the solid matrix. In contrast, the use of TCA and MSA leads to a
gradual but still limited increase in REE dissolution. This behavior
suggests that leaching is primarily controlled by proton activity rather
than by the formation of stable metal-ligand complexes. Iron remains
undissolved under all tested conditions, reflecting the high chemical
stability of the ferric phase in the material.

These observations can be rationalized within the framework of the
hard and soft acids and bases (HSAB) theory. Acetic acid (pKa = 4.8),
citric acid (pKa: = 3.1, pKaz2 = 4.76, pKas = 6.4), and trichloroacetic acid
(pKa = 0.7) are organic acids whose conjugate bases (acetate, citrate,

and trichloroacetate) behave as soft bases. Methanesulfonic acid (pKa =
—1.9) is a stronger acid associated with a borderline base (meth-
anesulfonate), whereas hydrochloric acid (HCl, pKa = —6.3) is a strong
inorganic acid providing hard base chloride ions (Cl7).

According to HSAB theory, hard acids preferentially interact with
hard bases, and avoid forming stable complexes with soft bases. This
explains the observed leaching behavior: citric acid and acetic acid
resulted in poor REE dissolution and negligible iron solubility due to
poor acid strength and a soft conjugate base. TCA moderately improved
REE extraction (30%) while still maintaining low Fe dissolution
(<0.2%) - a result of increased acidity and slightly stronger base
strength. MSA, with stronger acidity and a borderline base, achieved the
highest REE recoveries (42%), while keeping Fe dissolution minimal
(<0.3%), thanks to both its acidity and better compatibility with hard
metal centers. HCI also reached high REE dissolution (up to 44.2%),
attributed to its very low pK, value and the hard nature of Cl~, which
strongly favors complexation with REEs. However, Fe>" was also
partially solubilized (4.5%), due to its similar hard acid nature, reducing
selectivity.

This can be explained since a small fraction of Fe that can be co-
dissolved is found in compound along with the REEs. Consequently,
when a moderate amount of REEs is extracted, iron dissolution remains
naturally low. This explains why even in the most effective cases, REE
dissolution reaches only 44%, while iron remains largely in the residue,
except for the minor amount structurally associated with REE phases.

The general leaching reactions for REE and Fe oxides are:

M:0s(s) + 6 CHsCOOH(aq)—2 M(CHsCO0O)s(aq) + 3 H20(aq)
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M:20x(s) + 6 CCLLCOOH(aq)—2 M(CCL:COO)s(aq) + 3 Hz0(aq)
M:20x(s) + 6 CHaSOsH(aq)—2 M(CHzS0s)a(aq) + 3 H20(aq)

M:0s(s) 4+ 6 HCl(aq)—2 MCls(aq) + 3 H20(aq)

To compare the intrinsic thermodynamic stability of Fe and REE
oxide phases, the reactions were reduced to the simplified dissolution
reaction:

M:0s(s) + 6H" (aq)—2 M** (aq) + 3H20(aq)

where M represents Fe or Nd. Standard Gibbs free energies of for-
mation were taken from The NBS Tables of Chemical Thermodynamic
Properties (JPCRD, Vol. 11, Suppl. 2). [40] The values used (kJ .mol™ )
were: Fe> = —4.7, Fe,03 = —742.4,Nd*" = —671.6, Nd,03 = —1720.8,
and H,O = —237.129. For iron oxide dissolution, the standard Gibbs free
energy change is equal to AG® = +21.6 kJ.mol ", indicating that Fe,03
remains thermodynamically resistant to proton attack under standard
conditions. For neodymium oxide, the standard Gibbs free energy
change is AG® = —333.8 kJ.mol ™!, demonstrating a thermodynamic
driving force for REE dissolution.

This thermodynamic contrast directly explains the observed selec-
tivity after roasting. Iron is effectively passivated as FesOs, whose
dissolution remains unfavorable even under acidic conditions, whereas
REE oxides exhibit an intrinsic tendency toward dissolution. The nature
of the acid system modulates the effective Gibbs free energy of REE
leaching through proton activity and speciation in solution, leading to
progressively higher leaching efficiencies from citric acid to TCA, MSA
and HCI. In contrast, the dissolution of Fe;O3 remains thermodynami-
cally constrained across all systems, and the small amount of iron
detected in solution is mainly associated with the co-dissolution of REE-
bearing phases rather than bulk iron oxide.
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3.2.3. Effect of the temperature

In order to reach quantitative dissolution of REEs, temperature is a
significant factor that influences acid leaching through multiple inter-
related mechanisms. Elevated temperatures increase molecular kinetic
energy, accelerating reaction rates by surpassing activation energy
barriers. They also enhance solid solubility and ion diffusion, improving
mass transfer between phases — crucial for effective leaching. Addi-
tionally, higher temperatures may increase acid dissociation, further
promoting metal extraction. However, they can also induce side re-
actions or thermal decomposition, potentially reducing leaching effi-
ciency or introducing impurities. To investigate the thermal
enhancement of leaching using TCA, MSA, and HCI, experiments were
conducted at 93 °C. Experimental conditions for TCA and MSA followed
Gergoric's protocol (1 mol/L acid, 400 rpm, S/L = 20 g/L ratio, 24 h)
[30], while HCI experiments employed Kumari's conditions (0.5 mol/L
acid, 500 rpm, S/L = 100 g/L) [25].

Leaching results are presented in Fig. 6 for (a) TCA, (b) MSA, and (c)
HCI. Heating prior to leaching enhanced the dissolution of REEs across
all acids, though performance varied. With TCA, leaching efficiencies
were 33.7% for Nd, 33.4% for Pr, 50.5% for Gd, and 55.3% for Dy, while
iron remained largely insoluble (0.3%). Although elevated temperature
improved REE recovery, efficiency declined after 180 min, likely due to
acid degradation and subsequent REE precipitation. MSA yielded
significantly higher dissolution rates, with an average REE recovery of
87.1%. Individual leaching efficiencies reached 82.2% for Nd, 86.1% for
Pr, 86.9% for Gd, and 93.3% for Dy, indicating near-complete extrac-
tion. However, iron solubility also increased to 9.7%, suggesting a need
for further purification steps. HCl demonstrated the highest efficiency,
achieving complete REE dissolution within 9 h - substantially faster
than the 24-h leaching required for TCA and MSA. Iron dissolution
remained minimal at 0.07%. These results are especially noteworthy
given the lower acid concentration and higher S/L ratio used, under-
scoring the effectiveness of thermal enhancement. Overall, while TCA
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Fig. 6. Leaching efficiency of REEs and Fe at 93 °C by 1 mol/L of (a) TCA and (b) MSA, and (c) 0.5 mol/L of HCl as a function of leaching time after thermal
pretreatment of the HD powder during 6 h. (TCA/MSA: S/L = 20 g/L, 400 rpm — HCIL: S/L = 100 g/L, 500 rpm).
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and MSA showed improved REE leaching with heating, HCl achieved
complete dissolution in less time with minimal iron contamination,
indicating its superior potential for industrial applications.

At elevated temperature (93 °C), the thermodynamic driving force
for oxide dissolution was evaluated using the Gibbs free energy relation
AG = AH — TAS applied to the simplified reaction:

M:0s(s) + 6H' (aq)—2 M*" (aq) + 3Hz0(1)

By using thermodynamic data [40], FeoO3 dissolution yields AG®
(298 K) ~ +21.6 kJ.mol™" and AG°(366 K) = +56.2 kJ.mol™!, con-
firming that iron oxide remains thermodynamically resistant to acid
attack at elevated temperature. In contrast, Nd,O3 exhibits AG°(298 K)
= —334kJ.mol ! and AG°(366 K) = —309 kJ.mol !, indicating that REE
oxides remain prone to dissolution at elevated temperature. In addition,
no leaching plateau was previously reached at 23 °C within the inves-
tigated contact time, indicating that dissolution is kinetically limited at
room temperature. The marked increase in REE recovery observed at
93 °C therefore results from both a strong thermodynamic driving force
and a pronounced acceleration of dissolution kinetics due to higher
temperature, while iron remains effectively passivated.

Leaching experiments using MSA and HCI also revealed distinct
dissolution behaviors for non-REE elements, as shown in Fig. 7. In the
MSA system (a), several elements exhibited substantial solubilization.
Boron showed the highest non-REE dissolution at 77.1%, closely par-
alleling the behavior of REEs. Copper and cobalt were also significantly
leached, with efficiencies of 64.9% and 61.8%, respectively, consistent
with trends observed in prior roasting experiments. Aluminum and
niobium displayed the same leaching efficiencies of 52.3%. In contrast,
gallium remained largely insoluble, with only 6.2% dissolution. Under
HCI leaching (b), boron again exhibited complete dissolution after 660
min of treatment and 90.7% after 540 min. However, aluminum disso-
lution was substantially reduced (25.9%), and gallium, cobalt, and
copper were only minimally solubilized, with respective efficiencies of
5.3%, 3.1%, and 1.4%. Overall, MSA facilitated greater co-leaching of
elements such as B, Cu, Co, and Nb compared to HCI, suggesting its
potential for multi-element valorization. Notably, boron achieved high
recovery in both systems, indicating potential for co-extraction along-
side REEs. In contrast, HCI's selectivity — keeping Ga, Cu, and Co largely
insoluble — may be advantageous for processes prioritizing REE purity.
Heating improved dissolution kinetics in both acids, consistent with the
Pearson HSAB theory, by enhancing interactions between acid species
and metal ions. The higher dissolution of Cu, Co, and Nb in MSA reflects
the softer and borderline nature of methane sulfonate, which forms more
stable complexes with these metals than chloride ions do. Additionally,
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MSA experiments involved smaller powder masses exposed to longer
treatment times and greater acid availability per unit mass, possibly
explaining the higher aluminum recovery in MSA. Conversely,
aluminum remained less soluble in HCI, likely due to the persistence of
refractory aluminum oxides.

Overall, temperature was identified as the decisive parameter
enabling efficient leaching of rare-earth elements from fully oxidized
NdFeB magnet powder while preserving iron selectivity. At room tem-
perature, REE dissolution remained kinetically limited regardless of acid
strength, even for strong acids such as MSA and HCL Increasing the
temperature to 93 °C resulted in a marked acceleration of leaching ki-
netics and, more importantly, enabled near-complete or quantitative
dissolution of REEs within industrially relevant timescales.

Thermodynamic analysis confirmed that this behavior is intrinsic to
the oxide phases generated during roasting. While REE oxides and
orthoferrites exhibit a strong thermodynamic driving force for dissolu-
tion, iron remains stabilized as Fe;03, whose dissolution is unfavorable
even at elevated temperature. As a result, heating enhances REE selec-
tively dissolution without compromising iron passivation, validating
roasting as an effective phase-engineering step rather than a simple
pretreatment.

Among the acids investigated, temperature amplification revealed
distinct process windows. TCA showed moderate improvement but
remained limited by acid stability and partial precipitation effects. MSA
enabled high REE recoveries but at the expense of increased co-
dissolution of iron and transition metals. In contrast, hydrochloric acid
combined elevated temperature with high solid loading and low acid
concentration to achieve complete REE dissolution within 9 h, while
maintaining minimal iron solubilization.

These results demonstrate that temperature acts as a key lever to
overcome kinetic barriers imposed by oxidative roasting, allowing se-
lective and efficient REE recovery under conditions compatible with
industrial implementation. When coupled with controlled phase trans-
formation during roasting, thermal enhancement enables a robust
leaching strategy that maximizes REE recovery while minimizing
downstream purification requirements.

3.2.4. Organic acids vs. HCI

The comparison between organic and inorganic acids is often framed
in terms of intrinsic environmental impact, with organic acids
commonly perceived as more sustainable alternatives. However, once
oxidative roasting is applied as a phase-engineering step, this compari-
son must be reconsidered at the process level rather than at the level of
isolated reagents.
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Fig. 7. Leaching efficiency of other elements (Al, B, Co, Cu, Ga and Nb) by (a) 1 mol/L MSA and (b) 0.5 mol/L HCI as a function of leaching time after thermal
pretreatment of the HD powder during 6 h 93 °C. (MSA: S/L = 20 g/L, 400 rpm — HCL: S/L = 100 g/L, 500 rpm).



N. Stankovic et al.

Under mild leaching conditions, organic acids such as citric acid,
TCA, and MSA exhibited limited to moderate REE dissolution, even
when heating was applied. Although elevated temperature significantly
enhanced REE recovery with MSA, this improvement was systematically
accompanied by increased co-dissolution of iron and transition metals.
Such behavior directly increases the complexity of downstream sepa-
ration, requiring additional solvent extraction stages, higher reagent
consumption, and ultimately a larger environmental footprint.

In contrast, HCl demonstrated a fundamentally different perfor-
mance window. Despite being used at lower concentration (0.5 mol/L)
and under high solid loading (100 g/L), HCI enabled complete REE
dissolution within 9 h at 93 °C while maintaining iron solubilization at
negligible levels (0.07%). This combination of fast kinetics, high selec-
tivity, and high solid throughput directly translates into reduced reactor
volumes, shorter residence times, and simplified post-leaching
processing.

From an environmental perspective, life cycle assessments reported
by Kappenthuler et al. [41] for MSA and Modabhl et Brekke [42] for HCI,
based on the same functional unit (1000 kg of acid produced), indicate
that the global warming potential associated with MSA production can
significantly exceed that of HCl, particularly for conventional synthesis
routes. When integrated at the process scale, the higher acid consump-
tion, longer leaching times, and increased downstream purification re-
quirements associated with MSA further amplify this difference. These
results highlight that reagent selection must be evaluated in relation to
the entire hydrometallurgical flowsheet rather than based on perceived
intrinsic “greenness”.

Under the favorable conditions identified in this study, leaching with
HCl produced a pregnant leach solution characterized by high REE
concentrations and limited impurity levels. The composition of this so-
lution is reported in Table 2. Neodymium reached 18.51 g/L, accom-
panied by 2.71 g/L Dy, 1.31 g/L Pr, and 1.20 g/L Gd, while iron was
reduced to only 0.24 g/L despite its initial abundance in the magnet
feed. The limited concentrations of aluminum (0.22 g/L) and boron
(0.67 g/L) further confirm the high selectivity achieved through the
combined roasting-HCl leaching strategy.

These results demonstrate that, when oxidative pretreatment is used
to control solid-phase chemistry, hydrochloric acid provides the most
robust and process-compatible leaching medium. Its use enables high
REE recovery under intensified yet selective conditions, while mini-
mizing downstream separation burdens and overall environmental
impact.

3.3. Leachate post-processing

The composition of the leachate given in Table 2, characterized by
high REEs dissolution and minimal iron solubilization, highlights the
potential for implementing solvent extraction strategies. However, the
complexity of the leachate including numerous co-elements along the
REEs require an accurate strategy to limit the environmental impacts
and the use of high quantity of solvents during the post-leaching pro-
cessing steps. Considering the high LREEs content (around 20 g/L) and
the medium HREEs content, a reasonable strategy would be to isolate as
much as possible the LREEs from the HREEs and the co-leached
elements.

The separation of REEs from acid leachates remains a major

Table 2

Composition of the pregnant liquor solution obtained by dissolving roasted HD
powder (HCI concentration = 0.5 mol/L, leaching temperature = 93 °C, roasting
temperature = 850 °C for 6-h; S/L = 100 g/L, 500 rpm).

Elements Nd Dy Pr Gd B Al
18.51 2.71 1.31 1.20 0.67 0.22

Concentration g/L Fe Nb Co Ge Cu Ga
0.24 0.037 0.031 0.013 0.008 0.001
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challenge due to the chemical similarity of lanthanides and the frequent
presence of co-dissolved metals. Among solvent extraction reagents,
acidic organophosphorus extractants such as di-(2-ethylhexyl)-phos-
phoric acid (D2EHPA) are widely recognized for their high affinity to-
ward trivalent rare earth ions [43]. D2EHPA operates through a cation-
exchange mechanism, in which metal extraction is driven by the for-
mation of neutral metal-extractant complexes and the simultaneous
release of protons to the aqueous phase. The extraction strength of
D2EHPA is known to increase along the lanthanide series as the ionic
radius decreases, reflecting the increasing charge density and decreasing
hydration energy of HREEs [44]. Consequently, D2EHPA exhibits an
intrinsic preference for HREEs over LREEs making their separation
possible during the extraction step and facilitated during stripping. [45]

However, the application of D2EHPA alone to highly acidic leachates
is often associated with practical and selectivity-related limitations,
including reduced extraction efficiency at low pH, co-extraction of
competing trivalent metals such as Fe(III), and high organic phase vis-
cosity at elevated metal loadings. [43,45] To address these issues and to
explore potential synergistic effects, tri-n-butyl phosphate (TBP) was
selected as a co-extractant and phase modifier in combination with
D2EHPA.

Very few studies investigated the synergistic effect of TBP and
D2EHPA to extract REEs. From nitrate acidic leachate, it has been re-
ported that the mixture can enhance HREEs extraction and increase
separation factor with the LREEs [46,47]. When combining it with
D2EHPA, TBP can stabilize metal-extractant complexes in the organic
phase through solvation effects, leading to enhanced extraction of
strongly interacting species under more acidic conditions. Any apparent
synergy between D2EHPA and TBP under chloride conditions is ex-
pected to primarily affect HREEs through enhanced stabilization of
D2EHPA-metal complexes, with a limited impact on LREE extraction at
similar acidity.

Indeed, TBP is a neutral solvating extractant that does not exhibit
significant affinity to trivalent rare earth ions under acidic chloride
conditions, owing to the strong hydration of Ln>* ions and their limited
tendency to form extractable anionic complexes [45,48,49]. This char-
acteristic makes TBP inert toward REEs, thereby preserving the inherent
selectivity of D2EHPA over HREEs. At the same time, TBP is well known
to extract non-REE metals that form stable neutral or anionic chloro-
complexes, including Fe(III), [50,51] Ga(Ill) [52] and other high
valence elements while it does not affect bore [53] or aluminum and
cobalt [54]. For this reason, TBP has been extensively employed in hy-
drometallurgical flowsheets as a selective scavenger of co-leached
metals from acidic solutions, while leaving REEs in the aqueous phase.
Beyond its intrinsic extraction selectivity, TBP exhibits favorable phys-
ical properties, including low viscosity, good chemical stability, and
rapid phase disengagement, which can improve mass transfer and phase
separation during liquid-liquid extraction. The presence of TBP may
therefore alleviate some of the operational drawbacks associated with
the use of acidic extractants alone, particularly in systems involving
complex leachates and high metal concentrations [55,56].

Based on these considerations, the working hypothesis was that
D2EHPA would preferentially extract HREEs while LREEs would remain
largely in the aqueous phase. TBP was expected to contribute to the
removal of non-REE impurity metals and to enhance the stability and
efficiency of the extraction system without promoting LREE- co-
extraction. For this purpose, the extraction efficiency of the elements
was evaluated using the leachate as the aqueous phase and a synergistic
mixture of D2EHPA and TBP diluted in kerosene as organic phase (molar
ratio = 1, O/A = 1). The solvent extraction test was performed to
demonstrate feasibility and was not intended to represent an optimized
separation flowsheet.

During the process, pH adjustment was not possible due to third-
phase formation. Nevertheless, extraction without pH control showed
that most Nd remained in the aqueous phase, while the other metals
were successfully extracted. The results of this test are presented in
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Table 3
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Extraction efficiency and composition of raffinate and the organic phase after liquid-liquid extraction using synergistic mixture of D2EHPA and TBP diluted in kerosene
(molar ratio = 1, O/A = 1, shaking time = 30 min, temperature of shaking = 25 °C, pH at equilibrium = 0.605).

Element Nd Pr Dy Gd Al B Co Fe Nb
Extraction Efficiency (%) 9.06 6.63 96.88 69.13 3.85 0.00 30.07 78.07 7.06
Concentration of the raffinate after extraction (g/L) 16.83 1.22 0.08 0.37 0.21 0.67 0.02 0.05 0.03
Composition of the organic phase (g/L) 1.68 0.09 2.63 0.83 0.01 0.0 0.01 0.2 0.0

Table 3. Efficient extraction of Dy and Gd was achieved while mini-
mizing Nd losses. The synergistic mixture exhibited high extraction ef-
ficiencies for heavy REEs, reaching 96.88% for Dy and 69.13% for Gd,
whereas extraction efficiencies for light REEs were significantly lower
(9.06% for Nd and 6.63% for Pr). This system was shown to selectively
enhance the extraction of heavy rare earths over light ones, due to the
formation of more stable complexes and the lower affinity of the
extractant for light REEs. [46,57,58]

The cation-exchange extraction occurring with D2EHPA can be
expressed as:
Lnly +3(HR),,

a

org < LMR3-(HR)3(rg +3Hgq)
Where (HR); represents the hydrogen-bonded dimer of D2EHPA and
(Ln®") the trivalent rare earth ions.

Concerning the extraction of the co-leached metals, 78.07% of Fe
was extracted along with Co at 30.07%, Nb at 7.06% and Al at 3.85%
while bore was not extracted by the mixture. Iron showed high extrac-
tion efficiency, which is consistent with the well-known strong affinity
of Fe(lll) for acidic organophosphorus extractants and TBP
[45,50,51,59,60]. The cation-exchange reaction can also contribute to
Fe3" extraction, explaining its high efficiency. However, it should be
noted that, even with elevated iron extraction, Fe was largely suppressed
upstream by oxidative roasting and remains negligible relative to the
rare-earth loading. Aluminum, boron, and niobium were either not
extracted or showed very low extraction efficiency, as expected. Cobalt
was slightly extracted, likely due to a weak but non-negligible cation-
exchange interaction between Co(II) and D2EHPA under acidic
conditions.

In contrast to D2EHPA, TBP form stable chloro-complexes by sol-
vating neutral or anionic metal complexes with other metals such as Fe
(IID), Nb(V) and Ge(IV). This extraction can be represented by the
following general reactions:

For anionic complexes:

MCI! )+ XTBP(org) < TBP,.MCly (rg)

and for neutral complexes:

MCIS (aq) + XTBP (grg) <> TBPy Mcl, (org)

where (MCl) represents the metallic chloride ion.

Such solvation reactions are strongly dependent on chloride con-
centration and acidity but are largely independent on proton exchange
equilibria. Because trivalent rare earth ions remain strongly hydrated
and do not form extractable chloro-complexes under comparable con-
ditions, their extraction by TBP alone is negligible.

This preliminary approach proved effective separation between
HREES and LREEs as a first step for leaching post-processing. However,
further optimization of the extraction step through a parametric study
and multi-stage operation can achieve better loaded output streams and
enhanced selectivity.

3.4. Flowsheet

Following liquid-liquid extraction using D2EHPA-TBP with acidic
solutions, efficient recovery of LREEs and HREESs from the organic phase
is possible in a two-step selective stripping. Previous studies showed that
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selective stripping between light and heavy REEs can be achieved by
adjusting the acidity and the operating conditions of the stripping stage
by using various mineral acids [61-63]. At low acid strengths, diluted
mineral acids preferentially release LREEs such as Nd>* and Pr>*, whose
metal-phosphoric complexes dissociate more easily under mild proton
activity, while Dy>" and Gd>" remain strongly retained in the organic
phase [63]. When the acidity is increased, HREEs become progressively
strippable, making it possible to recover them in a second stage once the
LREEs have been removed [62]. This behavior is consistent with the
general trend that heavier lanthanides possess smaller ionic radii and
form more stable complexes with phosphate, requiring higher proton
concentrations to induce back-extraction [59,64,65].

Subsequent process such as oxalate precipitation can serve as a
downstream recovery step for the raffinate and the two acidic strip li-
quors obtained after selective separation. LREEs can be efficiently
precipitated from acidic solutions using oxalate, as demonstrated for
magnet leachates where high selectivity over elements like Ni, Co, Al
and B was achieved under mildly acidic conditions [66,67]. The pre-
cipitation was performed at room temperature with a molar excess of
oxalate (CZO%’/REE > 3:2) and under acidic conditions (pH = 1.5)
ensuring 95% of REEs recovery.

Broader studies on rare-earth precipitation have shown that the ox-
alate route is applicable not only to LREEs but also to HREES, since Dy>"
and Gd3" form very sparingly soluble oxalates [68,69]. Studies has
shown that Dy>* and Gd®' exhibit distinct solubility behaviors
depending on the nature of the precipitant and pH, enabling selective or
sequential precipitation under controlled conditions [68]. Consistent
with this, the U.S. Department of Energy has reported that HREEs such
as Dy and Gd can also be selectively recovered from mixed streams using
oxalate precipitation [70]. Although HREEs generally require tighter
control of acidity and oxalate dosage because of their stronger hydration
and solution complexation [69], their recovery by oxalate precipitation
remains fully feasible. As a complementary approach, precipitation
therefore offers a feasible and tunable method for recovering REEs after
selective stripping. The resulting REE oxalate, (REE3(C204)3).nH20, can
be calcined to form oxides and further reduced for magnet production
[71].

Looking at co-elements such as Al and B, their recovery may offer
both environmental and economic benefits. Although aluminum may
co-precipitate with REEs during the oxalate precipitation step, its con-
centration in the raffinate remains much lower than that of Nd and Pr,
which limits its overall impact on REEs precipitation. In addition, a
dedicated downstream removal step remains feasible. Zhu et al. [72]
demonstrated an effective method to selectively recover Al from
chloride-rich media by regulated hydrolysis under electrochemical
control. In their study, Al was precipitated as aluminum oxyhydroxide
(AIOOH) with 88.35% removal and less than 6% REE loss providing a
reagent-free and selective strategy fully compatible with hydrochloric
media. For boron, Lin et al. [73] proposed a chemical oxo-precipitation
approach, involving the addition of hydrogen peroxide and barium
hydroxide to promote borate formation and precipitation. This process,
performed at room temperature, enabled boron removal efficiencies
above 99%, and is applicable even in highly acidic environments.

Therefore, Fig. 8 summarizes a global process implementing roast-
ing, leaching, solvent extraction with D2EHPA-TBP mixture and the
overall post-extraction route previously discussed for the recovery of
REEs from HD magnet powder.
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The advantages of the proposed route arise from the deliberate
control of the physicochemical state of the magnet powder prior to
leaching, whereby oxidative roasting is used to govern the dissolution
behavior of both rare-earth and non-rare-earth elements. By stabilizing
iron in poorly soluble oxide phases prior to contact with the leaching
solution, selective dissolution conditions are established that are gov-
erned primarily by solid-state chemistry rather than by fine-tuning of the
leaching parameters.

This upstream control enables leaching conditions that combine high
rare-earth recovery with limited impurity transfer to the solution. As a
result, the pregnant leach solution exhibits elevated rare-earth concen-
trations and low levels of interfering elements, which inherently favors
efficient downstream separation by solvent extraction or selective pre-
cipitation. The reduced impurity load simplifies process design and
limits the need for additional purification or corrective treatment steps.

An additional benefit of this approach is the early integration of
impurity management within the flowsheet. The dissolution behavior of
accompanying elements such as iron, aluminum, boron, and transition
metals can be anticipated and controlled at the leaching stage, thereby
avoiding their uncontrolled accumulation in downstream circuits. This
contributes to a more compact and robust process layout, with lower
reagent consumption and reduced operational complexity.

From an environmental perspective, the proposed route should be
evaluated at the scale of the overall process rather than through isolated
unit operations. While oxidative roasting involves an energy input, it
enables leaching under conditions combining high solid-to-liquid ratios,
reduced acid concentration, shorter residence times, and simplified
downstream separation. The ability to process larger amounts of mate-
rial per batch, together with lower chemical demand and limited puri-
fication requirements, leads to a reduced cumulative environmental
burden compared with routes based on extended leaching or chemically
intensive treatment schemes. This process-level assessment is consistent
with recent analyses of NdFeB magnet recycling, which identify selec-
tive pretreatment, minimized reagent consumption, and streamlined
downstream operations as key drivers of sustainability [74,75].

Finally, the proposed methodology supports sustainability by pro-
moting resource efficiency and process flexibility. The generation of a
concentrated and selectively purified rare-earth stream, combined with
the possibility of valorizing co-elements through dedicated recovery
routes, aligns with circular-economy principles. The integration of phase
transformation, selective leaching, and compatibility with established
separation technologies provides a scalable framework for the recycling
of end-of-life NdFeB magnets under industrially relevant conditions.

4. Conclusion

This study investigated the hydrometallurgical recycling of NdFeB
magnets derived from end-of-life hard disk drives, with a specific focus
on understanding and controlling the dissolution behavior of both rare-
earth elements and accompanying non-REE metals. The primary
objective was not only to maximize REE recovery, but also to establish
selective leaching conditions that limit iron solubilization and enable
efficient downstream processing under industrially relevant constraints.

Oxidative roasting of hydrogen-decrepitated magnet powder at
850 °C was demonstrated to be a critical phase-engineering step. This
treatment converts metallic iron into thermodynamically stable oxide
phases while transforming the Nd-Fe-B matrix into rare-earth-bearing
oxides and orthoferrites. As a result, iron dissolution is strongly sup-
pressed during leaching, shifting the selectivity control from solution
chemistry to solid-state chemistry. This upstream control fundamentally
governs the leaching behavior and reduces reliance on complex down-
stream purification strategies.

Under these conditions, leaching at room temperature remained
kinetically limited, regardless of acid type. Organic acids, although often
considered for their perceived environmental benefits, did not provide a
viable pathway toward complete REE recovery once full oxidation was
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achieved. Methanesulfonic acid enabled high REE recoveries only at
elevated temperature, but at the expense of increased co-dissolution of
iron and transition metals.

In contrast, hydrochloric acid emerged as the most robust leaching
medium when combined with oxidative roasting and thermal activation.
Complete dissolution of REEs was achieved at 93 °C using a low acid
concentration (0.5 mol/L) and a high solid-to-liquid ratio (100 g/L),
while iron solubilization remained negligible. These conditions pro-
duced a pregnant leach solution with high REE concentrations (e.g.,
18.51 g/L Nd) and limited impurity levels, providing a chemically
favorable feed for subsequent separation steps.

Preliminary solvent extraction experiments using a synergistic
mixture of D2EHPA and TBP confirmed the suitability of the leachate for
downstream processing. This system enabled preferential extraction of
HREEs (Dy, Gd) while retaining most of the neodymium in the aqueous
phase, illustrating a viable pathway for selective separation without
extensive pH adjustment or complex reagent schemes. In addition, the
controlled dissolution behavior of co-elements such as Al and B opens
opportunities for their targeted removal or valorization using estab-
lished precipitation or electrochemical techniques.

From a process and sustainability perspective, these results highlight
that reagent selection must be evaluated at the scale of the entire
flowsheet. Although oxidative roasting involves an energy input, it en-
ables intensified leaching conditions combining high throughput,
reduced acid consumption, shorter residence times, and simplified
downstream processing. When considered holistically, this strategy of-
fers a favorable balance between performance, selectivity, and envi-
ronmental impact.

Overall, this work demonstrates that combining oxidative pretreat-
ment with thermally enhanced hydrochloric acid leaching provides a
selective and process-viable route for rare-earth recovery from end-of-
life NdFeB magnets. By explicitly addressing the behavior of both
REEs and co-extracted elements, the proposed approach contributes to
the development of robust hydrometallurgical flowsheets aligned with
circular-economy principles and the sustainable supply of critical raw
materials.
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