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Abstract: Due to their remarkable magnetic properties, such as a high maximum energy product, 

high remanence, and high coercivity, NdFeB magnets are used in a variety of technological appli-

cations. Because of their very limited recycling, high numbers of spent NdFeB magnets are widely 

available in the market. In addition to China’s monopoly on the supply of most rare earth elements, 

there is a need for the recovery of these critical metals, as their high import price poses an economic 

and environmental challenge for manufacturers. This paper proposes a pyrometallurgical recycling 

method for end-of-life NdFeB magnets by oxidizing them in air as first required step. The main goal 

of this method is to oxidize rare earth elements from NdFeB magnets in order to prepare them for 

the carbothermic reduction. The experimental conditions, such as the oxidation temperature and 

time, were studied in order to establish the phase transformation during oxidation using the 

Factsage Database and experimental conditions. Our thermogravimetric analysis TGA analysis re-

vealed an increased sample mass by 35% between room temperature and 1100 °C, which is very 

close to the total calculated theoretical value of oxygen (36.8% for all elements, and only 3.6% for 

rare earth elements REE), confirming the complete oxidation of the material. The obtained quanti-

tative analysis of the oxidation product, in (%), demonstrated values of 53.41 Fe2O3, 10.37 Fe3O4; 

16.45 NdFeO3; 0.45 Nd2O3, 1.28 Dy2O3, 1.07 Pr2O3, and 5.22 α-Fe. 
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1. Introduction 

Rare earth elements (REE) are known as ‘industrial vitamins’, attracting high atten-

tion worldwide. Currently, REEs are vital components of many modern technologies, in-

cluding electric and conventional cars, computers and smart phones, renewable energy 

infrastructure, and phosphor light [1–5]. Their unique properties, such as radiation emis-

sion and magnetism, allow for REEs to be used in many different therapeutic and diag-

nostic applications in modern medicine. During the last ten years, rare earth elements 

have attracted high attention in regard to their production. The production of rare earth 

elements has mostly been studied using different ores, concentrates, and slags worldwide 

[6–10]. The supply and demand of rare earth elements (REE) have been widely discussed 

and received large media coverage in recent years in contexts where these are used in 

high technological products and applications, such as electric vehicles and motor, gener-

ator, and energy production [11,12]. 

Because of higher demands in comparison to the real production of these materials, 

various studies by researchers from all fields have identified REEs to be critically scarce 

materials, directly or indirectly contributing to the global goal of a low-carbon energy 
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system. Among the critical materials, the roles of neodymium- and dysprosium-formed 

magnets, for instance, are crucial due to their outstanding magnetic properties that 

demonstrate their rich energy density compared to AlNiCo or ferrite magnets of the same 

dimensions. Due to this unique property, NdFeB magnets are among the strongest mag-

nets used in technological applications, containing between 25–30 wt.% of REEs [13,14], 

proving their high value as an important secondary raw material source. 

The recycling of NdFeB magnets often combines pyrometallurgical and hydrometal-

lurgical treatment for optimal extraction, as seen in [15–20]. This paper focuses on the 

pyrometallurgical treatments that enable a high reaction rate and material throughput 

rate while maintaining a marketable selectivity. This was demonstrated by the high-REE-

concentrated phase produced through the method used in this paper within 10 min of 

smelting. An upscaled study, however, could demonstrate several drawbacks, such as 

high investment and operational costs, along with the high-energy input and subsequent 

process used to improve the product quality. In the research field, however, plenty of dif-

ferent methods were studied with the similar aim of recovering and extracting remaining 

REEs from spent materials, particularly NdFeB magnets. 

Murase et al. [15] investigated the recovery of metals from NdFeB magnet sludge. 

The authors utilized the method of chemical vapor transport along a temperature gradi-

ent. This method is based on the tendency of metal halides, including rare earth halides, 

to form halogen-bridged vapor complexes when reacted with other volatile metal halides, 

and the differences between the temperature dependences of the formation–decomposi-

tion equilibrium of the halogen complex. Using AlCl3 as the metal halide complex former, 

magnets with the following composition were treated using the vapor transport tech-

nique: 

The recovery process was conducted using an apparatus that contained two tubular 

electric furnaces, the first one for the AlCl3 and the second for the magnet sludge. The 

temperature gradient was created by dividing the second tube into several heating zones. 

The magnets were heated to 1050 °C, N2 and Cl2 gas was streamed through the reactor as 

chlorinating agents, and the AlCl3 was allowed to evaporate into its gaseous form, Al2Cl6. 

Under these conditions, the metals reacted with the Cl2 gas to form metal chloride and, 

subsequently, with the complex former. The complex gas phase was driven through the 

different temperature zones of the second tube, and it sublimed and decomposed based 

on its decomposition temperature. The authors reported that the recovered purity of RE-

chloride was between 91–98 mol.%, with NdCl3 being more concentrated in the fractions 

of a higher temperature [15].  

Takeda et al. [16] investigated the extraction of rare earth elements from magnet 

waste by remelting the scrap together with fluoride flux, based on the phase equilibria of 

the Ln2O3-LnF-Li2O-LiF system (Ln corresponds to rare earth elements, such as Nd and 

Dy). In this novel process, the rare earth oxide REO in the magnet waste reacted with the 

RE-fluoride in the flux to produce RE-oxyfluoride, which then dissolved into the fluoride 

flux as an ionic form. Through molten salt electrolysis, the RE in the flux was converted 

into metallic form, and the flux returned to the extraction process.  

The fluoride flux was prepared using 98% LiF, 99.99% NdF3, and 99.5% DyF3, which 

were fused in an iron crucible at 1200 °C for 3h. The experimental work was conducted 

by charging the fluoride flux and magnet waste in an iron crucible which was sealed by 

welding. The crucible was then heated inside a steel container with argon at 1230 °C for 

12–78 h and then removed for analysis. The evaluation of the process was based on the 

oxygen content of the magnetic waste. The presence of oxyfluoride in the flux was con-

firmed by SEM-EDX analysis. In addition, neodymium oxyfluoride was identified by the 

XRD patterns. This confirmed that the Nd2O3 in the magnet was removed in the flux, with 

a maximum extraction ratio of 80–90%. The oxygen concentration of the alloy had de-

creased to 160 ppm from 5000 ppm due to the increase in the mass of the flux to 1.5 times 

the equivalent amount [6].  
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Nakamoto et al. [20] studied the separation of Fe and an oxide mixture of Nd, Dy, 

and Pr from the NdFeB magnetic sludge that arises from the magnet production. The au-

thors’ method utilized the difference in the oxygen affinity between the REE and Fe under 

the influence of carbon as a contact material for the reduction of Fe, demonstrating an 

efficient separation. Based on this theory, they investigated the phase separation efficacy 

at temperatures between 1300 and 1550 °C, as well as at holding times of 1, 3, 9, and 16 h. 

The authors first treated the magnetic sludge by heating to 300 °C and then washing with 

distilled water three times.  

The samples were melted in an electric furnace at the respective temperatures and 

holding times. Carbon powders of approximately 3 wt.% were added to the mixture and, 

after the holding time, the samples were cooled using an Ar gas flow. The results showed 

that the oxide and iron phase were present at all the holding times. The chemical compo-

sition showed that the holding time of 3 h and 16 h yielded the highest purity of iron and 

the highest amount of REE oxides in the two phases. The temperature investigation was 

concluded at only 1550 °C, and the two phases were macroscopically separated. The au-

thors noted an increased separation due to the addition of B2O3 and the influences of the 

viscosity and melting temperature of the oxide melts [20]. 

In a previous study conducted by Kruse et al. [21,22], NdFeB grinding slurries from 

the shaping process step in the production of sintered NdFeB magnets were treated by 

the pyrometallurgical method to recover REEs, focusing on Nd, Pr, and Dy. The raw ma-

terials contained a mixture of metallic swarf powders, abrasive media, and cooling agents. 

After removing the organic residues and cooling agents via pyrolysis thermal precondi-

tioning, the authors melted the grinding slurry in a vacuum induction furnace and man-

aged to separate the REEs from the iron by enriching them in a slag phase due to the high 

oxygen affinity of the REEs compared to the iron. Based on their results, pre-requisites for 

the separation are a minimum oxygen content of 7 wt.% and carbon content of 2 wt.%. 

The main goal of our work was to verify this strategy in order to produce concentrates of 

the rare earth elements. 

Saito et al. [23] investigated the extraction of Nd from waste NdFeB magnets using 

the glass slag method. NdFeB master alloys were produced and melted in a boron nitride 

crucible along with pieces of boron trioxide fluxes. The alloy was oxidized through slow 

heating until it reached above the melting point of the flux and then cooled to room tem-

perature in an argon atmosphere, resulting in the alloy being encapsulated in the boron 

trioxide. Owing to the strong affinity of RE with the flux, a reaction between NdFeB and 

the B2O3 took place during undercooling, which dissolved the Nd from the main matrix 

into Nd2O3 in the boron trioxide glass slag, leaving behind α-Fe and Fe2B phases. A chem-

ical analysis reported a change in the content of Nd in the boron trioxide phase from 0.01 

wt.% to 25.80 wt.%. The master alloy, on the other hand, contained 95.86 wt.% Fe and 3.82 

wt.% B after the glass slag treatment, demonstrating the ability of boron trioxide to re-

move Nd from NdFeB. 

A similar improved method proposed and reported by Bian et al. [24] uses the FeO-

B2O3 flux as a replacement of the B2O3 flux used by Saito et al. [23] in the selective reduction 

of Nd by FeO, due to its larger chemical potential compared to B2O3. Through the FeO-

B2O3 flux, almost all of the REEs were extracted in the slag phase, while, simultaneously, 

the FeO was reduced entirely to metal phase. The authors reported a highest purity of 

more than 98.4 wt.% and an extraction ratio for the rare earth material of more than 99.5 

wt.% at temperatures between 1673 K and 1823 K. This demonstrated that the FeO-B2O3 

fluxes are better than pure Fe2O3 and B2O3. 

Tanvar and Dhawan [25] investigated the recovery of REEs by a combined pyro- and 

hydrometallurgical method. The authors first applied microwave exposure-assisted car-

bothermic reduction to the end-of-life magnets and then conducted their recovery by acid 

leaching. In the experimental procedure, the crushed end-of-life magnets were exposed to 

microwaves under the stoichiometric addition of charcoal powder as a reducing agent. 

The exposure to the microwaves was reported to enable a rapid temperature increase from 
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room temperature to 990 °C within 1.2 min at a lower energy cost of 7.5 MW h/t, compared 

to the 1350 MW h/t cost using a muffle furnace. During the exposure, metallic Fe and Fe2O3 

were formed with the liberation of the REO with an approximately 55% yield. The acid 

leaching recovery after the microwave carbothermic reduction exhibited an extraction rate 

of 40–60%, considering the excessive dissolution of Fe, which restricted the precipitation 

process. The final reported purity of the REO from the leaching and precipitation was 

98%, showing that this is a promising method of carbothermic reduction and eventual 

hydrometallurgical treatment.  

The method of carbothermic reduction is a widely applied technique due to its ver-

satility. Based on the Ellingham diagram, REO can be directly reduced by either calcium 

[26] or carbon [27] at higher temperatures. The reduction of REO to metallic RE, however, 

is often coupled with the formation of high-melting RE-carbides that require the accurate 

selection of the temperature, CO/CO2 ratio, and a low pressure up to vacuum conditions. 

The optimum combination of these parameters can usually be derived from an Ellingham 

diagram and the previously mentioned data [28–31], but due to the lack of thermody-

namic data for REEs, it is often very difficult to conduct the carbothermic reduction of 

REO.  

Yang et al [32] presented a critical review of methods of REE recovery from end-of-

life NdFeB permanent magnet scrap, providing a list of efficient technologies that have 

been developed and implemented in practice.  

Based at previously mentioned information, the research strategy used in this work 

is presented at Figure 1: 

 

Figure 1. Proposed strategy for study in this work. 

 Because the literature study highlighted that the conversion methods of many re-

searchers involve complex or difficult processes, our proposed pyrometallurgical method 

offers simple solutions. Obtaining rare earths from ores, which constitute a small percent-

age, is a highly complex and indiscriminate process. This is because the recycling of spent 

NdFeB-magnets has become a new motivation for the production of rare earth materials 

from secondary raw materials, which, as new raw materials used for treatments, are richer 

in rare earths than ores, which are insufficiently used in recycling, representing a serious 

environmental problem. In particular, in this work, we present the analysis of one pyro-

metallurgical method, which should be distinguished from the hydrometallurgical 

method in that it enabled a separation of iron and creates new concentrates of rare earth 

elements.  
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The method of ensuring the presence of oxygen in the magnet sample was applied in 

this study by first treating the samples with an oxidation step. The unconventional 

method of converting the magnets into an oxide form enables the utilization of the differ-

ence in the oxygen affinity between the REE and Fe phases. The main aim was to study 

the selectivity of the oxidation process concerning the rare earth elements iron and boron. 

We hypothesized that the oxidation step would lead to a suitable form for the subsequent 

carbothermal reductive process, which enables the separation of the rare earth elements 

boron and iron.  

2. Thermochemical Analysis of the Oxidation 

The analysis of the Gibbs energy required for the oxidation of metals at different tem-

peratures assumes that mixed oxides will be formed, as shown with Equations (1)–(3): 

2M + 3/2 O2  M2O3 

M : Fe, Nd, Dy, B 
(1)

Nd2FeB14 + 1.5 O2 = 2 NdFeO3 + 12 Fe + 14 B (2)

Pr2FeB14 + 1.5 O2 = 2 PrFeO3 + 12 Fe + 14 B (3)

Various phases during the oxidation of the mass sample were observed in previously 

mentioned literature (NdFeO3, PrFeO3, and Nd2O3). A diagram based on the thermochem-

ical calculations was used to predict the possible phase formation and its corresponding 

sequence, and this is shown in Figure 2.  

The figures demonstrate that the first phase to form was Nd2O3, due to its mostly 

negative standard-free enthalpies of formation (ΔG0), following by NdFeO3 and finishing 

with Fe2B, as the line of FeB is slightly above 0 in the figures, corresponding to a non-

spontaneous reaction. Based on the composition of the raw materials, the phases of Nd2O3, 

NdFeO3, and FexOy were highly expected.  

 

Figure 2. Phase formation during oxidation of the NdFeB magnets. 

Due to the thermodynamics of metal oxidation, a widely used tool in the metallurgy 

field is the Richardson–Ellingham diagram, which plots the standard free enthalpies of 

formation for the reduction of metal oxides to metals against the temperature. The stand-

ard free enthalpies of formation in the equilibrium can be calculated according to Equa-

tion (4), under the assumption that the temperature dependence of ΔH and ΔS is negligi-

ble:  

ΔG0 = ΔH0 –TΔS0 = −RT ln (k) (4)
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A pre-requisite for the reduction reaction to take place, according to the Richardson–

Ellingham diagram, is that the metal must have a lower affinity for oxygen than the re-

ducing agent. In other words, the ΔG0 line of the target metal has to be above the ΔG0 line 

of the reducing agent. Due to a lack of thermodynamic data, a simplification was adapted 

here, where the individual activities of each element in the multicomponent system were 

not considered. The Richardson–Ellingham diagram shows that the REEs had the highest 

affinity for oxygen in the pure substances. Unlike REEs, the iron had a much higher oxy-

gen affinity and could be reduced using several elements, including carbon and alumi-

num.  

3. Experimental Procedure 

3.1. Materials and Methods 

Spent magnets from the company Miknatis Ar-Ge, located in Istanbul, Turkey, were 

obtained and conditioned prior to the experimental phase. These were first demagnetized 

at 350 °C for 30 min and then milled into magnet powders. The samples were thermally 

treated by oxidizing in air and then smelted in a vacuum induction furnace 

(MiniVIM/Heraeus, Hanau, Germany) in an argon atmosphere. The phase analysis of the 

magnet powders was investigated by XRD (Bruker D8 Advance, Karlsruhe, Germany) 

analysis with a standard Cu wavelength of 1.5406 Å. The chemical analysis of the leachate 

obtained after the total dissolution of spent NdFeB magnets was conducted using ICP-

OES (Spectro Arcos, SPECTRO Analytical Instruments GmbH, Kleve, Germany). The dy-

namic particle size analysis was conducted using a dynamic particle analyzer (Sympatech 

QuickPick Oasis with a M5 lens, software PAQXOS 4.1). The SEM analysis was performed 

using the JSM 7000F by JEOL (construction year 2006, JEOL Ltd., Tokyo, Japan) and the 

EDX analysis was performed using the Octane Plus-A by Ametek-EDAX (construction 

year, 2015, AMETEK Inc., Berwyn, PA, USA) with the software Genesis V 6.53 by Ametek-

EDAX., Berwyn, PA, USA. The thermal gravimetric analysis (TGA, NETZSCH, Selb, Ger-

many) was performed using the typical instrumentation and conditions. 

The oxidation experiments were performed in a small tubular furnace, Thermostar, 

Aachen.  

The chemical analysis of NdFeB powder revealed, in (%), 21.7 REE, 73.8 Fe, 0.66 B, 

and 0.0006 Ni, as shown in Table 1: 

Table 1. Chemical analysis of the powder. 

Sample NdFeB 

(%) 
Nd   Ni Fe  B Pr  Dy 

Weight (%) 15.9 0.0006 73.8 0.662 5.6 0.201 

As shown in Table 2, the quantitative XRD analysis of the NdFeB powder identified 

the composition (%): 87.19 Nd2FeB14, 3.05 Pr2FeB14, 4.26 FeB5, 2.04 DyF5, and 2.46 DyF2. 

Table 2. Rietveld XRD quantitative analysis of the NdFeB magnets. 

Phase DyFe2 DyFe5 FeB5 Nd2FeB14 Pr2FeB14 

Weight % 2.46 3.04 4.26 87.19 3.04 

The particle size analysis of the powder revealed that 50% particles were about 39.85 

µm. The smallest fraction amounted 7.35 µm in comparison to the largest fraction of 90.40 

µm, as shown in Table 3. 

Table 3. Particle size analysis of the NdFeB powders after demagnetizing, grinding, and sieving. 

Samples (µm) X30 X50 X90 

NdFeB  7.35  39.85  90.40  
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The particle size distribution confirmed the presence of particles between 33.6 and 

39.85 µm (about 50 % of particles in the structure), as shown in Figure 3. 

 

Figure 3. Dynamic particle analysis of the NdFeB magnet powders with the distribution sum (Q3) 

and distribution density (q3). 

Figure 3 shows the cumulative distribution (Q3) and distribution density (q3*) of the 

NdFeB powders with the diameter (EQPC) values of the powders. These results indicate 

that 90.3% of the pre-treated powder showed a size range of 1–90 µm, with a global max-

imum of ~ 100 µm.  

The SEM Analysis confirmed the irregular round agglomerated particles of the spent 

magnets, as shown in Figure 4. 

 

Figure 4. SEM analysis of the NdFeB magnets with places of the EDX Analysis (Spectrum 30, Spec-

trum 31, Spectrum 32 and Spectrum 33). 

3.2. Results and Discussion 

The results refer to thermalgravimetric and differential thermal analysis, along with 

the study of the isothermal oxidation of the NdFeB spent magnets, as first steps used in 

this study to investigate the oxidation. 

  



Metals 2022, 12, 1464 8 of 12 
 

 

3.2.1. Differential Thermal (DTA) and Thermalgravimetric Analysis (TGA) 

DTA and TGA analyses were used to measure, respectively, the temperature differ-

ence between the NdFeB and inert reference sample as a function of the temperatures 

between 25 °C and 1100 °C in air, and the weight change of the samples as a function of 

the temperature while subjected to a controlled heating program, as shown in Figure 5.   

 

Figure 5. DTA/TGA analysis of the NdFeB magnets in air (10 K/min). 

Because of the oxidation process, the TGA analysis revealed an increased sample 

mass by about 35% between room temperature and 1100°C, which is very close to the total 

calculated theoretical value (36.8%) of the oxidation of Fe, REE, and B. The calculated the-

oretical value of the oxidation of REE amounts to 3.6%. The DTA analysis revealed three 

peaks at 688.1, 739.1, and 883, 2 °C, respectively, which means that three different types 

of oxides were formed. We assumed that iron oxide, REE oxides, and boron oxide would 

be formed in the absence of a selective oxidation. The obtained results confirmed that this 

oxidation was not selective at this chosen interval. 

3.2.2. Oxidation of Particles in the Furnace 

According to the previously mentioned DTA and TGA data, the starting oxidation 

was performed in furnace with a small quantity of material (1 g) at temperatures between 

500°C and 1100°C for 13, 30, 45, 60, 75 and 90 min in order to select the parameters for the 

oxidation of 1 kg of spent material required for the smelting process. The obtained results 

are shown in Table 4. 

Table 4. Increased mass (g) during oxidation between 500 °C and 1100 °C. 

Time (min) 500 °C 600 °C 700 °C 800 °C 900 °C 1000 °C 1100 °C 

15 0.118 0.05 0.214 0.244 0.238 0.264 0.274 

30 0.134 0.192 0.242 0.294 0.251 0.293 0.287 

45 0.161 0.221 0.248 0.299 0.283 0.336 0.295 

60 0.178 0.206 0.276 0.299 0.327 0.333 0.337 

75 0.17 0.22 0.268 0.312 0.336 0.325 0.318 

90 0.186 0.249 0.295 0.327 0.329 0.342 0.341 
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An increase in the temperature between 500 °C and 1100 °C over 15 and 45 min in-

creased the mass of the initial sample. The maximum oxidation yield was obtained 

through a comparison with the theoretical oxidation value of 93% at the temperature of 

1000 °C (0.342/0.368 = 0.93). Because the oxidation was complete, an increase in the tem-

perature above 1000 °C did not significantly increase the oxidation efficiency of the spent 

NdFeB magnets. 

The oxidation of 1 kg of the spent NdFeB magnets was performed at 1000 °C over 2 

h in order to prepare the sample for the reductive smelting in the graphite crucible. The 

actual oxidation of the bulk magnet samples showed less mass change than the recorded 

results from the DTA/TG, i.e., incomplete oxidation. The final mass change produced by 

the oxidation was 27.2 wt.%, while the corresponding degree of oxidation of the mass 

sample was 78%. A qualitative X-ray diffraction analysis (XRD analysis) was conducted 

on the oxidized sample to determine the formed oxide phases and the results. 

According to the XRD analysis, the oxidized material did not consist entirely of metal 

oxides. Through the oxidation, the majority of Nd2Fe14B was decomposed to form Fe ox-

ides, Nd2O3 and NdFeO3, as shown in Table 5. 

Table 5. XRD analysis of the oxidized NdFeB samples. 

Phase Dy2O3 FeB2 Fe2O3 Fe3O4 NdBO3 NdFeO3 Nd2O3 α-Fe Pr2O3 

Weight % 1.28 1.75 53.41 10.37 10.01 16.45 0.45 5.22 1.07 

The obtained quantitative analysis identified a composition, in (%), of 53.41 Fe2O3, 

10.37 Fe3O4, 16.45 NdFeO3, 0.45 Nd2O3, 1.28 Dy2O3, 1.07 Pr2O3, and 5.22 α-Fe. The presence 

of boron in 10.01% NdBO3 was in agreement with the 0.668 % boron present in the struc-

ture based on our comparison. We assumed that a small amount of NdBO3 would cover 

the highly expected Pr2O3 or PrFeO3, which were not detected in the structure. The pres-

ence of alfa ferrite was not expected in the oxidized structure, but could be separated by 

reductive smelting at a higher temperature. The oxidized structure is shown in Figure 6. 

 

Figure 6. SEM analysis of the oxidized particles at 1000 °C with places of the EDX Analysis (Spec-

trum 9, Spectrum 10, Spectrum 11 and Spectrum 12). 

The SEM analysis revealed very small round particles with irregular bigger particles 

in the structure. The EDX analysis confirmed that some particles were enriched with iron 

oxide. 
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As shown in Figures 7 and 8, the elemental analysis of spectra 9 and 10 showed a 

mixture of particles of Fe and rare earth elements with oxygen, which confirms the for-

mation of metal oxides. In particular, some particles after oxidation contained mostly iron 

oxide, as shown in Figure 7. 

 

Figure 7. EDX analysis of certain particles after oxidation, containing mostly iron oxide (spectrum 

9). 

 The analysis of spectrum 10 confirmed the presence of rare earth elements with iron 

and oxygen, as shown in Figure 8. All elements in contained in the spent NdFeB magnets 

were oxidized. 

 

Figure 8. EDX analysis of the particles after oxidation (spectrum 10). 

4. Conclusions 

The literature study highlighted that the conversion methods used by many research-

ers involve complex or difficult processes. The study of Nakamoto and Kruse, related to 

fine magnet sludge with particle sizes much smaller than actual spent magnets, was suc-

cessfully tested and validated during oxidation. All of the aforementioned shortcomings 

confirmed that our use of a simple, industrial, applicable oxidation method was correctly 

chosen. 

In this proposed method, the materials are left to oxidize in air inside a laboratory-

scale muffle furnace. This method could, theoretically, be transferred to the industrial 

scale, for example, in a tunnel furnace supplemented with a conveyer belt, or in a rotary 

kiln furnace that could promote the homogenous oxidation of the bulk materials. 

In this study, a research methodology used for recycling end-of-life NdFeB magnets 

was investigated. The final aim of the work was to recover REEs by means of pyrometal-

lurgical smelting, separating the magnets into a metal phase and a RE oxide-rich slag 
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phase. Our first step was to study the oxidation of spent NdFeB magnets as the prepara-

tion for the second phase, a reductive smelting process. The obtained results confirmed 

that the maximal oxidation was obtained at 1000 °C for 45 min. 

XRD analyses were conducted for both phases, and the results showed that the REEs 

were in form of metal oxides, such as Dy2O3, Pr2O3, NdFeO3, Nd2O3, and NdFeO3. Boron 

was present in form of NdBO3 and FeB2. Iron was oxidized in form of Fe2O3 and Fe3O4. A 

total of 5.11% of iron was identified in form of α-iron and iron oxide. Outlooks of this 

work relate to the process optimizing, treatment, and recovery of the RE oxide-rich slag, 

and the identification of the limits of the carbothermic reduction. The results obtained 

here could be applied in further laboratory-scale studies and aid in the development of a 

sustainable economy. 
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