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Abstract

NdFeB waste is an important rare earth secondary resource, and the current industrial
practice primarily employs a hydrochloric acid preferential dissolution method to recover
rare earth elements (REEs). However, approximately 1% of REEs (e.g., cerium oxide,
neodymium oxide, praseodymium oxide, and dysprosium oxide) remain in the leaching
residue, resulting in low recovery efficiency. This work puts forward mechanochemical
leaching (integrating mechanical activation and acid leaching) to replace traditional agitated
leaching, which realizes synchronous mechanical activation and acid leaching within a
stirred ball mill. A systematic comparison is conducted between these two leaching
technologies, and the influences of operational variables on rare earth leaching efficiency
are explored. The experimental results reveal that sustained mechanical grinding can
pulverize particles down to the submicron level, induce substantial lattice distortion and
amorphous transformation, destroy the physical coating of rare earth-bearing phases by
iron oxides, and thereby drastically improve the extraction efficiency of REEs. The optimal
conditions were determined as follows: stirring speed of 700 r/min, leaching temperature
of 85 °C, HCI concentration of 1 mol/L, leaching time of 180 min and solid-liquid ratio of
100 g/L. Furthermore, this study reveals the synchronous evolution mechanism of particle
refinement and phase transformation during mechanochemical leaching, providing an
alternative and more economical recycling route for NdFeB waste.

Keywords: rare earth elements; mechanical activation; leaching; NdFeB waste

1. Introduction

Rare earth elements have been extensively applied in high-tech industries owing
to their excellent physical and chemical characteristics [1-4]. Currently, approximately
26% of rare earth resources are consumed for manufacturing NdFeB permanent magnets,
which have become the highest-output and most broadly adopted rare earth permanent
magnet materials [5]. Driven by the accelerated development of strategic emerging sectors
including new energy vehicles, wind power generation, energy saving and environmental
protection, the downstream application scenarios of NdFeB permanent magnet materials
keep expanding, alongside growing market demand for high-grade performance mag-
nets [6,7]. However, during the production of neodymium-iron-boron rare earth permanent
magnets and subsequent machining processes, approximately 30% of the material is wasted
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as scrap [8]. In addition, once diverse electronic devices reach their end-of-life stage, statis-
tics indicate that more than 10,000 tons of NdFeB waste are produced annually from waste
electrical and electronic equipment [9]. This waste contains 20-30% rare earth elements
and is rich in valuable metals like iron. In the context of the circular economy, the re-
covery of valuable metals from waste sources has gained increasing attention, as it not
only mitigates environmental pollution but also addresses the continuous depletion of
natural resources [10]. The transformation of waste-based materials into high-value-added
products represents a promising pathway towards sustainable resource utilization. For
NdFeB permanent magnet waste, which contains significant amounts of rare earth ele-
ments, developing efficient recovery technologies is crucial for closing the material loop
and reducing dependency on primary mining.

In recent years, the recovery of rare earth from NdFeB waste has been widely stud-
ied [11]. The recovery methods for rare earth elements are mainly divided into two
types: hydrometallurgy and pyrometallurgy approaches [12-17]. The hydrometallurgy
approaches include the solvent extraction method, co-precipitation method, selective pre-
cipitation method, electroreduction-oxidation method and oxalate precipitation method.
These processes have strong adaptability to raw materials, and usually need to consume a
lot of acid or alkali for leaching, which is harmful to the environment. The pyrometallurgy
approaches include the chlorination pulping method, alloy method, selective oxidation
method and calcium reduction method. These processes recover rare earth elements based
on changing the chemical state of the elements in the material at high temperatures through
oxidation or chlorination reactions. Compared with hydrometallurgical processes, these
processes have the disadvantages of small treatment capacity, low recovery, non-selectivity,
and high energy consumption. Currently, the hydrochloric acid preferential dissolution
method is the most feasible and widely used method in industry [5,18-20], and the process
flow is shown in Figure 1. In this process, NdFeB waste is pretreated by crushing and
screening, and then oxidized and roasted in a rotary kiln at high temperature to convert
metallic rare earth and iron into stable oxides [18]. After roasting, the appropriate tem-
perature and liquid-solid ratio are controlled, and hydrochloric acid is used for selective
preferential leaching, so that rare earth oxides are fully dissolved into the liquid phase,
and impurities such as iron and aluminum remain in the form of solid slag. Unfortunately,
there are about 1% rare earth elements in the NdFeB leaching residues [5]. Therefore,
an enhanced leaching method is urgently needed, which has a favorable impact on the
leaching of rare earth elements.
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Figure 1. Schematic diagram of hydrochloric acid preferential dissolution method.

Meanwhile, the mechanical activation method as an enhanced leaching method has
attracted more and more attention for recycling rare earth second resource [21-26], such
as the recycling of scintillation crystal waste, lamp phosphors, REF3 smelting slag, blast
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furnace slag, and other waste containing rare earths. Previous studies have validated
mechanical activation coupled with acid leaching as an effective route to extract rare earths
from NdFeB scraps [27]. Mechanical activation alters the morphology and reactivity of
materials through mechanical force, thereby reducing their dependence on conditions such
as reaction temperature and leaching agent concentration [28]. However, these studies
employed planetary mills as mechanical activation devices and focused solely on pure
magnetic waste materials for waste pretreatment purposes only, without combining them
with acid leaching. This mechanical pretreatment primarily enhances leaching in the early
stages but does little to improve subsequent dissolution. In other words, the mechanical
activation and acid leaching processes are performed separately in time, sequentially
in different reactors under varying operational conditions, causing the defects or other
metastable forms created in the minerals during mechanical activation to decay before acid
leaching [29-31]. Therefore, the use of mechanochemical leaching (simultaneous grinding
and leaching) for the recovery of REEs from NdFeB waste was proposed here.

In this work, a one-step process involving mechanical activation and acid leaching is
proposed to recover REEs from roasted NdFeB waste. Firstly, the phase composition, parti-
cle size and microscopic morphology of the raw material were systematically characterized.
Then, the leaching performances of stirring leaching and mechanochemical leaching were
compared, and the strengthening mechanism of mechanical force was analyzed by means
of XRD, SEM-EDS and particle size detection. Meanwhile, the effects of stirring speed,
leaching temperature, HCI concentration and solid-liquid ratio on the leaching efficiency
of REEs and Fe were investigated via single-factor experiments to optimize the process
parameters. Finally, the evolution rules of mineral phase and particle morphology during
mechanochemical leaching were explored, and the stage characteristics and synergistic
mechanism of the whole leaching process were revealed.

2. Experimental
2.1. Raw Materials

The samples used in this study are provided by an NdFeB resource recovery company.
Various types of neodymium-iron-boron waste (such as NdFeB slurry, NdFeB cutting
materials, and NdFeB disassembly materials) were pretreated and then uniformly mixed
in a predetermined ratio. The raw materials were charged from the kiln tail for oxidative
roasting and then discharged. To ensure full oxidation of both rare earth and iron, the gas
(air or slightly oxygen-enriched air) flows in the opposite direction to the raw material.
As far as we know, there is little research on recycling rare earth elements from NdFeB
oxidized roasting materials. The samples were dried (105 °C, 24 h) and milled to a finer
particle size. The main chemical components of the samples were detected by chemical
analysis methods, and the results are shown in Table 1. Hydrochloric acid (HCI), consistent

with actual industrial production, was used as the leaching agent, purchased from Foshan
Xilong Chemical Co., Ltd. (Foshan, China).

Table 1. Chemical composition of raw materials (mass fraction/%).

Elements

Fe

Ce Pr Nd Al Si Co B Cu

Content (wt%)

42.39

3.77 2.99 9.61 2.44 4.55 0.3 0.56 0.22

2.2. Leaching Experiment

The leaching experiment was conducted in a stirring ball mill with a capacity of 2 L,
and the schematic diagram is shown in Figure 2. ZrO, balls were used as the grinding
media, and the reaction temperature was controlled by circulating water through the jacket.
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In each experiment, ZrO, balls and the leaching agent were added for preheating, and
samples were added for leaching experiments when the predetermined temperature was
reached. The different conditions and variable ranges used in the experiment are shown
in Table 2. After the reaction, the product was filtered and separated, and the resulting
samples were sealed for characterization. The leaching efficiency (%) is defined as:

Leaching recovery (%) = (C; x V)/(M X w;) 1)

where C; is the concentration of an element in the leachate (g/L); V is the volume of
leachate (L); M is the mass of the solid sample (g); and w; is the amount of an element in
the solid sample.
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Figure 2. Schematic diagram of stirring ball mill.

Table 2. Different conditions and variable ranges used in the experiment.

Parameters Values

HCI concentrations, mol/L 0.5,1.0,1.5,2.0,3.0
Leaching times, min 15, 30, 30, 90, 120, 150, 180
Leaching temperatures, °C 55, 65, 75, 85, 95

Stirring speed, r/min 400, 500, 600, 700, 800
Solid-liquid ratios, g/L 40, 60, 80, 100, 120

The main chemical reactions that occur during the leaching process are as follows:

FeO + 2HCI = FeCl, + H,O (2)
2Fe, O3 + 6HCI = 2FeCl3 + 3H,O (3)
2Nd, O3 + 6HCI = 2NdCl;3 + 3H,0 (4)
NdFeO3 + 6HCI = NdCl3 + FeCl3 + 3H,0O (5)

2.3. Analytical Methods

The chemical analysis of roasted NdFeB and elements in solution was determined
by inductively coupled plasma-optical emission spectroscopy (ICP-OES, 511 VDV, Agi-
lent Technologies, Inc., Santa Clara, CA, USA). The main mineral phases of the samples
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were analyzed by X-ray diffraction (XRD, PANalytical X'Pert Pro Powder, Almelo, The
Netherlands) with a data collection range of 10-90° at a rate of 5° /min. The morphology of
the samples was analyzed by scanning electron microscopy (SEM-EDS, Sigma 500, Zeiss,
Oberkochen, Germany) at an accelerating voltage of 20.00 kV. The particle size distributions
of the samples were measured by Laser particle size analyzer (MS2000, Malvern Panalyti-
cal, Malvern, UK) in liquid mode; the specific surface area was obtained from the particle
size distribution.

3. Results and Discussion
3.1. Characterization of Roasted NdFeB

The particle size distribution and XRD pattern of roasted NdFeB are presented in
Figure 3. As shown in Figure 3a, the particle size distribution curve exhibits a unimodal
normal distribution, with the peak concentrated in the 1020 pm range. The values of
Djo, Dsp, and Dgg are 2.82 um, 14.0 um, and 43.4 pum, respectively. The peak is located
around 10 um, closely matching the median particle size (ds), indicating excellent overall
particle size uniformity in the sample without any pronounced bimodal or polycentric
distribution patterns. The specific surface area is relatively low, a result directly correlated
with particle agglomeration, indicating that NdFeB waste s exhibit significant sintering
during the calcination process, with fine primary particles adhering at high temperatures
and forming secondary aggregates.
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Figure 3. Particle size distribution (a) and XRD pattern (b) of roasted NdFeB.

As can be seen from the XRD pattern (Figure 3b), the characteristic peaks of the
original Nd,Fe14B phase have completely disappeared, replaced by characteristic peaks of
the Fe; O3, Fe304, NdO3, NdFeOs, and SiO, phases. The coexistence of the FepO3 phase
and Fe3O4 phase indicates that Fe exists in different oxidation states, reflecting variations in
oxygen concentration within the rotary kiln. Areas with low oxygen partial pressure favor
the formation of the Fe;O, phase, while areas with high oxygen partial pressure promote
the formation of the Fe,O3 phase. The valence state of Fe in roasted NdFeB was shown in
Table 3. The valence state of Fe in calcined NdFeB is shown in Table 2. The results indicate
that MFe accounts for only 2.01%, suggesting that the vast majority of metallic Fe has been
oxidized, while a small amount of the Nd,Fe 4B phase that has not been fully oxidized
remains encapsulated within the oxide shell. Furthermore, the element neodymium is
converted into the Nd,O3 and NdFeOj; phases. The Nd,Os phase exhibits high reactivity
in acidic leaching systems, whereas the NdFeO3 phase, as a stable perovskite structure,
typically requires higher acidity and temperature for effective leaching.
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Table 3. Valence state of Fe in roasted NdFeB (mass fraction/%).
Valence State MFe Fe?* Fe3t Total
Content (%) 0.85 5.41 36.13 42.39
Distribution (%) 2.01 12.76 85.23 100.00

29621
BSE/SE_MAG: 1000x_HV:20 kV_WD: 8.8 mm

29621
BSE/SE_MAG: 1000x HV:20 kV_WD: 8.8 mm

Phase composition and microstructural characterization of roasted NdFeB were in-
vestigated, as shown in Figure 4. The sample consists of irregular particles with diameters
ranging from 5 to 30 pm, exhibiting well-developed pores and distinct cracks in certain
regions, indicating significant volume expansion and phase transformation during calci-
nation. The original dense metallic structure has been replaced by a porous oxide matrix,
which facilitates subsequent permeation and mass transfer of the reaction medium during
acid leaching. The ESD element mapping results demonstrate that the Fe element exhibits
extensive continuous distribution, forming a matrix phase dominated by Fe,O3 and Fe3zO4
phases. The distribution of O element closely matches that of metallic elements such as Fe,
Nd, and other metal elements, confirming that the calcination process achieved complete
oxidation of the metallic elements, with no significant residual unoxidized metallic phases.
Nd element is enriched within the particle interior or at its boundaries, with certain regions
overlapping those containing the Fe element, indicating the presence of the NdFeOs phase,
which is consistent with the analysis results of the XRD pattern.

Figure 4. SEM-EDS elemental mapping of roasted NdFeB.

3.2. Comparison of Acid Leaching Methods

A comparative study was conducted on the effects of mechano-chemical leaching and
stirring leaching on the leaching efficiency of REEs and Fe at different times, as shown in
Figure 5. These experiments were carried out under the following conditions: reaction
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temperature of 85 °C, HCl concentration of 1.0 mol/L, stirring speed of 700 r/min, and
solid-liquid ratio of 100 g/L. The results indicated that the leaching efficiency of REEs and
Fe increased with increasing leaching time for both methods, exhibiting a typical pattern of
“rapid rise--slow growth--stabilization”. However, mechanical activation has significant
differences in its strengthening effects on Fe and REEs.
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Figure 5. Effect of reaction time on leaching efficiency: (a) REEs (b) Fe.

The leaching efficiency of REEs rose rapidly in the first 15 min, and the leaching effi-
ciency of REEs in the stirring leaching method was 58.59%, while the leaching efficiency of
REEs in the mechano-chemical leaching method was 82.04%. This indicates that mechanical
activation significantly accelerated the process of hydrochloric acid leaching. When the
leaching time was extended to 30 min, the leaching efficiency of REEs in the mechano-
chemical leaching method was 90.84%. As the leaching time was further extended, the
leaching efficiency of REEs increased gradually and stabilized at 120 min.

The leaching behavior of Fe is obviously different from that of REEs, and mechanical
activation has a more significant effect on the leaching efficiency of Fe. The final leaching
efficiency of Fe is increased from 14.18% to 23.72%, while that of REEs is increased by about
5%. This is mainly due to the difference in mineral occurrence state between Fe and REEs.
Fe element predominantly exists as an iron oxide phase in NdFeB waste residue. Although
mechanical activation enhances the leaching efficiency of Fe, the absolute improvement
is limited, which shows that the poor leachability of Fe comes from physical wrapping
and is more affected by its chemical stability. In contrast, REEs mainly exist in the NdFeB
waste residue as an easily leachable rare earth oxide phase, which has high reactivity in the
stirring leaching process. While mechanical activation offers limited improvement in REEs
extraction efficiency, it significantly reduces the reaction time.

The XRD patterns of leaching residue with different leaching methods were shown in
Figure 6. Due to the low REEs content in the leach residues, no distinct diffraction peaks
from REEs phases were observed. The main phases in both leaching residues are Fe; O3,
Fe30y4, and SiO; phases. Furthermore, the characteristic peaks of the residues from the
stirring leaching process are sharp and intense, indicating well-developed crystallinity in
the residues. In contrast, the intensities of the diffraction peaks for all phases in the residues
from the mechano-chemical leaching process are significantly reduced, with the peak
shapes broadening and becoming flatter. This phenomenon can be attributed to two main
factors: first, mechanical grinding causes severe lattice distortion and amorphization in the
mineral particles, reducing crystal order and leading to decreased diffraction peak intensity
and broadening of the peaks; second, mechanical forces promote the decomposition and
dissolution of iron oxides, causing more Fe element to dissolve into the solution and

reducing the absolute content of Fe element in the leaching residue.
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Figure 6. XRD pattern of leaching residue with different leaching methods.

The SEM images of leaching residue with different leaching methods were shown in
Figure 7a,b. For the residue with stirring leaching (Figure 7a), the particles are irregular in
shape, the overall structure of the particles remains relatively intact, while their surfaces
are covered with erosion pits and cracks. For the residue with mechano-chemical leaching
(Figure 7b), the particle size is significantly finer, with no obvious large agglomerates
between particles, and the particle surfaces are porous with a uniform size distribution. The
particle size distribution data in Figure 8 further quantify these differences. For the residue
with mechano-chemical leaching, the values of D5, Doy, and Dygg are 0.88 pm, 2.43 pm,
and 18.6 um, respectively, indicating that the particles have been thoroughly crushed to a
fine scale with a relatively concentrated distribution. In contrast, the particle size of stirring
leaching residues is significantly coarser, and the values of D5, Dgg, and Dy are 11.2 pm,
36.4 um, and 97.9 pm, respectively, indicating a broader particle size distribution with a
higher proportion of coarse particles. This difference is highly consistent with the SEM
morphology. Furthermore, these differences in morphological characteristics reflect the
distinct effects of different processing methods on particles: the stirring leaching method
merely achieves solid-liquid mixing without promoting particle dissociation, whereas
the mechanical activation leaching method effectively refines particles and disrupts their
original structure.

To further investigate the distribution patterns of unexposed REEs in the leaching
residue from the stirring leaching method, the SEM-EDS analysis results of the leaching
residue are shown in Figure 7c. The distributions of Fe and O elements largely overlap,
with iron oxides forming the basic framework. REEs exhibit a distinctly non-uniform
distribution, and their distribution range is significantly smaller than that of the Fe element;
they are spatially enclosed by the iron oxide phase. This indicates that residual rare
earth elements are primarily embedded within iron oxide particles rather than existing
as independent mineral phases, which is also a key reason for the low leaching efficiency
in the stirring leaching process. In contrast, mechanical activation continuously applies
mechanical force to disrupt the particle structure, breaking the encapsulation of the REEs
phases by the iron oxide phase and promoting the full exposure of the REEs phases,
thereby facilitating their participation in the acid leaching reaction and achieving a higher
leaching efficiency.
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Figure 7. SEM image of leaching residue with stirring leaching (a) and mechano-chemical leaching
(b,c); SEM-EDS elemental mapping of residue with stirring leaching.
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Figure 8. Particle size distribution of leaching residue with different leaching methods.

3.3. Effect of Operating Parameters on Leaching Process

To optimize the mechanochemical leaching process, the effects of operating parameters
(leaching temperature, HCIl concentration, liquid-solid ratio, and stirring speed) on the
leaching efficiency of REEs and Fe were investigated.

The effect of stirring speed on the leaching efficiency of REEs and Fe was carried out
in the range of 400-800 r/min in 1 mol/L HCI solution at a temperature of 85 °C with a
solid-liquid ratio of 100 g/L for 180 min leaching time, as shown in Figure 9a. The results
show that both the leaching efficiencies of REEs and Fe increase with increasing stirring
speed. Due to excessively low stirring speeds potentially causing particle sedimentation,
the leaching efficiency of REEs was only 79.17% at a stirring speed of 400 r/min. When
the stirring speed reached 700 r/min, the leaching efficiency of REEs was 99.03%. Further
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increasing the speed to 800 r/min did not significantly affect the leaching efficiency, indi-
cating that the leaching of REEs had approached reaction equilibrium at around 700 r/min.
Considering that excessively high stirring speed increases energy consumption and equip-
ment wear while having a negligible effect on leaching efficiency, 700 r/min is selected as
the optimal stirring speed.

Fe Fe
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100t __loot
= X
~ sof ~ sof
Pl >
Q 2
5 5
‘5 60t 5 60
é!) 40k 2o 401
b= = |
Q Q
g 5 8
S 20t % 20}
0 0
400 500 600 700 800 55 65 7] 85 95
Stirring speed (r/min) Temperature ( °C )
Ie Ie
REEs REEs
A100—<C) AIOO_(d)
B =
8ot 8ot
) )
Q Q
g g
2 oo 5 60
= =
[ (]
@ 40t 2 40
5 ]
S » 8 20
S 20r = 2T
0 = 0 3
0.5 1.0 %5 20 3.0 40 60 80 100 120
HCI concentration (mol/L) Solid-liquid ratio (g/L)

Figure 9. Effect of operating parameters on leaching process: (a) stirring speed, (b) leaching tempera-
ture, (¢) HCl concentration, (d) liquid-solid ratio.

The effect of temperature on the leaching efficiency of REEs and Fe was carried out
in the range of 55-95 °C in 1 mol/L HCl solution at a stirring speed of 700 r/min with a
solid-liquid ratio of 100 g/L for 180 min leaching time, as shown in Figure 9b. The results
showed that temperature has a positive effect on the leaching efficiency of REEs and Fe, but
there were significant differences between them. The leaching efficiency of REEs reached
about 89.54% at 55 °C, and it was close to equilibrium at 85 °C. Further heating to 95 °C
did not result in any significant change in leaching efficiency. The leaching efficiency of Fe
increased continuously with the increase in temperature, and there was no plateau period,
which indicated that the increase in temperature had a continuous promoting effect on Fe
leaching. Considering that excessively high temperatures increase energy consumption,
85 °C is the ideal leaching temperature.

The effect of HCI concentration on the leaching efficiency of REEs and Fe was carried
out in the range of 0.5-3 mol/L at a temperature of 85 °C with a solid-liquid ratio of
100 g/L for a 180 min leaching time, as shown in Figure 9c. The results show that HCl
concentration enhances the leaching efficiency of both elements, with the leaching efficiency
of Fe being more sensitive to variations in HCI concentration. The leaching efficiency of
REEs showed minimal dependence on HCI concentration, indicating that mechanochem-
ical enhancement alone is sufficient to achieve high-efficiency leaching under low acid
conditions. In contrast, the leaching efficiency of Fe increased significantly with rising HCI
concentration. Especially when the HCI concentration was 3 mol/L, the leaching efficiency
of Fe reached as high as 72.76%, making it impossible to achieve selective leaching of rare
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earth elements. Considering the subsequent removal of Fe at low acidity, 1 mol/L muriatic
acid was chosen.

The effect of solid-liquid ratio on the leaching efficiency of REEs and Fe was carried
out in the range of 40-120 g/L in 1 mol/L HCI solution at a temperature of 85 °C with
a stirring speed of 700 r/min for 180 min leaching time, as shown in Figure 9d. The
solid-liquid ratio primarily influences the leaching process by affecting the effective acid
concentration in the leaching system, mass transfer conditions, and the diffusion behavior
of ions in the solution. As the solid-liquid ratio increases to 120 g/L, the leaching efficiency
of REEs decreases slightly. Thus, 100 g/L was selected as the optimal solid-to-liquid ratio.

3.4. Evolution of Phase and Morphology

The XRD patterns of leaching residues at different times are shown in Figure 10. The
characteristic diffraction peaks of the initial sample are sharp and intense, indicating good
crystalline integrity, which was consistent with the SEM morphology of roasted NdFeB
(Figure 4). The relative intensity of the diffraction peaks decreased as the leaching reaction
progressed, while the linewidths of the peaks showed the opposite trend. This is a typical
characteristic of mechanically activated products, resulting from grain refinement and
lattice distortion caused by the impact and collision of grinding balls. The diffraction peaks
of NdyO3 and NdFeOj3; phases exhibited a significant intensity decline during the initial
leaching stage (15-30 min), and completely disappeared by 60 min. When the leaching
time was extended to 180 min, the diffraction peak intensities of Fe;O3 and Fe3O4 phases
continued to weaken progressively, indicating sustained dissolution of iron oxides under
prolonged combined mechanical activation and acid leaching. On the whole, mechanical
activation preferentially disrupts the crystal structure of rare earth oxides, and the leaching
rate of rare earth oxides is significantly higher than that of iron oxides. This indicates that
the Fe,O3 phase exhibits good resistance to dissolution in the hydrochloric acid system.
This difference in phase stability serves as the chemical basis for the preliminary separation
of rare earth elements from iron during hydrochloric acid leaching.
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Figure 10. XRD pattern distribution of roasted NdFeB with different roasting times.

The particle size distribution and SEM images of leaching residues at different times
were shown in Figures 11 and 12, respectively. Initially, the sample consisted mainly of
irregular aggregates with a broad particle size distribution, exhibiting a rough surface yet
overall density. At 15 min, the edges of the particles had become significantly blunted, and
the large chunks of sample were clearly fragmented into fine powders, with D5y decreasing
to 3.94 um, while the surfaces developed fine cracks and erosion pits due to initial acid
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corrosion. By 30 min, the particle size further decreased, with D50 decreasing to 2.05 pm,
and the original lumpy particles had been broken down into smaller agglomerates. By
60 min, the particles further refined into fine fragmented morphology, with D5y and Dgg
values decreasing to 1.85 um and 4.71 um, respectively, demonstrating more uniform
distribution. When extended to 180 min, the particle morphology remains largely stable,
maintaining a fine and uniform floccular structure. The particle size distribution curves
further narrowed and converged, with Dy, D5, and Dy stabilizing at 0.339 um, 0.862 pm,
and 2.55 um, respectively.
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> AN AN .
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Figure 11. Particle size distribution of roasted NdFeB with different times.

Figure 12. SEM images of roasted NdFeB with different times. (a) 0 min; (b) 15 min; (c) 30 min;
(d) 60 min; (e) 120 min; (f) 180 min.
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In summary, it is evident that the particle refinement process and the phase transforma-
tion process exhibit clear synchrony. During the early leaching stage (0-30 min), mechanical
crushing and refinement play a dominant role. The external structure of the particles is
directly shattered by the continuous impact and shear forces of mechanical grinding, expos-
ing the encapsulated rare earth phases. This leads to the rapid and preferential dissolution
of the REE phases, a phenomenon primarily manifested as the “exposure effect” caused
by mechanical activation. During the middle stage of leaching (30-120 min), the particles
transition from an aggregated state to a flocculent morphology, with the change in particle
size becoming gradual. Mechanical forces reduce the reaction activation energy of phases
through crystal chemical effects such as lattice distortion and dislocations, thereby further
promoting the continuous progression of leaching reactions. This phenomenon is primarily
manifested as the “chemical activation effect” induced by mechanical activation. In the late
leaching stage (120-180 min), both particle size and microstructure tend to stabilize. The
leaching of REEs is essentially complete, while the phase structure of iron oxides continues
to be disrupted by mechanical friction and acid corrosion, leading to a gradual weakening
of the diffraction peaks associated with iron oxide phases. The leaching efficiency of Fe
rises slowly during this stage, gradually transitioning toward a steady state.

3.5. Comparison of Recycling Methods

Table 4 presents a comparison between the mechanochemical leaching method devel-
oped in this work and several similar methods reported in the literature for REEs recovery
from NdFeB waste/magnets. It can be seen that most existing studies employ a two-step
approach, where mechanical activation is performed first as a pretreatment followed by
acid leaching in a separate reactor. This process requires additional energy inputs for mate-
rial transfer and heating. The mechanically induced defects and metastable phases tend
to partially recover before the subsequent leaching step, limiting the overall enhancement
effect. In contrast, the present study proposes a one-step mechanochemical leaching process
that integrates mechanical activation and acid leaching simultaneously in a stirring ball
mill, t significantly reducing energy consumption while achieving a rare earth recovery
rate of 99.03% within 180 min.

Table 4. Comparison of different methods for recovering rare earths from NdFeB waste.

Source of Metals

Recovery

Recovered Solvents Process Efficiency References

Magnet powder was mixed with

Nickel-coated magnet Fey(S04)3 Fe,(SO4)3 and milled, followed >95% (Loy SV, et al. [26])
by leaching with water.

Discarded NdFeB HCl Mechgmcal af:tlvatlon followed 99% (Mao F, et al. [29])

magnets by acid leaching

NdFeB cutting material HCI Mechanical activation followed 96.1% (Zhi Z, et al. [2])
by acid leaching
Mechanochemical leaching

Roasted NdFeB waste HCl1 (simultaneous grinding and 99% This study
leaching)

Moreover, this method exhibits distinct advantages in terms of industrial applicability.
Unlike studies that use pristine NdFeB magnets as feedstock, this work specifically targets
industrially roasted NdFeB waste. The proposed mechanochemical leaching process can
directly replace the conventional stirring leaching step in existing hydrochloric acid prefer-
ential dissolution production lines with minimal equipment modification (only requiring
stirring ball mills instead of conventional reactors). Although the mechanical grinding
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during the process increases electricity consumption compared to conventional stirring
leaching, this additional energy input is partially offset by the reduced leaching time and
lower acid consumption enabled by the enhanced kinetics. Overall, the proposed method
provides an environmentally benign and energy-efficient pathway for sustainable rare
earth recovery from secondary resources.

4. Conclusions

This paper investigates the feasibility and mechanism of rare earth recovery from
roasted NdFeB waste oxide using the mechanochemical leaching method, and concludes
with the following conclusions:

(1) Rare earth elements primarily exist in the forms of Nd>O3; and NdFeOj3, where their
structural inertness combined with the encapsulation effect constitutes the primary
obstacle to rare earth leaching.

(2) Compared with stirring leaching, mechanochemical leaching achieves thorough parti-
cle comminution, induces lattice distortion and amorphization of minerals, disrupts
the encapsulating structure of iron oxides around REE phases, and ultimately increases
the final leaching efficiency of REEs by approximately 5%.

(8) Through single-factor experiments, the optimal leaching conditions were determined
as follows: HCl concentration of 1.0 mol/L, leaching temperature of 85 °C, stirring
speed of 700 r/min, and solid-liquid ratio of 100 g/L. Under these conditions, the
leaching efficiency of REEs reached 99.03%, while significantly suppressing the disso-
lution of iron.

(4) Particle refinement and phase transformation exhibit a clear synchrony during the
leaching process. In the early stage (0-30 min), mechanical fragmentation dominates,
enabling the rapid and preferential dissolution of rare earth elements by breaking
the physical encapsulation of rare earth elements by iron oxides; In the middle stage
(30-120 min), chemical activation plays the primary role, with mechanical forces
inducing lattice distortions and dislocations, thereby reducing the activation energy
of the reaction; in the late stage (120-180 min), the phase structure of the iron oxides
continues to be disrupted under the synergistic action of mechanical friction and acid
corrosion, and the system approaches a steady state.

(5) Iron in the leachate is separated from REEs by oxidation of Fe?" to Fe3* followed by
pH adjustment to 4.0-4.5, at which Fe* precipitates quantitatively as Fe(OH); and is
removed by filtration, while REEs remain in solution. This purification step removes
over 99.5% of the dissolved iron, providing a qualified solution for subsequent solvent
extraction and oxalic acid precipitation.
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