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Abstract

Samarium (Sm), as one of the rare earth elements (REEs), has gained significant attention in the production of SmCo magnets
due to their high corrosion and oxidation resistance, as well as their high-temperature stability. SmCo magnets find applica-
tions in various industries, including but not limited to national defense, aerospace, military, and medical equipment. Sm
and Co have been classified as a critical metal due to its economic importance and supply risk. Recovering Sm from SmCo
magnets is an effective method to ensure a stable supply. The present study investigates an integrated hydrometallurgical
treatment and combustion process for the preparation of rare earth oxide (Sm,05) powders from SmCo. Initially, SmCo
powders is exposed to nitric acid, and the resulting slurry is selectively oxidized at 250 °C to obtain Sm(NO3);, Co,03, and
Fe,0;. Subsequently, the selectively oxidized powders are leached with water to extract Sm. Sm,05; powders are produced
from the obtained leaching solution using an energy- and time-efficient solution combustion process. In this process, once
the ignition point of the leaching solution-citric acid complex is reached, combustion occurs and concludes within a short
time. The combusted powders are then calcined at different temperatures to produce crystalline Sm,0; powders. Finally,
the optimal conditions for the production of Sm,0; are identified, and the produced powder is characterized through XRD
and FESEM analysis.
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1 Introduction

Cobalt (Co) and rare earth elements (REEs) have gained
critical status due to their vital role in global industrial pro-
duction, high supply risk, and economic significance. The
growing concerns surrounding the supply of Co and REEs,
along with environmental issues associated with ore produc-
tion, resource limitations, and national policies, have led to
an increase in studies focused on recovering Co and REEs
from secondary sources such as permanent magnets and
lithium-ion batteries [1—4]. Notably, SmCo magnets, which
can contain up to 30% Sm and 70% Co, represent a signifi-
cant source for recovery, given that the Sm and Co contents
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in these magnets surpasses that found in some REEs/Co-
bearing minerals [5]. In the literature, there has been several
studies investigating the extraction of REEs and Co through
pyrometallurgical and hydrometallurgical methods. Hydro-
metallurgy is the prominently favored method for extract-
ing Co and REEs from secondary sources. This preference
arises from its ability to effectively process lower-grade and
complex materials, resulting to the production of high-purity
products [6-9].

In the literature, the extraction and production of metals
typically occur after obtaining the leach liquor. This is com-
monly accomplished by employing conventional agents for
precipitation. For example, Han et al. investigated the precipi-
tation behavior of rare earth elements (REEs) using a range of
agents including phosphate, oxalate, fluoride, carbonate, and
sulfate, all based on principles of thermodynamics [10]. Simi-
larly, Silva et al. conducted a study on the precipitation of rare
earth oxides from refined rare earth solutions using sodium
carbonate and oxalic acid. Their research resulted in achieving
a 94.2% purity of rare earth oxides (RE oxides) when using
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sodium carbonate and an even higher purity of 99.2% when
employing oxalic acid [11]. In the process of producing rare
earth oxides from leach solutions, various precipitation agents,
such as sodium hydroxide, sodium sulfate, oxalic acid, ammo-
nium, and hydrogen fluoride, have been utilized. Nevertheless,
these agents have presented certain challenges. For instance,
the use of hydrogen fluoride (HF) was found to complicate the
filtration process when producing REEF; [12, 13]. Moreover,
the precipitation method involving oxalate can be costly due
to the expense associated with oxalic acid. The precipitation
method, which is achieved by increasing the pH of the leach
solution using reagents like ammonium, sodium hydroxide, or
sodium sulfate, offers a simpler and more cost-effective alter-
native [14]. However, it’s important to be aware that the use
of sodium hydroxide, sodium sulfate, and calcium carbonate
may introduce impurities into the final product. It’s worth not-
ing that the precipitation agents consumed in the solution are
not easily recyclable, which necessitates further purification of
the solution containing elements such as Sm, Co, and Fe. To
the best of our knowledge, there has been limited exploration
into the production of rare earth oxide from leaching solutions
via solution combustion. Most of the research has focused on
the synthesis of metal oxides using metal nitrates and/or nitric
acids as oxidizing agents, in combination with citric acid and
glycine as fuel sources. For instance, Sm,0; doped SnO,
nanoparticles were synthesized from Sm(NOj;); via solution
combustion method. Following the synthesis, comprehensive
characterization studies were conducted, including X-ray dif-
fraction (XRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS), BET specific surface
area analysis, and photoluminescence (PL) analysis [15]. In
another study, Sm,0; nanoparticles were synthesized with
samarium nitrate hexahydrate as oxidizing agent and glycine as
reducing agent via solution combustion. Afterward, the pow-
ders were annealed at 700 °C for 2 h to remove nitrous and
carbonatious compounds [16]. In a different study, mixed RE
oxides powders were produced from NdFeB magnets through
solution combustion as an alternative to conventional precipi-
tation methods [17]. As far as the available information goes,
there has been no documented research or work on the synthe-
sis of Sm,0; directly from leaching solutions.

This study proposes the implementation of solution com-
bustion method as an alternative conventional precipitation
method for producing Sm,0; powders. The main objective
of this research is to investigate the necessary conditions for
producing a Sm-complex without relying on conventional
precipitation agents. Our literature review reveals that such
information is currently absent in the context of Sm,0O; pro-
duction from leach liquor. Unlike conventional precipitation
methods, this approach omits the filtration and precipitation
steps, allowing for the one-step production of high purity
Sm,0; via solution combustion. Furthermore, this method
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offers control over the morphology of the Sm,0; by adjust-
ing fuel amount and calcination temperature.

2 Materials and Methods

2.1 Materials, Analytical Methods,
and Characterization

The magnet samples used in this research were provided by
Vacuumschmelze GmbH & Co. KG., Germany. Firstly, the
magnets were crushed using a jaw crusher (Retsch BB51).
Subsequently, the powders were sieving using a vibrating
shaker (Retsch, AS200) to obtain powder samples with a par-
ticle size of less than 90 pm. For a detailed chemical composi-
tion, the magnet powders were dissolved in a 3 mol/L of nitric
acid solution. (Sigma-Aldrich, HNO;, 65%). Afterward, the
resulting solution was analyzed by through ICP-OES analysis
(SPECTRO ARCOS instrument from SPECTRO Analytical
Instruments GmbH, Kleve, Germany).

The morphological investigation of the powders, includ-
ing elemental mapping, which was conducted using a Field-
Emission Scanning Electron Microscope (FE-SEM, Thermo
Fisher Quattro S) coupled with Energy Dispersive X-ray
(EDX) analysis. The phases and crystallographic structure
of the powders was investigated, utilizing XRD analysis
(X-Ray Diffractometer, PANalytical EMPYREAN).

2.2 Acid Baking and Water Leaching

The magnet powders were wetted with a small amount of
distilled water before being subjected to nitric acid exposure.
The reaction Gibbs free energy for acid baking with nitric
acid was conducted with HSC Chemistry. Once the acid was
introduced, the nitrate mixture was allowed to stand for one
hour to ensure complete reaction. Subsequently, the mixture
underwent calcination at 250°C, followed by a water leaching
process to separate water-soluble samarium nitrate from the
water-insoluble cobalt oxide and iron oxide. Figure 1 shows
the Reaction Gibbs free energy for acid baking with nitric
acid for the temperature range of 0-500 °C. The theoretical
background for acid baking and water leaching has been
extensively elaborated elsewhere.

Nitric acid baking allows the formation of Co(NO;)s,,
Fe(NO;);, and Sm(NOy)5, which is energetically favored at
room temperature.

2.3 Production of Sm,0; via Solution Combustion

Sm,0; powders were produced by the solution combustion
method from the leach liquor, using citric acid as the fuel.
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Fig. 1 The reaction Gibbs free energy for acid baking with nitric acid

Initially, the leach liquor was stirred, and precise quantities
of citric acid were introduced into it. Figure 2 illustrates the
reaction Gibbs free energy calculation for solution combus-
tion based on the Eq. (1). Subsequently, fuel with suitable ¢
ratios was incorporated into the leach liquor to initiate the
solution combustion process.
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Fig.2 The reaction Gibbs free energy for the solution combustion

2Sm(NOy)5,, + 1.667CHg 05,

The study investigates the effect of different fuel-to-oxi-
dizer (@) ratios, specifically stoichiometric (¢ =1), fuel-lean
(p< 1), and fuel-rich (¢ > 1) conditions, on the properties of
Sm,0;. These ¢ ratios were set as follows: ¢ =0.5 for fuel-
lean, ¢ =1.0 for stoichiometric, and ¢ =2.0 for fuel-rich con-
ditions. The quantity of oxidizer was determined based on
the amount of Sm in the leach liquor, as determined through
ICP analysis. Table 1 provides an overview of the experi-
mental parameters used in the solution combustion process.

The leach liquor was stirred and heated for one hour using
a magnetic stirrer, reaching an approximate temperature of
100 °C. During this process, the formation of a viscous gel
was observed. Subsequently, the gel was ignited through fur-
ther heating with the magnetic stirrer. Following the igni-
tion of the gel, powders were generated through combustion.
Figure 3 illustrates a schematic representation of the solution
combustion method employed for the production of Sm,0O5.

The burnt powders were subjected to annealing at differ-
ent calcination temperatures in a muffle furnace under ambi-
ent atmospheric conditions. Throughout the heat treatment
process, the crystalline phase of Sm,0; has been formed.

3 Results and Discussion

3.1 Characterization of SmCo Magnets,
the Selectively Oxidized Powders and Leach
Residue

Characterization of the SmCo magnet powders was carried
out via field emission scanning electron microscopy (SEM)
in combination with energy-dispersive X-ray spectroscopy
(EDX) analysis. Figure 4 presents the FESEM micrographs
and elemental mapping of the SmCo magnet powders.
These findings offer valuable insights into the elemental

Table 1 Experimental parameters for the solution combustion

Experiment codes Fuel ratio Calcination
(@) °c

Sm1 0.5 -

Sm2 0.5 800°C

Sm3 1 800°C

Sm4 2 800°C

Sm5 1 700°C

Sm6 1 600°C
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Fig.4 Elemental mapping of the SmCo magnet powders

composition of the magnet powders, which are essential for
the development of an effective recycling process.

The chemical composition of the SmCo magnet was
cross-verified through ICP-OES analysis. Table 2 gives
the mass percentages of each metal identified in the SmCo
magnets.

Figure 5 illustrates the XRD analysis of SmCo magnet
powders.

The main elements identified in the SmCo magnet are
Co, Sm, and Fe, in addition to these main elements, there

are also minor elements present, such as Cu, Nd, Yb, and Zr.
XRD analysis reveals that the SmCo magnet has two differ-
ent phases, and the peaks in the pattern of the leach residue
belong to Co;;Sm, and FeCo.

The magnet powders were exposed to nitric acid. After-
ward, for the selectively oxidation of Co and Fe, the mixture
was calcined at 250 °C in a furnace. The acid bake pow-
ders, and selectively oxidized powders were characterized
by SEM, EDX and XRD analysis, shown in Fig. 6.

Table 2 Chemical analysis of
SmCo magnets

Elements Co

Sm Fe Nd Cu Zr

wt% 55

21 15,2 0.8 5.1 2.7
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Fig.5 XRD analysis of SmCo magnet powders

Figure 6a illustrates EDX spectrum and chemical composi-
tions of the acid bake powders. The main elements identified
in the acid bake powders are O, N, Co, Sm, and Fe, in addition
to these main elements, there are also minor elements present,
such as Cu, Zr, Al, and C, as expected. During the water leach-
ing, Sm was selectively extracted since it is soluble form in the
water. The leach residue was analyzed by EDX and XRD anal-
ysis, and Sm was not observed in the EDX spectrum. XRD

peaks in the pattern of the leach residue belongs to Co;0,
(card no. 03-065-3103), Fe;0, (card no. 00-026-1136), and
Fe,0; (card no. 01-079-1741), respectively.

After acid baking at 250 °C, the powders include Fe,O;,
Co;0,, and Sm(NOs); phases. While Fe,O5 and Co;0, are
not soluble in water, Sm(NO3); is soluble in water. Figure 7
shows the Eh-pH diagram for the Fe-N, Co-N, and Sm-N
systems.

Table 3 shows the chemical analysis of the water leach-
ing solution.

Along with Sm, small amounts of Nd, Co, and Zr were
extracted during water leaching. REEs with more than 99%
purity was achieved during the water leaching under the
specified conditions.

3.2 Characterization of Sm,0; Powders Produced
via Solution Combustion

Citric acid was used with varying quantities of fuel during
the Sm,0; production to assess the impact of fuel quantity
on combustion behavior and particles morphology. Fig-
ure 8 illustrates the FESEM micrographs of Sm,0; pow-
ders produced through solution combustion with different
fuel amounts.

When compared to FESEM micrographs in Fig. 8, the
increase in fuel-to-oxidizer ratio from 0.5 ¢ to 2 ¢ results
in the formation of aggregated powders due to the extreme
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Fig.6 a EDX spectrum and chemical composition of the selectively oxidized powders (b) EDX spectrum and chemical composition of the leach
residue, and (¢) XRD analysis of the selectively oxidized powders and the leach residue
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Fig. 7 Eh-pH diagram for the (a) Fe-N, (b) Co-N, and (¢) Sm-N systems

reaction temperature with a higher amount of fuel, as
reported elsewhere [17].

The morphology of particles produced by the solution
combustion process was influenced by gas formation dur-
ing the calcination and combustion processes, as well as the

Table 3 Chemical analysis of the leach liquor

Elements Sm Nd Co Zr

wt% 95.05 4.5 0.35 0.15

@ Springer

heat released during combustion. Sm,0; powders produced
with a fuel-to-oxidizer ratio of ¢ =0.5 exhibited a spheri-
cal surface. Furthermore, the non-uniform shape and size of
the powders produced with fuel-to-oxidizer ratios of ¢ =1
and @ =2 were attributed to the non-uniform distribution of
temperature and mass flow within the combustion flame. The
formation of irregular, flake-shaped particles was observed
when higher fuel-to-oxidizer ratios were used. As seen in
Figs. 9a and 7b, fine primary particles were observed in
powders prepared with a fuel-to-oxidizer ratio of @=0.5.
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Fig.8 FESEM micrographs of Sm,0; powders produced through solution combustion with different fuel amounts (a) fuel-lean (¢ < 1), b stoi-

chiometric (p=1), ¢ fuel-rich (¢p>1)

(c)
o Sm Al Mg Nd
P1 13.015 79.825 7.160
P2 5.647 93.384 0.969
P3 9.420 82.085 0.838 7.656
P4 8.273 90.294 1.433
P5 8.399 60.313 26.735 0.069 4.483
P6 9.756 88.171 1.748 0.325
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Fig.9 FESEM micrographs of (a), and (b) Sm,0O; powders produced
through solution combustion with fuel-to-oxidizer ratios of ¢=0.5,
¢ The chemical composition of the selected areas in the SEM micro-

graph, d SEM micrograph with selected points, and (e) EDS spec-
trum of Sm,0; particles
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Fig. 10 FESEM micrographs
of Sm203 powders synthesized
with fuel-to-oxidizer ratios of
¢ =2 and calcined at (a) 6000C
and (b) 7000C

The effect of calcination temperature on the morphol-
ogy of Sm,0; particles was investigated. The increase in
the calcination temperature led to the change in the mor-
phology of Sm,0; from porous to dense. EDX analysis
revealed the presence of Sm, Nd, and O in the samples. Al
and Mg were observed due to the Al-Mg alloy stub used
for the analysis.

Figure 10 exhibits FESEM micrographs of Sm203 pow-
ders calcined at 700 °C and 800 °C.

Figure 11a illustrates the XRD patterns of Sm,0; pro-
duced with a fuel-to-oxidizer ratio of @ =2, subjected to
calcination at both 600 °C and 800 °C, alongside the XRD
pattern of non-calcined Sm,0; powders. Figure 11b shows
the XRD patterns of Sm,0; powders produced as a function
of fuel ratio from 0.5 to 2 @ and calcined at 800 °C.

The X-ray diffraction patterns of Sm,0O; particles were
recorded in the range of 10-90° with a 0.02° step size. The
peak at 20=19.90°, 28.30°, 32.79°, 34.84°, 38.66°, 47.05°,
51.57°, 54.43°, 55.82°, 57.19°, 58.54°, 75.93°, and 78.28°
are assigned to the (211), (222), (400), (411), (332), (134),

(440), (611), (145), (622), (136), (444), (662), and (048)
reflection lines, respectively, These findings confirm the
formation of the cubic structure of Sm,05, good agreement
with JCPDS Card No. 03-065-3183.

The elevation of the calcination temperature from 600 °C
to 800 °C results in the formation of a highly crystalline
structure in Sm,0Oj;. In addition, the change in fuel ratio from
0.5 to 2 induced the formation of a highly crystalline Sm,0;
structure.

3.3 Comparison of Solution Combustion
and Oxalate Precipitation

Sm,0; powders were produced using oxalic acid to compare it
with solution combustion. A comparison regarding morphol-
ogy and microstructural characteristics of Sm,0j is reported.
Figure 12 presents (a) XRD analysis of Sm,0; powders cal-
cined and oxalate precipitate, (b) FESEM micrograph of the
Sm, O, powders, (c) chemical composition of the Sm,0; pow-
ders, and (d) EDX spectrum of the Sm,0 powders.
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Fig. 11 a XRD pattern of Sm,0; produced with a fuel-to-oxidizer
ratio of @ =2, subjected to calcination at both 600 °C and 800 °C,
alongside the XRD pattern of non-calcined Sm,0; powders and (b)
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Fig. 12 a XRD analysis of Sm,0; powders calcined and Sm oxalate precipitate, b FESEM micrograph of the Sm,0; powders, ¢ chemical com-
position of the Sm,0; powders, and (d) EDX spectrum of the Sm,0; powders

XRD analysis confirm the presence of the cubic Sm,0;
structure, in accordance with JCPDS Card No. 03-065-
3183. Rod-like Sm,0; powders were produced through
oxalate precipitation. The EDX analysis detected Sm, Nd,
and O in the samples, while the presence of Al was attrib-
uted to the Al-Mg alloy stub used in the analysis.

To perform a cost analysis, the chemical reactions
for producing Sm,0; using both methods were given as
follows.

2Sm(NO,),,, + 1.667CsH;O5,

2
= Sm,0; + 3Ny, + 10CO,,, + 6.667TH,0, @

2Smy, + 2H,C,0, = Sm,(C,0,), 4H,0 = Sm,0; + 4H,0 + 4CO,
3)

According to the chemical equations, the production of

1 mol of Sm,0; requires the 1.667 moles of citric acid and

2 moles of oxalic acid. Notably, oxalic acid approximately
three times more expensive than citric acid. This difference

contributes to a notable reduction in chemical expenses.
Additionally, the time-consuming filtration step, which is a
part of the conventional production method, has been com-
pletely bypassed. Therefore, the solution combustion method
may serve as an alternative to the conventional precipitation
method.

4 Conclusion

This research investigates the solution combustion for pro-
ducing Sm,0; from waste SmCo magnets, aimed at miti-
gating the environmental impacts associated with to Sm,05
originating from primary sources. The key findings of this
work can be summarized as follows.

e Sm,0; powders were subjected to nitric acid (65%). Fol-

lowing that step, the powders were subjected to calcina-
tion at 250 °C, considering the different thermal decom-
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position characteristics of Sm nitrates and iron nitrate.
After the calcination, water leaching was conducted to
separate water-soluble samarium nitrate from the water-
insoluble cobalt oxide and iron oxide. As a future study,
the leach residue will be dissolved in an acidic solution
to separate cobalt and iron through precipitation.

e The effect of fuel amount and calcination temperature on
the morphology and microstructure of Sm,0; powders
was investigated. An increase in the calcination tempera-
ture resulted in a shift in the Sm,0; morphology from
porous to dense. The non-uniform shape and size of the
powders produced using fuel-to-oxidizer ratios of p=1
and @ =2 were attributed to the non-uniform distribu-
tion of temperature and mass flow within the combustion
flame.

e Oxalate precipitation was employed to compare conven-
tional precipitation and solution combustion. Solution
combustion led to a significant reduction in chemical
expenses. Additionally, the time-consuming filtration
step was eliminated from the process.
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