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A B S T R A C T

Samarium-cobalt (Sm-Co) permanent magnets are widely used in high-temperature, high-performance applica
tions, but their recycling is difficult due to their thermal stability and complex alloy chemistry. However, the 
strategic and economic importance of Sm and Co makes the development of efficient recycling routes increas
ingly critical. This review focuses on pyrometallurgical approaches for recovering Sm and Co from end-of-life 
magnets and industrial scrap. Thermal pretreatment, such as demagnetization near or above the Curie tem
perature (~720-820 ◦C), not only removes magnetic properties but also promotes surface oxidation, producing 
more reactive oxide phases that facilitate subsequent processing. Among pure thermal routes, vacuum distillation 
exploits differences in vapor pressure to selectively evaporate Sm under reduced pressure. Recovery efficiency 
and final purity depend strongly on precise temperature control and the choice of condenser material. Molten salt 
extraction in LiCl-KCl eutectics uses oxygen sparging to convert SmCl3 into SmOCl while leaving Co in the melt, 
enabling phase separation. The glass slag technique with molten B2O3 transfers Sm into the slag as Sm2O3/ 
SmBO3 and yields Co or Fe-rich alloys with very low Sm content. Hybrid pyro-hydrometallurgical methods, 
notably nitric acid baking followed by controlled thermal decomposition, exploit the differing thermal stabilities 
of Sm, Co, and Fe nitrates to selectively dissolve Sm while converting base metals to insoluble oxides. Sulfation 
and selective oxidation are additional thermal steps that can improve phase separation prior to aqueous recovery. 
Moreover, solid-state chlorination showed a higher reactivity of Sm toward HCl (with Co being less reactive) 
under optimal conditions. Drawing together the latest findings and emerging trends, this review highlights the 
key technical challenges, critical knowledge gaps, and promising opportunities. This work examined the feasi
bility of all reported chemical reactions and assessed them using Gibbs energy. It also sets out focused research 
priorities to accelerate the development and wider adoption of pyrometallurgical strategies for Sm-Co magnet 
recycling. Particular emphasis is placed on energy-efficient demagnetization and volatilization, impurity-tolerant 
molten salt and slag chemistries, durable condenser materials, emissions control, and practical integration with 
hydrometallurgical steps.
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1. Introduction

Samarium (Sm) and Cobalt (Co) are crucial elements classified 
globally as critical raw materials (CRMs) due to their geopolitical supply 
risk, economic significance, and irreplaceable roles in advanced tech
nological systems [1–3]. Samarium-Cobalt (Sm-Co) permanent magnets 
“PMs”, typically formulated as SmCo5 or Sm2Co17 alloys, are funda
mental to modern industrial infrastructure and a low-carbon economy 
[4–6]. Sm-Co PMs offer distinct advantages over neodymium-iron-boron 
(Nd-Fe-B) magnets, including superior corrosion resistance, higher 
coercivity, and exceptional thermal stability. They typically operate at 
temperatures in the high 300 ◦C range, and some reports indicated that 
they can retain their magnetic strength even under more severe thermal 
conditions, up to 550 ◦C [3,7–10]. Consequently, Sm-Co magnets are 
crucial for specialized, high-performance sectors such as aerospace, 
national defense, military equipment, and high-temperature automotive 
applications (Fig. 1) [11,12]. This sustained, and specialized demand 
underscores the critical status of their constituent rare earth elements 
(REEs) and Co, both of which are projected to face supply-side pressures 
as global requirements increase by 3-7 times between 2020 and 2040 
[13,14].

However, the manufacturing of Sm-Co magnets is highly resource- 
intensive, with approximately 15-30% of raw materials generated as 
waste streams, including swarf and scraps [15–17]. End-of-life Sm-Co 
magnets and manufacturing rejects constitute a valuable secondary 
resource rich in Sm (20-40 %) and Co (45-60 %), presenting a significant 
opportunity for resource valorization. The composition of this secondary 
source (Fig. 2) typically includes co-existing metals such as iron (Fe), 
copper (Cu), and Zirconium (Zr) [9,12,18,19]. Therefore, recycling 
these critical components not only improves supply vulnerability but 
also minimizes the substantial environmental burden associated with 
conventional mining and mineral processing [15,20,21]. Developing 
efficient and sustainable recovery methodologies is critical for realizing 
a comprehensive circular economy for these strategic materials and 
enabling their reuse across various applications and industries.

Current methodologies for recovering value-added products from 
spent magnets are predominantly classified as hydrometallurgical or 
pyrometallurgical [5,22]. Hydrometallurgy, typically using acid leach
ing and downstream purification (e.g., solvent extraction or deep 
eutectic solvents), offers excellent product purity and operates at mod
erate temperatures [5,23,24]. Nevertheless, this route is frequently 

characterized by substantial water and reagent consumption, complex 
wastewater discharge, and high overall operational complexity, posing 
significant environmental drawbacks [25–27]. Conversely, pyrometal
lurgical strategies rely on elevated thermal conditions to promote phase 
separation or drive selective volatilization [28–31]. Pyrometallurgical 
routes offer inherent benefits for recycling PMs, including high 
throughput and tolerance of impure feedstock. Additionally, because it 
requires no complex pretreatment and is insensitive to feed composition, 
it is a relatively rapid process [32,33]. Moreover, thermal techniques 
play a crucial role beyond pure pyrometallurgy, offering support to 
hydrometallurgical processes at various stages (Fig. 3). This includes 
thermal demagnetization (before hydrometallurgy) to improve leaching 
kinetics, forming hybrid pyro-hydro routes, and subsequent thermal 
steps like calcination for producing high-purity metal oxides after hy
drometallurgical separation [18,34,35]. However, they require high 
energy inputs and demand stringent control over harmful gaseous 
emissions and solid waste (slag) generation [28,36]. The technical 

Fig. 1. Various applications of the Sm-Co magnets.

Fig. 2. Average elemental composition (%) of Sm-Co magnets.
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challenges and environmental constraints associated with both pure 
pyro- and integrated hydro-pyro-metallurgical methods necessitate 
focused research into innovative, cleaner thermal processes for Sm-Co 
magnet recycling [8,28].

Despite the significance and unique status of Sm-Co magnets, there is 
still no comprehensive assessment of the published research on the py
rometallurgical processes used in their recovery. This work will fill this 
gap by providing an in-depth analysis and comparison of existing studies 
on thermal-based recycling technologies, critically evaluating their un
derlying mechanisms, efficiencies, and limitations. It provides a 
comprehensive evaluation across several distinct phases of thermal 
application in recycling flowsheets. The analysis begins with thermal 
demagnetization and essential preprocessing steps, which often involve 
roasting to convert metallic phases into reactive oxides or to prepare 
feed for subsequent leaching. It then critically examines various pure 
pyrometallurgical routes (including vacuum distillation, molten salt, 
glass slag techniques, and selective oxidation), which aim for selective 
extraction and concentration of Sm and Co. Subsequently, details of 
integrated pyro-hydrometallurgical routes (e.g., acid baking and solid- 
state chlorination) designed to leverage the selectivity of pyrometal
lurgy while minimizing the drawbacks of absolute hydrometallurgy are 
analyzed. Finally, this study is willing to address the crucial thermal 
processing of hydro products, specifically the calcination of intermedi
ate precipitates (e.g., oxalates) to yield high-purity final products, such 
as Sm2O3 and Co3O4. Throughout, this work highlights inconsistencies 
in the literature, elucidates dominant reaction pathways, and identifies 
critical knowledge gaps and future research needs.

2. Thermal demagnetization

The demagnetization process is primarily intended to eliminate the 
alloys' intrinsic magnetic properties. This prevents the adhesion of 
magnetic powders to metallic equipment during handling and process
ing [5,12,23]. Additionally, demagnetization helps break down powder 
agglomerates and enhances the leachability of the material when hy
drometallurgy is used as the next processing stage [11,12]. Sm-Co 
magnets possess exceptionally high Curie temperatures (TC). The TC of 
this permanent magnet can exceed ~720 ◦C for SmCo5 and ~820 ◦C for 
Sm2Co17, which significantly surpasses the 310 ◦C threshold observed in 
Nd-Fe-B magnets [37–39]. Demagnetization typically involves heating 
the magnetic material to temperatures approaching or exceeding its TC, 

the threshold at which the ferromagnetic structure transforms into a 
paramagnetic state. This stage results in the random orientation of the 
magnetic dipoles and macroscopic demagnetization [5,11]. TC of ma
terials varies with chemical composition, explaining the difference be
tween the TC of Nd-Fe-B and Sm-Co magnets, as well as between various 
types of Sm-Co magnets (Fig. 4) [8,11]. This variation explains the 
greater thermal stability and resistance of Sm-Co magnets to demagne
tization, a property that underpins their extensive use in 
high-temperature applications [8,28,41].

During demagnetization, when tempering Sm-Co magnets between 
450 ◦C and 800 ◦C, a distinct agglomerate decomposition occurs at sub- 

Fig. 3. Thermal processes for recycling Sm-Co magnets.

Fig. 4. Sm-Co system phase diagram as a function of temperature and Co 
content (Based on [40]).
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Curie temperatures. At 450 ◦C, many magnet particle agglomerates were 
reported to be partially separated. As the temperature increased to 
600 ◦C, the proportion of particles smaller than 100 μm rose from 14.5% 
to 81.7%. However, heating above this range (600-800 ◦C) produced no 
further decrease in particle size. It indicated that physical disintegration 
predominated below the TC, whereas complete demagnetization 
occurred only beyond it. TC for SmCo5 alloys marked the transition to a 
paramagnetic state in which Weiss domains vanished, and dipole 
alignment collapsed completely [11]. Upon cooling, new magnetic do
mains partially reformed, particularly in particles smaller than 1.5 μm 
(approximately the size of a single Weiss domain), resulting in partial 
re-magnetization. Correspondingly, magnetic flux density decreased 
from 200 to 240 μT in untreated samples to 140-180 μT in thermally 
treated powders. This confirmed a progressive loss of magnetization due 
to domain misalignment at sub-Curie temperatures and an irreversible 
collapse at super-Curie conditions [11].

Beyond magnetic effects, demagnetization drives critical structural 
and chemical transformations that facilitate downstream hydrometal
lurgical recovery. Thermal oxidation during heating converts SmCo5 
alloys into stable oxides, such as SmCoO3 and Co3O4, which exhibit 
higher chemical reactivity and increased surface porosity relative to the 
metallic precursor [11,12,41]. Sinha et al. (2017) reported that com
plete conversion occurred after roasting at approximately 850 ◦C for 6 h 
in an air atmosphere, as confirmed by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), and energy-dispersive spectroscopy (EDS) 
analyses [12]. The resulting oxide phase enhanced leachability by 
enlarging surface area and disrupting the dense metallic structure. 
Thermogravimetric analysis indicated a weight gain of approximately 
27% at 850 ◦C, consistent with oxygen uptake during oxidation and 
phase transformation. Subsequent chemical analyses revealed final 
compositions of 30.4% Sm and 42.6% Co in the oxidized product [12]. 
In contrast to Nd-Fe-B magnets, Sm-Co powders exhibit limited reac
tivity with oxygen, minimizing the risk of spontaneous combustion and 
rendering demagnetization operations considerably safer [5,41].

However, the inherent magnetocrystalline anisotropy of Sm-Co al
loys poses a significant challenge [8,12]. High magnetocrystalline en
ergy barriers render Sm-Co magnets highly resistant to both magnetic 
and thermal demagnetization, thereby necessitating prolonged 
high-temperature treatment [8,16,42]. To achieve full demagnetization 
and oxide formation, temperatures of 800-900 ◦C and longer residence 
times are often required, especially in pyrometallurgical or gas-phase 
extraction routes [5,8,12]. It is also worth noting that demagnetizing 
Sm-Co magnets requires more energy than demagnetizing Nd-Fe-B 
magnets because Sm-Co magnets have a significantly higher Curie 
temperature. However, Sm-Co's resistance to heat allows it to retain 
magnetism even after a complete loss of magnetism if the process is 
handled correctly. Although the process is energy-intensive compared 
with demagnetizing Nd-Fe-B magnets, the thermal robustness of Sm-Co 
alloys ensures complete removal of magnetic effects under appropriately 
controlled conditions [3,8,12,16,18,43]. Despite the importance of 
thermal demagnetization, research on its thermal behavior and micro
structural evolution during pretreatment is limited. Additionally, the 
fundamental mechanisms governing demagnetization and oxidation 
kinetics in Sm-Co magnets remain insufficiently understood, necessi
tating further investigation to optimize recycling efficiency and energy 
use.

3. Pyrometallurgical routes

3.1. Vacuum distillation

The vacuum distillation method, recognized as a promising green 
pyrometallurgical route, enables the selective extraction of Sm from Sm- 
Co magnet waste by exploiting thermodynamic differences among the 
constituent metals. The significantly lower melting and boiling points of 
Sm (1072 and 1791 ◦C, respectively) than those of the other associated 

elements (Co, Fe, Cu, and Zr (Table 1) facilitate its preferential evapo
ration under reduced pressure. Sm-Co magnet scrap starts to melt at 
1311 ◦C and begins to deform between 1321 and 1452 ◦C, during which 
Sm evaporates readily due to its relatively high vapor pressure. The 
saturated vapor pressure of Sm increases sharply with temperature, 
enabling its selective transition into the vapor phase before other 
alloying metals [44].

Bai et al. (2024) designed a high-temperature vacuum distillation 
furnace equipped with a vertical two-temperature-zone extraction sys
tem. The heating system comprised independently controlled upper and 
lower zones, permitting efficient evaporation and condensation of metal 
vapors (Fig. 5). A double condensation collector was integrated to 
ensure high-purity collection of Sm, with the metal vapor of higher 
vapor pressure enriched in the upper condenser, while impurity ele
ments with lower vapor pressures were effectively separated. Experi
mental investigations were carried out in the temperature range of 
1300-1500 ◦C under a vacuum of approximately 8 × 10− 3 Pa to evaluate 
the influence of temperature on the evaporation-condensation behavior 
of Sm from Sm-Co magnet scrap [44].

The evaporation rates of various metals, including Sm, Co, Fe, Cu, 
and Zr, were examined between 1200 and 1700 ◦C. Results confirmed 
that the evaporation rates of all metals increased with temperature at 
constant pressure. However, at equivalent temperatures and times, Sm 
exhibited a substantially higher evaporation rate than the other ele
ments. During vacuum distillation, when phase transformation occurs, 
the system pressure remains below the materials' saturation vapor 
pressure. Therefore, metals with higher vapor pressure, especially Sm, 
tend to evaporate preferentially. The condensation rate of Sm between 
1400 and 1600 ◦C was also measured, showing that its effective 
condensation temperature range lies between 600 and 900 ◦C. To ach
ieve efficient condensation while minimizing contamination, the 
condensation zone was thermally isolated from the heating zone [44].

The interaction between condensers and REE vapors played a crucial 
role in determining the recovery efficiency and the purity of Sm, owing 
to REEs' high reactivity and physicochemical activity. The influence of 
graphite, tantalum (Ta), and molybdenum (Mo) condensers on Sm 
enrichment showed that when graphite served as the condenser, the 
major condensate constituents were Sm and C, suggesting the potential 
for REE carbide formation at elevated temperatures. The coexistence of 
nonmetallic impurities such as carbon, nitrogen, and oxygen in the 
condensates indicated the formation of intermediate compounds 
through reactions with the condenser surface. The Ta condenser 
collected only a small amount of Sm, while a substantial portion 
condensed on the sidewalls of the crucible. In contrast, the Mo 
condenser demonstrated superior performance, with a Sm enrichment 
rate exceeding 95%. According to the Sm-Ta and Sm-Mo phase dia
grams, no solid solution or intermetallic compounds formed between Sm 
and these refractory metals. However, the solubility of Sm in Ta is 
slightly higher than in Mo, confirming Mo as the optimal condenser 
material for Sm recovery [44]. It was concluded that precise tempera
ture control is vital. While higher temperatures promote complete Sm 
evaporation, they also enhance volatilization of impurity metals, 
degrading product purity. Conversely, insufficient temperature hinders 
Sm volatilization, thereby reducing REE recovery. Thus, an optimal 
balance must be maintained, keeping the temperature sufficiently high 
to sustain both recovery efficiency and product purity [44]. These ob
servations also demonstrate the important role of impurity elements in 
governing separation selectivity during vacuum distillation. In 

Table 1 
Melting and boiling temperatures of the main elements composing Sm-Co 
magnets (Based on [44]).

Element Sm Co Fe Cu Zr

Melting point (◦C) 1072 1495 1538 1085 1852
Boiling point (◦C) 1791 2870 2800 2562 4377
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particular, Cu is the most important impurity because its relatively high 
vapor pressure promotes coevaporation at elevated temperatures, 
whereas Fe and Zr largely remain in the residual phase due to their low 
volatility. Consequently, impurity-dependent volatilization behavior 
defines the practical temperature window required to simultaneously 
maximize Sm recovery and maintain product purity [44].

Despite the progress achieved, further studies are required to sys
tematically examine the interactions between different condenser ma
terials and Sm vapor. In particular, the potential of other high-melting- 
point metals or coated surfaces to enhance selectivity has been largely 
overlooked. Additionally, the long-term stability of the condenser has 
not yet been evaluated. The current research also does not address the 
influence of impurities such as oxygen, nitrogen, or carbon within the 
system, nor does it assess how the alloy's microstructure or oxidation 
state affects the kinetics of Sm evaporation. Given the critical impor
tance of economic feasibility and energy efficiency, no comparative 
analysis with hydrometallurgical routes or alternative recovery methods 
has been conducted.

3.2. Molten salt extraction (alkali chloride melts)

The recovery and selective extraction of REEs as chlorides through 
oxidation in molten alkali chloride media have been examined in some 
investigations. In this technique, a binary eutectic system of LiCl-KCl 
(3LiCl-2KCl) has shown promise for separating Sm and Co chlorides 
via oxygen sparging. The experiments were conducted over the tem
perature range 400-700 ◦C, using Sm(III) chloride (SmCl3) and Co(II) 
chloride (CoCl2) dissolved in the melt. The eutectic mixture was pre
pared by melting appropriate amounts of Li and K chlorides, and Sm and 
Co chlorides were introduced using hydrogen chloride gas. The primary 
mechanism driving the separation of Sm and Co was found to be the 
difference in their oxygen affinities, which governs their distinct 
oxidation behaviors within the molten chloride environment [16]. 
Thermodynamic analyses and experimental results consistently indi
cated that Sm chloride reacted readily with oxygen to form Sm oxy
chloride (SmOCl), whereas Co chloride remained largely unreactive 
under identical conditions. The reactions describing this behavior could 
be expressed as (Equ. 1-4): 

2SmCl63− + O2 → 2SmOCl + 6Cl2                                                   (1)

4SmCl63− + 3O2 → 2Sm2O3 + 12Cl2                                                (2)

4SmOCl + O2 → 2Sm2O3 + 2Cl2                                                    (3)

2CoCl42− + O2 → 2CoO + 4Cl2                                                        (4)

The Gibbs free energy change for SmOCl formation at 700 ◦C was 
determined to be − 67.8 kJ/mol, confirming that SmOCl formation is 
thermodynamically feasible, whereas the similar Co oxidation route is 
unlikely. Consequently, during oxygen sparging in the LiCl-KCl system 
at temperatures up to 700 ◦C, SmOCl remained the sole solid product, 
regardless of oxygen concentration, whereas Co remained molten. It was 
concluded that both the temperature and oxygen content control the 
extent of SmOCl formation. At 600 ◦C, the initial Sm concentration had a 
limited effect on the reaction rate, whereas at 700 ◦C, a pronounced 
concentration dependence was observed, with higher Sm concentrations 
accelerating oxychloride formation. Kinetic analysis revealed a first- 
order dependence on SmCl3, with an activation energy of 57.9 kJ/mol 
[16].

The LiCl-KCl eutectic melt also functions as a reusable reaction me
dium, improving the environmental sustainability of the pyrochemical 
recovery process. The selectivity of this route stems from the preferential 
formation of sparingly soluble SmOCl, which readily separates from the 
melt, while cobalt remains dissolved as CoCl2. Experimental studies 
showed that SmOCl precipitates can be separated from the liquid phase 
by controlled settling, followed by decantation or sampling. To maintain 
salt regeneration and process continuity, dissolved cobalt can subse
quently be recovered electrochemically, thereby removing accumulated 
transition metals from the molten medium before reuse in successive 
cycles. Although the process still requires high-temperature operation 
and relatively costly alkali chloride salts, it avoids the generation of 
large volumes of acidic wastewater and hazardous organic solvent res
idues commonly associated with conventional hydrometallurgical 
routes [16].

From the perspective of impurity management, the process selec
tivity arises from the different oxidation tendencies of rare-earth and 
transition-metal chlorides in the molten-salt environment. While Sm 
preferentially forms insoluble oxychloride phases, Co remains dissolved 
in the melt, thereby minimizing its incorporation into the precipitated 
Sm-rich product. This selective phase partitioning is essential for 
maintaining high Sm recovery and purity during oxidative precipitation 
[16]. This investigation focuses only on the separation of Sm and Co by 
oxygenation in LiCl-KCl melts; the effects of other elements present in 
Sm-Co magnets have not been investigated. Additionally, the actual 
behavior of Co, especially in the presence of real impurities from in
dustrial waste, has not been studied. The exact reaction mechanism, the 
role of mass transfer, and the influence of parameters such as oxygen 
pressure and the precise melt composition have not been analyzed. The 
kinetic modeling is also limited to a simple apparent reaction order. 
Furthermore, the stability and detailed structure of the SmOCl phase, as 
well as particle size, and their impact on separation and filtration per
formance have not been investigated.

3.3. Glass slag method

The glass slag method is a robust and effective approach for selec
tively extracting and separating Sm from REE-based alloys, particularly 
Sm-Co and Sm-Fe-N systems [45,46]. In this process, the bulk alloy is 
encapsulated in molten boron trioxide (B2O3), which serves as both a 
reactive slag and a protective environment. The assembly is first slowly 
preheated to a temperature slightly above the slag's melting point to 
ensure complete coverage of the alloy by the molten glass. The system is 
maintained under an inert argon atmosphere to prevent oxidation and 
unwanted side reactions. Once the slag is fully molten, the alloy is su
perheated to temperatures well above its equilibrium liquidus: 1400 ◦C 
for SmCo5 and 1560 ◦C for Sm2Fe17N3, thereby facilitating decompo
sition of the parent phases and promoting interfacial reactions between 
the alloy and the slag [45–47].

For Sm-Co alloys, the primary magnetic phases are SmCo5 and 
Sm2Co7. At elevated temperatures, SmCo5 decomposes into Sm2Co7 and 

Fig. 5. Schematic illustration of high-temperature vacuum distillation and 
condensation setup used for Sm extraction from Sm-Co magnet scrap (Based 
on [44]).
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Sm2Co17, but rapid cooling via metal mold casting prevents this 
decomposition, preserving the desired phase [41,42,47]. Upon immer
sion in molten B2O3, the Sm-Co alloy undergoes a reaction represented 
by Equ. 5. This reaction results in the formation of Co3B and metallic Co 
in the alloy. At the same time, Sm is transferred to the slag phase as 
Sm2O3 and SmBO3 [47]. B2O3 is used in excess, typically at a 12-fold 
stoichiometric excess, to ensure complete extraction. This pyrometal
lurgical process yields a Co-B alloy with residual Sm content below 
0.05% by mass. In contrast, Sm effectively partitions into the slag phase, 
achieving an enriched concentration that exceeds 58 mass% [46,47]. 
However, this slag should be regarded as an intermediate Sm-rich 
concentrate rather than a final recovered product; a potential down
stream route would involve crushing the slag followed by acid leaching 
or acid baking-water leaching to dissolve Sm-bearing oxide/borate 
phases, with subsequent Sm recovery by precipitation or solvent 
extraction. The presence of Sm2Co7 and SmCo5 in the initial alloy can 
slightly alter the boron content in the final product, with measured 
values (3.0 wt%) marginally lower than the theoretical value (3.54 wt%) 
due to phase-composition effects [47]. 

2SmCo5 + B2O3 → Sm2O3 + 2Co3B + 4Co                                      (5)

In the case of Sm-Fe-N magnets, the dominant magnetic phase is 
Sm2Fe17N3, which is generated by nitriding Sm2Fe17 alloys [45,46]. 
However, Sm2Fe17N3 is thermally unstable above 600 ◦C and de
composes into α-Fe and Sm-N during the glass slag process. The Sm-N 
phase subsequently reacts with molten B2O3 to form BN, while Sm is 
transferred to the slag phase. The overall reaction for Sm-Fe alloys can 
be seen as Equ. 6. The resulting Fe-B alloy contains less than 0.02 wt% 
Sm, while the slag phase is again enriched with Sm (51-58 wt%). The BN 
phase is detected in the slag, confirming the reaction pathway. The 
process effectively separates the challenging magnetic Sm2Fe17N3 phase 
into a soft magnetic α-Fe phase and a Sm-rich slag, facilitating the 
extraction of Sm and the production of a magnetically soft material [45,
46]. The reported phase evolution further indicates that impurity sep
aration in the glass slag method is governed by strong phase partitioning 
between the molten slag and the metallic alloy. Sm preferentially con
centrates in the glassy slag phase, whereas transition metals such as Co 
and Fe remain predominantly in the metallic boride-rich alloy. This 
clear separation behavior contributes significantly to the high selectivity 
and low residual Sm content reported for the metallic phase [45,46]. 

Sm2Fe17 + B2O3 → Sm2O3 + 2Fe2B + 13Fe                                    (6)

Several gaps need to be addressed to deepen the understanding of 
this process. No thermodynamic or kinetic analysis has been presented. 
The effects of parameters such as temperature, residence time, heating 
and cooling rates, different B2O3-to-alloy ratios, particle size, sample 
geometry, and process atmosphere have not been examined. As a result, 
the method remains unoptimized for industrial applications. Most 
importantly, no approach has been proposed to recover Sm from the 
glass and return it to the material cycle. The influence of real impurities 
present in industrial waste has also not been investigated. Therefore, the 
major scientific and industrial steps (including clarification of mecha
nisms, process optimization, modeling, and final recycling) remain un
addressed and offer substantial opportunities for future research.

4. Integrated pyro-hydrometallurgical routes

4.1. Acid baking

Acid baking with nitric acid has been shown to be an effective route 
for selectively extracting Sm from Sm-Co PM scrap via controlled nitrate 
formation and thermal decomposition. In this method, Sm-Co magnet 
powders are first converted into a mixed nitrate system by reaction with 
concentrated nitric acid, yielding primarily Sm(NO3)3, Co(NO3)2, and Fe 
(NO3)3. The selectivity of the process arises from the fact that Sm nitrate 

remains water-soluble at intermediate temperatures, while Co and Fe 
are converted to water-insoluble oxides [1,48]. Thermodynamic calcu
lations using HSC Chemistry indicate that acid baking with nitric acid is 
energetically favorable over the temperature range 0-500 ◦C, with room 
temperature formation of nitrates being preferred on an energy basis 
[48]. When magnet powders are exposed to concentrated nitric acid, 
REEs, Fe, and Co participate in hydrogen- and nitric oxide-generating 
reactions of the type 2M + 6HNO3 → 2M(NO3)3 + 3H2↑ and M +
4HNO3 → M(NO3)3 +NO↑ + 2H2O↑. In this reaction, M represents REEs, 
Fe, or Co. Baking with nitric acid thus produces energetic nitrates Sm 
(NO3)3, Co(NO3)2, and Fe(NO3)3 at room temperature, which can sub
sequently be decomposed in a controlled manner to achieve phase 
separation [1,48].

The thermal decomposition behaviors of Sm, Co, and Fe nitrates 
differ significantly and underpin the separation strategy. Sm nitrate 
hexahydrate (Sm(NO3)3•6H2O) initially dehydrates and passes through 
intermediate oxo-nitrate phases containing O-Sm-OH groups before 
fully decomposing to Sm oxide. In the temperature range 600-700 ◦C, 
the overall decomposition may be represented as 2 [Sm(NO3)3•6H2O] → 
Sm2O3 + 2HNO3 + 4NO2 + O2 + 11H2O. However, at lower tempera
tures around 250 ◦C, Sm(NO3)3•6H2O is only partially dehydrated. 
Therefore, the water content decreases, but the compound remains in 
nitrate form and retains its water solubility. In contrast, cobalt nitrate 
hexahydrate, Co(NO3)2•6H2O, undergoes a stepwise dehydration fol
lowed by conversion to Co oxides at substantially lower temperatures. 
The sequence of transformations is Co(NO3)2•6H2O → Co(NO3)2•4H2O 
+ 2H2O at ~34 ◦C, Co(NO3)2•4H2O → Co(NO3)2•2H2O + 2H2O when 
temperature reaches around 67 ◦C, and Co(NO3)2•2H2O → Co(NO3)2 +

2H2O↑ at ~110 ◦C. Subsequent decomposition of the anhydrous nitrate 
yields Co oxides via 2Co(NO3)2 → Co2O3 + N2O4 + N2O5 and 3Co(NO3)2 
→ Co3O4 + N2O4 + 2N2O5 at around 185 ◦C. Thermodynamic analysis 
indicates that the latter oxide-forming reaction is not feasible, with a 
Gibbs free energy of ΔG = +188.905 KJ at 185 ◦C, whereas the for
mation of Co3O4 proceeds under the same conditions. Consequently, in 
practice, cobalt predominantly forms Co3O4 [1].

Iron nitrate exhibits a distinct decomposition pathway that also leads 
to the formation of insoluble oxide. Hydrated iron nitrate, Fe 
(NO3)3•9H2O, first undergoes dehydration and nitrate release according 
to Fe(NO3)3•9H2O → Fe(OH) (NO3)2•2H2O + HNO3↑ + 6H2O↑ in the 
temperature range 50-100 ◦C. Further dehydration at approximately 
105 ◦C yields Fe(OH)2 through Fe(OH) (NO3)2•2H2O → Fe(OH)2NO3 +

HNO3↑ + H2O↑. With increasing temperature to around 150 ◦C, Fe 
(OH)2NO3 transforms into goethite (FeOOH) via Fe(OH)2NO3 → FeOOH 
+ HNO3↑. Finally, at approximately 400 ◦C, hematite is formed ac
cording to 2FeOOH → Fe2O3 + H2O↑. The contrasting decomposition 
profiles of Sm, Co, Fe nitrates thus demonstrate that controlled heating 
can be used to separate these metals. In this process, Sm remains in a 
water-soluble nitrate form at intermediate temperatures (~250 ◦C), 
while Co and Fe are present as water-insoluble oxides. Under integrated 
optimal conditions, acid baking at 250 ◦C for 2 h with an S/L of 1:5, 
followed by water leaching at an S/L of 1:10 for 2 h, results in Sm 
extraction exceeding 95%. At the same time, Co and Fe dissolution 
remain below 1%. The resulting leachate attains a REE purity of 99.4%, 
confirming the process's high selectivity. For environmental compliance 
and worker safety, the process is therefore implemented in a sealed 
reactor, where the generated NOx gases are captured and transferred to 
collection bottles rather than vented directly to the atmosphere [1].

As an alternative to conventional reactor heating, a solution- 
combustion route has also been investigated for converting Sm nitrate 
to Sm2O3. In this approach, Sm-Co magnet powders are reacted with 
nitric acid as before, but citric acid is added as a fuel. Subsequently, the 
mixture is subjected to solution combustion rather than isothermal 
baking. The reported Gibbs free energy profile suggests that the com
bustion reaction is thermodynamically favorable over the considered 
temperature range. The Gibbs free-energy profile was taken from the 
thermodynamic analysis of the stoichiometric solution-combustion 
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reaction between Sm(NO3)3 and citric acid to form Sm2O3. The ΔG-T 
trend was evaluated over approximately 0-500 ◦C under standard-state 
assumptions and was used only to assess thermodynamic feasibility 
rather than reaction kinetics. The overall response led to the formation 
of Sm2O3, as depicted schematically in the corresponding Gibbs energy- 
temperature diagram (Fig. 6). Citric acid was introduced in different 
fuel-to-oxidizer ratios (ϕ) to elucidate its influence on combustion 
behavior and product morphology. An increase in ϕ from 0.5 to 2 
resulted in progressively more intense combustion, accompanied by 
higher reaction temperatures and pronounced gas evolution, which, in 
turn, promoted the formation of highly agglomerated powders. At 
ϕ = 0.5, the synthesized Sm2O3 powders exhibited a relatively spherical 
surface morphology. In contrast, at ϕ = 1 and 2, the powders displayed 
irregular shapes and broad size distributions. The irregular and flaky 
particles were attributed to nonuniform temperature and mass-flow 
distributions within the combustion flame. Thus, while solution com
bustion offers a rapid route to Sm2O3, the choice of ϕ strongly governs 
the product's microstructure and must be carefully controlled for ap
plications where particle morphology is critical [48]. The exact kinetic 
behavior of the nitrate-to-oxide conversion has not been modeled, and 
the effects of parameters such as NOx vapor pressure, humidity, and 
heating rate on the selectivity of Co/Fe oxidation over Sm have not been 
investigated. In the leaching section, the detailed dissolution mechanism 
of Sm(NO3)3 and the effects of pH, temperature, and interfering ions 
have not been analyzed. Also, the study does not address the recovery or 
final separation of Co and Fe from the oxide residue. In addition, precise 
control of Sm2O3 particle size, the mechanism of nanoparticle growth 
during combustion, and flame-reaction modeling have not been 
explored.

4.2. Sulfation and selective oxidation

Sulfation is a pyrometallurgical method conducted at elevated tem
peratures in the presence of sulfur oxides, enabling selective oxidation 
and phase transformation of metal-bearing compounds. It provides an 
effective route in extractive metallurgy for metal separation and re
covery. Time, temperature, and acid concentration are the primary 
variables controlling both the formation and decomposition of metal 
sulfates and oxy-sulfates. Therefore, these parameters must be precisely 
optimized to maximize REE extraction while suppressing undesired side 
reactions. For recovering Sm-Co magnet powders, sulfation and selec
tive oxidation can be applied to extract and separate Sm, Co, Cu, and Fe. 
Initially, the powders are mixed with concentrated sulfuric acid (96%) 

to promote the conversion of most oxides into their corresponding sul
fates. During subsequent selective oxidation in a muffle furnace, these 
sulfates, characterized by relatively low thermal stability, decomposed 
to water-insoluble oxides. This enables the separation of REEs from base 
metals in the subsequent water-leaching step. Iron sulfate phases first 
transformed to FeO when the temperature exceeded the stability range 
of Fe sulfates and then to Fe2O3 through oxidation by atmospheric ox
ygen and/or via slow SO3 decomposition [2].

During the process, selective oxidation was designed to exploit the 
differences in thermal stability between REE sulfates and base-metal 
sulfates. Sm2(SO4)3 dehydrated (100-300 ◦C) and started decomposing 
near ~700 ◦C. A strong mass-loss event occurred around ~800 ◦C, with 
continued loss to ~890 ◦C. Sm sulfate converted to Sm2O2(SO4) (oxy- 
sulfate) ~900 ◦C, then to Sm2O3 ~1210 ◦C. Other REE sulfates could 
behave similarly: R2(SO4)3 → R2O2(SO4) + SO3(g) → R2O3 + 2SO3(g). 
For Nd/Pr, major decomposition is in a narrow window ~855-946 ◦C, 
forming largely water-insoluble R2O3. Below that window, REE sulfates 
remain relatively stable and water-soluble (suitable for later leaching). 
In contrast, Co/Cu/Fe sulfates decompose at lower temperatures, 
forming CoO/Co3O4, CuO, and Fe2O3, while REE sulfates persist. Thus, 
selective oxidation should be carried out at 650-800 ◦C to decompose 
base-metal sulfates while preserving Sm/Nd/Pr sulfates. Performance 
showed a clear threshold: ~750 ◦C favors Sm sulfate formation (high 
recovery) with limited oxy-sulfate. At 800 ◦C, Sm recovery collapsed 
(Fig. 7) because Sm oxy-sulfate formed (water-insoluble), matching 
thermal gravimetric analysis (TGA) onset. Therefore, key pyrometal
lurgical controls were temperature (avoid ≥800 ◦C to prevent Sm sulfate 
retention) and time/acid loading to limit oxy-sulfate formation while 
fully oxidizing base metals [2]. Despite this method's technical potential, 
some gaps remain. The precise thermodynamic and kinetic behavior of 
the sulfation and oxidation steps has not been modeled, and the reaction 
mechanisms have only been reported experimentally. Furthermore, the 
effects of impurities, particle size, and the magnet's microcrystalline 
structure on separation efficiency have not yet been investigated.

Thermal processing routes such as nitric acid baking and sulfation 
roasting inherently generate NOx and SOx, requiring effective off-gas 
management to ensure environmental compliance and operational 
safety. Recent pilot-scale process designs have therefore incorporated 
dedicated gas-capture systems to minimize the direct atmospheric 
release of these hazardous species. In sulfation-based systems, sulfur 
oxides generated during sulfate decomposition can potentially be 
recovered and recycled for sulfuric acid production, supporting more 
integrated chemical utilization. Similarly, NOx released during nitric 
acid baking may be regenerated into nitric acid through oxy-hydrolysis- 
based recovery systems, thereby reducing reagent consumption and 
environmental impact. Industrial emission-control technologies, 
including alkali scrubbing and catalytic reduction systems for NOx 
conversion to N2, are therefore important considerations for future 
scale-up and industrial implementation. The integration of such gas- 
treatment units could substantially improve the environmental sus
tainability of pyrometallurgical recycling flowsheets while simulta
neously enabling partial recovery and reuse of process chemicals.

4.3. Solid-state chlorination

The solid-state chlorination method employing NH4Cl for SmCo5 
magnet powder is grounded in rigorous thermodynamic and kinetic 
principles, making it a promising approach for efficient REE recovery 
[11]. NH4Cl decomposes at 338 ◦C into NH3 and HCl, with decompo
sition occurring more slowly at temperatures below 338 ◦C due to the 
equilibrium established between the two partial pressures of NH3 and 
HCl [49]. Notably, the slow release of HCl at temperatures between 
225 ◦C and 325 ◦C extends the residence time for the HCl-gas reaction 
with SmCo5, thereby enhancing the formation of metal chlorides and 
improving REE extraction efficiency. Similar optimization has been 
observed for Fe14Nd2B magnets, where chlorination is most effective 

Fig. 6. Thermodynamic Gibbs free energy curve of the solution combustion 
process (Based on [48]).
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within this temperature range [11].
The key solid-state reactions are as follows: 

NH4Cl(s) → NH3(g) + HCl(g)                                                         (7)

Co(s) + 2HCl(g) → CoCl2(s) + H2(g)                                              (8)

2Sm(s) + 6HCl(g) → 2SmCl3(s) + 3H2(g)                                        (9)

The feasibility of these reactions is determined by the Gibbs free 
energy change ΔG. NH4Cl decomposition (Reaction 7) has a slightly 
positive ΔG of +7.170 kJ at lower temperatures, becomes negative 
(− 0.248 kJ) at ~367 ◦C, and becomes more favorable (− 18.241 kJ) only 
above 438 ◦C. Chlorination of Co and Sm (Reactions 8 and 9) is ther
modynamically favorable across the operating temperatures, with ΔG 
values at 225 ◦C of − 47.597 kJ for Co and − 611.910 kJ for Sm, and at 
325 ◦C of − 32.742 and − 585.446, respectively. The markedly more 
negative ΔG for Sm reflects its tendency toward preferential, robust 
chlorination under these conditions. In the rotary-kiln chlorination 
route, NH4Cl was thermally decomposed to generate in situ HCl, thereby 
converting Sm and Co into water-soluble chlorides. At the same time, 
off-gases (H2, N2, NH3, and excess HCl) were continuously removed and 
subsequently treated (cooling to <200 ◦C to recombine NH3/HCl, NH3 

scrubbing, and H2 combustion). Temperature is the dominant pyro
metallurgical lever, followed by residence time: higher temperature 
accelerates chlorination, but lower NH4Cl dosing at high temperature 
can strongly increase Sm selectivity, since Co chlorination is more sen
sitive to NH4Cl mass. A key selective condition reported was 325 ◦C with 
~0.5 g/g NH4Cl, giving ~99% Sm recovery while keeping Co recovery 
low (~20%), leaving most Co unreacted. Conversely, higher NH4Cl 
loadings (e.g., ~3 g (per gram magnet) at 325 ◦C for longer times) could 
promote co-chlorination and increase Co recovery to ~70%. Reaction 
progress was also reflected morphologically: chlorination formed a RE- 
chloride layer/shell, and for SmCo5, a robust chloride shell dis
aggregated from the core into fine particles, aiding downstream sepa
ration of chlorinated RE products [11]. For further development of this 
technique, several avenues remain for future research. A detailed ther
modynamic and kinetic analysis of chlorination reactions has not been 
provided, and the modeling relies only on the design of experiments 
without quantitatively examining the reaction mechanism, reaction 
rates, or the role of intermediate phases. The effects of particle size, 
surface oxidation, and real Sm-Co compositions (such as Sm2Co17) have 
not been systematically investigated, and the process stability with 
respect to variations in feed composition remains uncertain. Table 2 lists 
the pyrometallurgical and integrated recycling routes for Sm-Co mag
nets, together with their operating conditions, major advantages, limi
tations, and performances.

5. Thermal processing of hydro products

Following the application of various processing techniques, the re
covery of secondary resources often yields products in the form of ionic 
species in solution or as solid compounds such as nitrates, carbonates, or 
oxalates [17,48,50,51]. The removal of residual organic impurities 
derived from metallurgical processes or precipitation and the trans
formation of intermediates into stable, storable, and marketable solids 
represent essential stages in the refining process [3,44,52]. The final 
step, typically involving calcination, aims to generate crystalline oxides 
that can be readily reintegrated into production lines [12,20,48,52]. 
Metal oxides are often favored as terminal products due to their superior 
thermodynamic stability at elevated temperatures commonly used 
during heat treatments [1,3,48]. This stability arises from their high 
lattice energies and strongly negative Gibbs free energies of formation 
(ΔGf

◦), making their further decomposition energetically unfavorable 
[3,53]. Such thermodynamic considerations are particularly relevant for 
REEs such as Sm and transition metals such as Co, whose oxides (Sm2O3 
and Co3O4) exhibit robust structural and chemical durability [12,54].

Calcination is therefore a critical step in the recovery of Sm-Co 
magnets and related materials. It ensures not only purity and struc
tural integrity but also operational simplicity and cost-effectiveness [12,
52,55]. Across numerous studies, the conversion of Sm oxalate pre
cipitates obtained from reactions involving Sm3+ ions and oxalic acid or 
sodium oxalate has been performed at 800-950 ◦C for approximately 
1-2 h, usually in a temperature-controlled muffle furnace [15,21,43,52,
55]. Following filtration and washing, commonly with distilled water 
and occasionally with isopropyl alcohol, this treatment yields 
high-purity Sm2O3 [43,52]. The high purity of the final products has 
been confirmed by XRD analyses, which show complete agreement with 
reference patterns [21,43,52]. Alternatively, Sm hydroxide [Sm(OH)3], 
formed through the reaction of NaOH with NaSm(SO4)2, has been 
thermally treated at 800 ◦C for 120 min to produce cubic Sm2O3 with 
particle sizes near 50 nm and purity reaching 99.5%. In this method, 
NaOH consumption was estimated at 0.26 kg per kilogram of Sm2O3 
[15]. Although highly efficient, this hydroxide route is more 
reagent-intensive than oxalic-based pathways, which can yield compa
rable results using less chemical input [15,48,52].

Co recovery follows a similar thermal strategy, but at lower tem
peratures because of the distinct stability of its precursor compounds 
[12]. In most reports, Co oxalate (CoC2O4) is calcined at 400-500 ◦C for 

Fig. 7. Extraction behavior of Sm, Fe, Co, and Cu during sulfation and selective 
oxidation process. (A) Effect of oxidation temperature and (B) influence of 
oxidation time at 750 ◦C and 800 ◦C (Based on [2]).
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1-4 h to form Co3O4 [12,51,52]. The morphological features of Co3O4 
obtained under these conditions generally include prismatic or rod-like 
particles (36 nm to 2 μm) at 1 h, which evolve into more regular, 
crystalline structures with longer calcination times. After 4 h, Co reaches 
a particle size of 49 nm [12,18]. Comparable trends are observed for Sm 
oxidation, where Sm2O3 initially forms as agglomerated clusters at 
shorter calcination times (1 h). With increasing time and temperature, 
these clusters gradually develop into plate-like and spherical morphol
ogies (2-5 μm, reaching 3-5 μm at 800 ◦C for 1-4 h, or 41-48 nm at 800 ◦C 
for 1-6 h). The observed enhancement in crystallinity has been attrib
uted to an increase in particle size, which leads to larger 
volume-to-surface ratios, promotes internal atomic rearrangements, and 
favors ordered lattice formation [18].

Variations in thermal treatment parameters reflect the influence of 
precursor type and target metal oxide on process optimization. For 
instance, Deng et al. (2022) reported applying 950 ◦C for 2 h to ensure 
complete conversion of oxalate intermediates and to prepare the 
resulting oxides for selective separation in acetate-based media [55]. 
Conversely, Emil-Kaya et al. (2024) observed that Fe(NO3)3•9H2O 
decomposed to Fe2O3 at a significantly lower temperature of 200 ◦C, 
revealing the precursor-dependent nature of calcination requirements 
[1]. Additional studies employing different precipitation agents, such as 
sodium oxalate and ammonium oxalate, demonstrate that Sm2(C2O4)3 
and CoC2O4 can be efficiently transformed into Sm2O3 and Co3O4 under 
optimized conditions (800 ◦C for 1-6 h and 450 ◦C for 1-4 h, respec
tively) [18,56]. Extended calcination times for Sm (up to 6 h) and Co (up 
to 4 h) have been correlated with greater phase purity and improved 

lattice order [18]. In another system involving ionic liquids, the oxalate 
precipitates of Sm3+ and Co2+ ions yielded an Sm2O3 recovery of 83.9%, 
slightly lower than the >95% yields reported under other solvent or 
reagent conditions, suggesting extractant-dependent efficiency [20,43,
56]. Table 3 summarizes the thermal processes applied to metal-bearing 
products for the production of final Co and REE oxide materials.

6. Summary

Sm and Co are critical raw materials for producing Sm-Co permanent 
magnets and are highly valued for their high thermal stability and 
corrosion resistance. These magnets are widely used in aerospace, de
fense, and high-temperature automotive industries. The growing de
mand for these technologies highlights the importance of recovering Sm- 
Co from secondary sources. The production of these magnets generates 
significant waste, and they contain a high concentration of valuable 
metals, making recycling economically and environmentally important. 
Recycling approaches used so far include hydrometallurgy and pyro
metallurgy. Hydrometallurgy produces high-purity products but con
sumes a lot of chemicals, while pyrometallurgy offers high throughput 
and greater impurity tolerance. Thermal techniques play a crucial sup
porting role in hydrometallurgy, extending beyond pure pyrometal
lurgy, by enabling pre-treatment, facilitating integrated pyro-hydro 
processes, and enhancing final product processing.

Thermal demagnetization is the first major step in processing Sm-Co 
magnet waste, in which the material is heated to temperatures near or 
above its blind point, disrupting magnetic domains, breaking up particle 

Table 2 
Comparative summary of the main pyrometallurgical and hydro-pyrometallurgical recycling routes for Sm-Co magnets.

Process Main Principle Operating 
Conditions

Main Advantages Main Limitations Reported Recovery/Selectivity

Vacuum 
Distillation

Selective Sm evaporation 
under high vacuum based on 
vapor pressure differences

● ~1300-1500 ◦C.
● ~8 × 10− 3 Pa 

vacuum.

● High Sm selectivity.
● No aqueous waste.
● High-purity of Sm.
● Suitable for impurity- 

tolerant feeds.

● Very high temperature. 
● Cu co-evaporation at 
elevated temperatures.

● Condenser-material 
sensitivity.

● High energy demand.

● Sm enrichment >95% using Mo 
condenser.

● Sm purity >99% below 1400 ◦C but 
decreased to ~85.24% at higher 
temperature because of Cu 
volatilization.

Molten Salt 
Extraction 
(LiCl-KCl)

Selective oxidation of Sm 
chloride to insoluble SmOCl 
in molten salt

● ~400-700 ◦C.
● LiCl-KCl 

eutectic.
● Oxygen 

sparging.

● Reusable molten 
medium.

● High thermodynamic 
selectivity.

● Lower wastewater 
generation.

● Possibility of 
electrochemical salt 
regeneration.

● Limited industrial 
validation.

● Influence of impurities 
is insufficiently studied.

● High-temperature salt 
handling required.

● SmOCl selectively formed while Co 
remained dissolved.

● ΔG for SmOCl formation = − 67.8 kJ/ 
mol at 700 ◦C.

Glass Slag 
Method

Transfer of Sm into molten 
B2O3 slag while Co/Fe form 
metallic boride phases

● ~1400 ◦C.
● Inert 

atmosphere.
● Excess B2O3.

● Efficient Sm 
partitioning.

● Very low residual Sm 
in metallic alloy.

● Effective separation of 
metallic phases.

● High thermal demand.
● No complete 

downstream Sm 
recovery strategy from 
slag.

● Limited process 
optimization studies.

● Metallic alloy contained <0.05 wt% 
Sm.

● Slag enriched with >58 wt% Sm.

Nitric Acid 
Baking

Formation and controlled 
decomposition of metal 
nitrates followed by selective 
water leaching

● ~250 ◦C baking.
● ~2 h.
● HNO3 

treatment.
● Water leaching.

● Very high Sm 
selectivity.

● Relatively low 
thermal requirement.

● High REE purity.

● Generates NOx gases.
● Requires gas-treatment 

systems.
● Acid consumption.

● Sm extraction >95%.
● Co and Fe dissolution <1%.
● REE purity ~99.4%.

Sulfation and 
Selective 
Oxidation

Sulfate formation followed by 
the selective decomposition 
of base-metal sulfates

● ~650-800 ◦C.
● Concentrated 

H2SO4.

● Good selectivity 
between REEs and 
base metals.

● Suitable for integrated 
pyro-hydro systems.

● SOx generation.
● Narrow optimal. 

Temperature window.
● Sm oxy-sulfate forma

tion above ~800 ◦C re
duces recovery.

● High Sm sulfate stability below 
~800 ◦C.

● Recovery sharply decreased at 
excessive temperature because of oxy- 
sulfate formation.

Solid-State 
Chlorination

NH4Cl decomposition 
generates HCl for the 
selective chlorination of Sm

● ~225-325 ◦C.
● NH4Cl 

chlorination.
● Rotary kiln.

● High Sm selectivity.
● Relatively moderate 

temperature.
● Promotes particle 

disintegration.

● Requires gas handling 
for NH3/HCl/H2.

● Feed-composition 
sensitivity.

● Kinetic mechanisms 
insufficiently 
understood.

● ~99% Sm recovery with limited Co 
chlorination under optimized 
conditions.
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Table 3 
Summary of thermal processing conditions and details on Sm- and Co-bearing products.

Material Temp. 
(◦C)

Time 
(Hour)

Furnace 
Type

Final 
Product

Reported Purity Test 
Repetition

Remarks Ref.

Sm(OH)3 

Obtained from NaSm 
(SO4)2

800 2 N.R. Sm2O3 Sm recovery: 
99.2% 
Sm2O3 Purity: 
99.5% 
CuSO4: >98%

N.R. ●Sm2O3 powder primary particle size ~50 nm.
●NaOH consumption per kilogram of the Sm-Co 
swarf: 0.26 kg kg− 1.
●NaOH consumption per kilogram the yield of 
Sm2O3: 0.28 kg kg− 1.
●Particle size of Sm(OH)3: ~200 nm.

[15]

Sm2(C2O4)3 

Obtained from Na2C2O4

800 2 N.R. Sm2O3 Sm2O3 Purity: 
99% 
The purity of Co in 
solution (CoCl2): 
99.5% 
Co recovery: 99%

N.R. ●Roasted after precipitation and washing (3×
with 4% NH3.H2O).

[21]

Sm2(C2O4)3 

Obtained from Na2C2O4

800 N.R. Muffle 
Furnace

Sm2O3 Sm2O3 Purity: 
99.9% 
Co purity in 
Sm2O3: 0.02% 
Co chloride purity 
in raffinate: 
95.14% 
Co recovery: 
98.61%

N.R. ●After stripping with Na2C2O4, the loaded organic 
phase was washed 3× with 4% NH3.H2O solution 
and calcined.

[20]

Sm2(C2O4)3 

Obtained from Na2C2O4

800 1 N.R. Sm2O3 Highly Pure N.R. ●Precipitated with Na2C2O4, settled for 4 h, 
filtered, washed with distilled water, and dried 
before calcination.
●Average crystalline size of Sm2O3 particles: 
35 nm.
●Sm oxide consists of nearly spherical particles 
that are agglomerated, forming clusters.

[43]

CoC2O4 

Obtained from Na2C2O4

450 1 N.R. Co3O4 Pure N.R. ●Obtained from raffinate after Sm extraction, 
precipitated as an oxalate, filtered, oven dried, and 
calcined.
●The average grain size of Co3O4 particles: 36 nm.
●Irregular morphology of Co3O4 nanoparticles of 
different sizes.
●The nanoparticles aggregate to adopt rod shapes.

[43]

CoC2O4 

Obtained from oxalic 
acid

450 1 N.R. Co3O4 Highly Pure N.R. ●Needle-like morphology for Co3O4.
●After Sm extraction from the leach liquor, the 
raffinate contained Co. The precipitate was washed 
with water, dried, and calcined.

[52]

Sm2(C2O4)3 

Obtained from oxalic 
acid

800 1 N.R. Sm2O3 Highly Pure N.R. ●Rod-shaped morphology (0.9 × 0.5 μm (.
●Filtered, washed repeatedly with water, and 
finally with isopropyl alcohol to remove organic 
impurities.

[52]

NaSm(SO4)2⋅H2O and 
then Sm2(C2O4)3 

Obtained from Na2SO4 

and then oxalic acid

800 1 Muffle 
Furnace

Sm2O3 Highly Pure N.R. ●REEs precipitate as a double sulfate with 
anhydrous Na2SO4, allowing easy separation from 
the leach liquor by filtration.
●Sm2(C2O4)3 Precipitation by oxalic acid.

[54]

Rare Earth Oxalate 
Obtained from oxalic 
acid

N.R. N.R. N.R. Rare Earth 
Oxides

Sm2O3 Purity: 
83.92% 
Gd2O3 Purity: 
16.08%

N.R. ●Precipitated with oxalic acid, filtered and 
washed, the filtrates were combined, and the 
precipitate was calcined to obtain oxides.
●Added ammonium oxalate to the filtrate; the 
resulting precipitate was washed, dried, and 
roasted to yield rare earth oxides.

[17]

Co(OH)3 

Obtained from 
hydroxide precipitation

N.R. N.R. N.R. Cobalt Oxide Co: 72.18 wt% 
Impurities: Fe, 
Sm, Gd, Cu, Zr 
<0.06%)

N.R. ●High-temperature calcination
●The precipitate of Co(OH)3 and Fe(OH)3 was 
dissolved in hydrochloric acid (1 mol/L). By 
controlling the pH below 3.5, Fe(OH)3 was 
preferentially dissolved, while Co(OH)3 remained 
undissolved at pH above 1.4, enabling their 
separation.

[17]

Metal Oxalate 
Obtained from oxalic 
acid

950 2 Air 
Furnace

Metal Oxides 
(Sm, Co, Cu 
oxides)

N.R. N.R. ●purification process; calcined oxides are later 
dissolved in acetic acid for extraction.

[55]

Sm and Co Oxalates (IL- 
based) 
Obtained from 
ammonium oxalate

800 N.R. N.R. Sm2O3 Highly Pure N.R. ●Yield: 83.9% [56]

Sm(H2O)4(NO3)3(H2O) 
and then Sm2(C2O4)3 

Obtained from HNO3 

and then oxalic acid

N.R. N.R. N.R. Sm2O3 N.R. N.R. ●Cubic structure of Sm2O3

●Rod-like shape
[1]
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agglomerates, and oxidizing to more reactive oxides. This trans
formation eliminates magnetic behavior and increases the efficiency of 
subsequent steps. Since Sm-Co alloys have strong magnetic-crystalline 
anisotropy, they require prolonged exposure to high temperatures 
(typically 800-900 ◦C) to achieve diamagnetism and complete 
oxidation.

Several pyrometallurgical routes have been developed for the se
lective recovery of Sm and Co. Vacuum distillation exploits Sm's much 
higher vapor pressure, enabling evaporation under high vacuum at 
temperatures above 1300 ◦C. Careful temperature control and selection 
of the condenser material (Mo is most effective) allow recovery of high- 
purity Sm and minimize co-evaporation of impurities. Another approach 
involves molten salt extraction using eutectic LiCl-KCl melts. In this 
process, SmCl3 readily converts to SmOCl or Sm2O3 upon the intro
duction of oxygen. While Co chloride remains largely inactive. This 
thermodynamic selectivity provides a clean separation route in which 
the reaction rate is strongly influenced by temperature and Sm con
centration. The glass slag method offers another route in which Sm-Co 
alloys are immersed in molten B2O3, transferring Sm to the slag as ox
ides and borates. On the other hand, Co or Fe forms metallic and boride 
phases. This process helps achieve high Sm enrichment in the slag 
(effectively separating Sm from both Sm-Co and Sm-Fe-N magnetic 
systems).

The overall efficiency of pyrometallurgical recovery is strongly 
influenced by the compositional and structural differences between 
SmCo5 and Sm2Co17 alloys. In general, SmCo5 exhibits simpler phase 
behavior and higher selectivity during thermal processing. For example, 
SmCo5 particles readily undergo structural disintegration during solid- 
state chlorination, facilitating selective Sm extraction. In contrast, 
Sm2Co17 alloys contain additional alloying elements such as Fe and Cu, 
which introduce greater process complexity and impurity-related 
selectivity challenges. This effect is particularly evident during vac
uum distillation, where Cu co-evaporation at elevated temperatures can 
reduce Sm purity. Similar composition-dependent behavior is also 
observed in the glass slag method, where SmCo5 alloys typically form a 
distinct Sm-rich slag and Co-B alloy phase, whereas Sm2Co17 systems 
generate more complex Fe-containing metallic phases.

Integrated pyro-hydrometallurgical systems improve selectivity. 
Acidic baking with nitric acid converts magnetic powders into mixed 
nitrates. During the heating step, Sm nitrate, Co, and Fe each decompose 
at different temperatures and in different ways. At about 250 ◦C, Co and 
Fe are converted into insoluble oxides, while Sm nitrate remains soluble 
in water, enabling selective Sm leaching with minimal contamination. A 
type of solution combustion can also produce Sm2O3, with particle 
morphology depending on the fuel ratio. Sulphation, followed by se
lective oxidation, enables a different thermal separation route. In this 
process, metal oxides are first converted to sulfates using concentrated 
sulfuric acid. Oxidation is conducted at a controlled temperature be
tween 650 and 800 ◦C, decomposing the base-metal sulfates while 
retaining the REE sulfates. If the temperature exceeds this range, Sm 
oxysulfate is formed, which is insoluble in water and reduces recovery. 
Therefore, temperature control is a key factor. Solid-state chlorination 
with NH4Cl relies on the slow release of HCl (225-325 ◦C) and enables 
selective chlorination of Sm and Co. Under optimal conditions, Sm is 
almost completely converted to SmCl3, while the Co remains intact. The 
resulting chloride layers help to break down the particles for easier 
downstream processing. Finally, the oxalates, hydroxides, or nitrates are 
converted to stable, high-purity oxides. Sm oxalate is usually calcined at 
800 ◦C to obtain Sm2O3, while Co oxalate requires a lower temperature 
of 400 to 500 ◦C to form Co3O4. These oxides have a strong structure and 
are thermodynamically stable, making them ideal for magnet produc
tion or other industrial applications.
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