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Abstract: Hydrometallurgical methods for NdFeB recycling typically consist of several unit oper-
ations and require the extensive use of energy, water and chemicals which may negatively affect
the applicability of these methods on an industrial scale. Based on the data from our previous
studies, a simplified process of rare earth elements (REE) recovery from spent NdFeB magnets was
developed further. The possibility of regenerating the leaching agent, as well as water recovery, in
the process was investigated. This study also investigates a possibility of scaling up the recycling
process developed on a laboratory scale. The leaching and precipitation stages were tested on a larger
scale, where about 1 kg of end-of-life magnets was used as feed to the leaching step. In this study,
end-of-life magnets were obtained from the manual disassembly of computer hard disc drives. After
disassembly, the magnets were demagnetized, broken into pieces and fed to the leaching process. In
the following step, rare earths were precipitated in the form of oxalates. The rare earths’ precipitation
efficiency reached a maximum of 95.6%. The results showed that the co-precipitation of Fe highly
depends on the amount of oxalic acid used as the precipitant. Smaller losses of Fe were achieved
while using a stoichiometric amount of oxalic acid in relation to the REE present in the solution. At
the end of the investigated process, rare earth oxalates were calcinated to oxides and their purity was
investigated. The recirculation of a solution after oxalate precipitation and acid regeneration was
tested with hydrochloric and sulfuric acids used as leaching agents. Solution recirculation was found
to be possible only in the case of hydrochloric acid.

Keywords: hydrometallurgy; recycling; neodymium; e-waste

1. Introduction

Rare earth elements (REEs) are essential for very strong permanent magnets and
high-temperature superconducting (HTS) materials used in magnets, wires and cables [1].
NdFeB magnets are one of the most common types of magnets used in electrical motors,
generators, speakers and hard disc drives (HDDs) [2]. Permanent magnets play an essential
role in green energy production and low carbon emissions [3]. Therefore, rare earths have
been identified by the European Commission as critical raw materials with the highest
supply risk [4].

The development of recycling technologies for the efficient recovery of rare earths is
of high importance. Ganguli and Cook [2] described that of all REE applications, magnets
show the highest potential for recycling. In the last 20 years, great efforts have been made
to develop an efficient end-of-life magnet recycling process. The investigated methods
have been described in recent review papers [5-8].

It has been reported in the literature that there are only a few magnet recycling
technologies applied in the industry. Hitachi has reported the development of magnet
recovery machines designed for specific end-of-life products, i.e., electric motors and
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air conditioner compressors [9]. According to Hitachi, their machinery is custom made
and aims to address the challenges of recycling. Urban Mining Company (UMC) has
patented a process known as magnet-to-magnet, which allows for the reprocessing of
scrap magnets into new superior magnets [10]. Magnet-to-magnet technology has been
receiving great attention for more than 20 years. One of the first studies was published by
McGuiness et al. [11] where a combination of hydrogen decrepitation and jet milling was
described. In the papers published by Zakotnik et al. [10,12-14], the use of hydrogen in
the direct recycling process was further investigated and different options for magnets re-
sintering were described. In 2022, Urban Mining Company rebranded as Noveon Magnetics
Inc. and they have reported the development of magnet production through a process
involving the recycling of waste and removal of hazardous products. However, it was not
reported in the literature what the recycling process used was [15], but it can be assumed
that the previously developed method of magnet-to-magnet is continuing to be applied.

Despite the great efforts in applying REE recycling technologies on an industrial scale,
the REE recycling rates remain very low, lower than 1% [2]. As the REEs remain critical
for the technology and economy of Europe, it is necessary to develop more recycling
technologies applicable on an industrial scale.

The hydrometallurgical methods for REE recycling are of high interest because of their
advantages. Opposite to magnet-to-magnet recycling, hydrometallurgical methods allow
the recovery of REEs in the form of pure oxides suitable for any applications [16]. The main
operations in the hydrometallurgical process involve the leaching of magnets followed by
the separation of individual REEs. The literature describes many new separation techniques
that involve novel solvent extraction methods, the use of ionic liquids and ion exchange
resins [6,17]. The great advantage of hydrometallurgical treatment is the fact that it can be
applied in the recycling of multiple mixtures of different magnets. The hydrometallurgical
approach is typically characterized by a high capacity, a relatively high recovery of REEs
and a high purity of the final product [18]. However, hydrometallurgical technologies
require the use of many operations, a large amount of water and chemicals; moreover,
large amounts of waste solutions are produced and require special treatment [16,18]. In the
recent study of Zhu et al. [18], a mechanical activation method, as pretreatment technique
for NdFeB magnet recycling, was introduced. In this method, waste NdFeB magnets were
demagnetized by heating above Curie temperature, crushed and ground and additionally
roasted in order to transform the NdFeB alloy into the corresponding oxides. After roasting,
the mechanical activation was performed in a ball mill followed by leaching in hydrochloric
acid. The authors reported that the mechanical activation significantly increased the
leaching efficiency and tripled the leaching speed [18]. Even though the pretreatment
method seems helpful in achieving higher efficiencies of REEs recovery, it should be noted
that all of the pretreatment operations such as demagnetization, crushing, roasting and
milling require an extensive use of energy; thus, the approach brings another challenge for
implementing the recycling process on an industrial scale.

In our previous study, the possibility of simplifying the NdFeb magnet recycling
process by excluding the grinding, milling and roasting steps was investigated. Demag-
netized and broken magnets were leached with hydrochloric and sulfuric acids. It was
shown that the application of a higher temperature of 40 °C allowed the shortening of
the leaching time [19]. After the leaching, a separation method of rare earths from the
solution was investigated. Based on the conducted experiments, it was indicated that it is
possible to selectively precipitate rare earth oxalates from leaching solutions without the
co-precipitation of iron or other elements present in the solution [20]. The aim of the current
study is to investigate the possibility of regenerating the leaching agents as well as water
recovery in the proposed process. The novelty of this study also lies in the investigation
of a possibility of scaling up the hydrometallurgical recycling process. The leaching and
precipitation stages were tested on a larger scale, where about 1 kg of waste magnets was
used as an input stream in the first leaching cycle, and, in total, about 4 kg of magnets was
processed through a semicontinuous recycling process. In the study, REEs are recovered
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together in the form of a mixture of REE oxalates; thus, the separation of individual rare
earths from that mixture is not the aim of the current work.

2. Materials and Methods
2.1. Methodology Background

In our previously published studies [19,20], the NdFeB magnet recycling process based
on leaching in hydrochloric and sulfuric acids followed by the selective precipitation of
rare earth oxalates was investigated. The leaching process with the use of hydrochloric
and sulfuric acids allowed for the dissolution of REEs and Fe whereas the metallic nickel
layer, which covers the magnets, was left in the solid state. It was also discovered that the
efficiency of leaching can be improved by demagnetization and by breaking the magnets
before leaching [19]. After the leaching, the concentrations of REEs and Fe were approxi-
mately 20 and 35 g L1, respectively. Directly after leaching, the solution was characterized
with a pH of about 1.0 and iron was present in the form of Fe?*. In the following step, the
REEs were precipitated from the solution as oxalates. The selective separation of rare earths
from iron was possible based on the difference between the solubility of rare earths and iron
oxalates. In the precipitation process, oxalic acid was used as a precipitant. The use of oxalic
acid in a 20% excess compared to its stoichiometric amount allowed the achievement of a
higher precipitation efficiency of rare earths [20]. An even higher rare earths precipitation
efficiency, about 99%, was also possible but required the use of a bigger excess of oxalic
acid and involved the co-precipitation of iron oxalate.

The use of oxalic acid as a precipitating agent does not introduce additional metal ions
into the solution. The concentration of iron ions in the solutions after lanthanide oxalate
precipitation was between 30 and 35 g L1, which is much lower than the concentrations of
iron ions in saturated solutions of FeCl, or FeSOy, which are 175 g-L.~! and 295 g-L~! (at
25 °C), respectively [21]. Additionally, after the use of oxalic acid for the precipitation of
rare earths, the remaining solution contained a high concentration of H* ions and could
be potentially reused in the leaching process. Based on this knowledge, it should be
possible to reuse solutions obtained after the precipitation of REE oxalates. In this work, the
possibility of solution recirculation back to the leaching process was tested on a laboratory
scale followed by a test performed on a larger laboratory scale. The recycling process
tested in this work is presented in Figure 1. The final products of the previously proposed
NdFeB magnet recycling process were rare earth oxalates. According to the literature [22],
the rare earth oxalates can be further calcinated to rare earth oxides. Therefore, the rare
earth oxalates obtained after leaching and precipitations on a large scale were subjected to
thermal decomposition at the end of this study.
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Figure 1. The NdFeB magnet recycling process proposed based on previous studies of the
authors [19,20]. The blue arrows represent the solution recirculation studied in this work.

2.2. Materials

The NdFeB magnets used in the study came from end-of-life hard disk drives (HDDs)
obtained from different types of desktop PCs (3.5” HDDs) and notebooks (2.5 HDDs). All
the HDDs were disassembled manually. After disassembly, the magnets were demagnetized
at 350 °C in a muffle furnace for 30 min to separate them from the carrier iron plates.
The characteristics of the NdFeB magnets and the other main HDD components can be
found in our previous work [23]. It was shown that magnets are highly heterogenous,
as their chemical composition varies in a wide range (24-29 wt% of Nd, 2-13 wt% of Pr,
0.08-1.42 wt% of Dy, 53-62 wt% of Fe, 3.4-6.4 wt% of Ni, 0.85-0.96 wt% of B, 0.54-3.6 wt%
of Co). In the leaching experiments, demagnetized magnets broken into pieces, presented
in Figure 2, were used as feed material. Solutions of hydrochloric and sulfuric acids were
used as leaching agents. All chemicals used in the experiments are listed in Table 1.

Figure 2. Broken magnets after demagnetization used as a feed in the leaching process.
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Table 1. Chemicals used in the experiments.

Chemical Formula Purity Supplier

Sulfuric(VI) acid H,S0y4 Min. 95% POCH SA, Gliwice, Poland
Hydrochloric acid HCl 35% POCH SA, Gliwice, Poland
Ethylenediaminetetraacetic acid disodium salt quality level 100 MerckGroup, Darmstadt, Germany
Calcium chloride CaCl, Min. 96% CHEMPUR, Piekary Slaskie, Poland
Oxalic acid dihydrate C,H,04-H,O Min. 96% POCH SA, Gliwice, Poland

2.3. Leaching and Precipitation Procedure

Due to the physical form of the magnets (big pieces), leaching could not be performed
in a typical reactor with a mechanical stirrer. Therefore, the leaching experiments on a
laboratory scale were performed in a rotary reactor driven by an evaporator (Rotavapor
R-210/215, Biichi, Flawil, Switzerland).

Four cycles of leaching of NdFeB magnets with hydrochloric acid and two cycles
of leaching with sulfuric acid followed by the precipitation of rare earth oxalates were
conducted. In the first leaching cycle, an acid solution with a concentration of 2 mol-L~!
and a volume of 200 mL in the case of hydrochloric acid and 100 mL in the case of sulfuric
acid was used as the leaching agent. In subsequent leaching experiments, solutions after the
precipitation of rare earth oxalates and after the correction of acid concentration to a value
of 2mol-L~! (by the addition of concentrated hydrochloric or sulfuric acid) were used.

The volumes of the leaching solutions were 200 mL and 100 mL each time in the
cases of hydrochloric and sulfuric acid solutions, respectively. All leaching experiments
were carried out under identical conditions: reactor speed 40 rpm, temperature 40 °C,
atmospheric pressure. The feed was demagnetized and broken magnets had a weight
of 25.5 g £ 1.0 g. The chemical reactions occurring during leaching in hydrochloric and
sulfuric acids can be described by the following Equations (1) and (2):

Re + 3HCl(a) = ReCl3(a) + 1.5H>(g) (1)

Re + 1.5H;SO4(a) = 0.5Re2(SO4)5(a) + 1.5H,(g) (2)

where Re represents a rare earth element.

During the leaching, samples of the solution were taken at specified intervals to
analyze the acid concentration and thus control the leaching progress. The concentration of
the acid during leaching was analyzed via a potentiometric titration of samples of leaching
solutions with NaOH. This method was described in detail in our previous study [19].

After the leaching process, the solid residue (mainly nickel) was separated from
the solution by filtration. In the following step, the rare earths were separated from the
leaching solution by precipitation with the use of oxalic acid. The oxalic acid was added in
an amount of approximately 1.4 times the stoichiometric amount necessary to precipitate
rare earth oxalates, according to Equation (3):

2Re*" 4 3H, 04 + xHz0 = Rey(C204)5XH0 | +6H* ®)

After the separation of the precipitated oxalates, the concentration of hydrochloric
acid in the solution was adjusted to the value of 2 mol-L ™!, and then the solution was used
for the next leaching, as described above.

2.4. Experimental Procedure in the Larger Laboratory Scale

Due to the large amounts of hydrogen released in the process (about 0.5 m?), the
leaching of NdFeB magnets with hydrochloric acid solutions on a large laboratory scale
was carried out in a laboratory with efficient exhaust ventilation. Leaching was carried out
in a plastic tank placed in a steel rotary reactor (concrete mixer) at atmospheric pressure and
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ambient temperature. The rotational speed of the reactor was constant and amounted to
40 rpm, similarly to the experiments performed on a smaller laboratory scale. In the leaching
tests, a solution of hydrochloric acid with a concentration of 2 M and a volume of 16 L was
used as the leaching agent. The volume of acid and the mass of the magnets were selected
to maintain the same solid /liquid ratio as in the case of smaller laboratory scale leaching.
Similarly, as in the smaller scale during leaching, samples of the solution were taken at
appropriate intervals to analyze the acid concentration during leaching. After leaching,
lanthanides were recovered by the selective precipitation of lanthanide oxalates. Oxalic acid
was added to the leaching solution in the stoichiometrically estimated amount necessary to
precipitate the lanthanide oxalates present in the solution. The use of excess oxalic acid was
abandoned due to the partial co-precipitation of iron(Il) oxalate observed on the laboratory
scale. The obtained solution was then filtrated, its acid concentration was adjusted to 2 M
by adding concentrated hydrochloric acid and it was used in the next leaching. Four cycles
of magnet leaching—precipitation of rare earth oxalates were performed. A total of 4 kg of
magnets was then broken and used as feed in the leaching process.

2.5. Thermal Decomposition of Rare Earth Oxalates

The thermal decomposition of lanthanide oxalates to lanthanide oxides was performed
in a resistance electric furnace (Carbolite RWF Rapid Heating Chamber Furnace). The
oxalates were placed in a ceramic crucible and heated to 1000 °C with a heating rate of
5 °C-min~!. Once the temperature reached 1000 °C, the sample was held in the hot zone
for 1 h.

2.6. Chemical Analysis of Solutions and Solids

The concentrations of elements in leaching solutions were determined using an optical
Jobin Yvon sequential ICP-OES instrument (Jobin Yvon 38S, HORIBA Jobin Yvon SAS,
Longjumeau, France). The details of the analytical procedure were presented in our
previous work [19].

A qualitative analysis of precipitated solids was conducted using the X-ray diffraction
(XRD) technique. Measurements were performed in the symmetric 6/26 Bragg—Brentano
geometry using a Philips X’PERT system with a diffractometer equipped with a CuK«
(A =0.154 nm) source.

The analysis of the solid residue after the leaching of NdFeB magnets in solutions
of sulfuric acid was carried out via a scanning electron microscope—energy dispersive
spectrometer (SEM, FEI Quanta 250, FEI, Thermo Fisher Scientific, Waltham, MA, USA)
working in backscattered electron mode (BSE).

3. Results and Discussion
3.1. Recirculation of the Solution in the Leaching—Precipitation Cycle

Figure 3 shows the dependence of hydrochloric acid and sulfuric acid concentrations as
a function of leaching time in individual leaching cycles. In case of leaching in hydrochloric
acid (Figure 3A), it was possible to conduct four leaching—precipitation cycles. The obtained
results confirmed the possibility of leaching the new batch of magnets with solutions from
the previous leaching after the precipitation of rare earth oxalates and the correction of the
acid concentration). Differences in leaching rates may be due to the different surface areas
of the magnets available for leaching.
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Figure 3. The dependence between the concentrations of (A)—hydrochloric acid, (B)—sulfuric acid
and the leaching time.

In the case of the experiments with sulfuric acid, it was possible to conduct only two
cycles of leaching—precipitation. As seen from Figure 3B, during the second cycle, the
leaching stopped after about 1.5 h. The probable cause of stopping the leaching process
is too high a concentration of sulfate ions, which resulted in covering the surface of the
leached magnets with a layer of rare earth sulfates. After the leaching stopped in the second
cycle, the sample of the leaching residue was analyzed using the SEM-EDS technique.
Figure 4 shows an example of the SEM image of a sample surface. It was indicated that
the NdFeB alloy, visible as grey grains, was covered with a bright color solid phase, the
composition of which corresponded to neodymium sulfate. The conducted experiment
showed that unlike solutions from leaching with hydrochloric acid, it is impossible to
recycle the solution from leaching with sulfuric acid after the precipitation of lanthanide
oxalates in the next leaching.

Neodymium
sulfate

Figure 4. SEM image of the magnet surface after leaching cycle II with sulfuric acid.

The concentrations of Fe and the total concentration of rare earths in solutions after
leaching in hydrochloric acid and after the precipitation of rare earth oxalates are presented
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in Figure 5. Numerical values for the concentrations of rare earths and Fe in the solutions
are presented in Table S1 in the Supplementary Materials. After the first leaching cycle, the
Fe concentration was 64.80 g-L ™! and after the fourth leaching cycle it reached 114.00 g-L .
The total REEs concentration in the leaching solution varied between 18.92 and 29.99 g-L~ !,
without a clear trend. As can be seen from Figure 5B, the REEs concentration in the solution
after oxalate precipitation decreased significantly in comparison to the initial leaching
solution. The REEs precipitation efficiency reached 90.0%, 95.6%, 94.9% and 87.2% after
the first, second, third and fourth precipitation cycles, respectively. It is worth highlighting
that REEs which remain in the solution after precipitation are not lost but are recycled
back to the leaching process and are possibly precipitated in the next precipitation cycle.
Therefore, it can be stated that the proposed method is efficient for REE recovery. However,
the excess of oxalic acid also caused the co-precipitation of iron in amounts from 3% to 30%.
Iron co-precipitation is an undesirable process causing the contamination of the obtained
rare earth oxalates. Based on this knowledge, the amount of added oxalic acid should be
reduced to a stoichiometric amount in relation to the content of rare earths present in the
solution.

120 114.00
A mFe mMREEs
98.40
- 100 90.00
=
L0 80
g 64.80
g 60
=
§ 40 29.99
8 20 23.32 I 20.99 18.92
, 1l 1 AN
- cycle I cycle II cycle 111 cycle IV
B mFe mREEs 104.00
— 100
R 81.80
&o 80
g 62.60 63.20
2
g 60
=
8 40
=
1S
© 20
2.33 1.32 1.08 243
O — S SSSNSN —
cycle I cycle II cycle 111 cycle IV

Figure 5. Concentration of Fe and total REEs in the solution (A): after leaching in hydrochloric acid,
(B): after precipitation of rare earth oxalates.

3.2. Leaching—Precipitation Cycles on the Larger Laboratory Scale

Four cycles of the leaching of magnets—precipitation of lanthanide oxalates were
performed on a larger laboratory scale. The mass parameters of the tests carried out are
presented in Table 2.
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Table 2. Mass parameters of magnet leaching with hydrochloric acid and lanthanide oxalates
precipitation on a large laboratory scale.

Weight [g]
Leach Feed
Cycle - - Solid Residue Oxalic Acid Added Precipitated
Magnets Fed to Solid Residue from Leaching in Precipitation Oxalates
the Leaching from Leaching
I 1040 300 300 470 862
II 740 350 350 320 519
1T 1040 470 470 330 571
v 1040 600 600 410 617

Figure 6 shows the concentration of hydrochloric acid during the first leaching cycle
conducted on a larger scale as a function of leaching time. It was indicated that the practical
inhibition of the leaching process occurred after 4-5 h, despite the presence of undissolved
magnets and an acid concentration at a level of about 0.75 mol-L~!. Therefore, there is no
economic justification for extending the leaching time. Undissolved magnets were used as
a feed in the subsequent leaching together with the new portion of magnets.

—o—Lcaching cycle 1
—&—Leaching cycle 2
T: 2.0 1% —o—Leaching cycle 3
= Leaching cycle 4
g
=
S
g
3
9 1.0 1
o)
o
) 3
)
0.0 T T T T
0 1 2 3 4 5 6

Time [h]

Figure 6. The dependence between HCl concentration and leaching time during leaching of magnets
on larger laboratory scale.

The chemical composition of leaching solutions and solutions after oxalate precipita-
tion was determined using ICP-OES techniques. The concentrations of all elements present
in solutions after magnet leaching and after the precipitation of oxalates in different cycles
are shown in Tables 52 and S3 in the Supplementary Materials. Figure 7 shows the Fe and
REE concentrations in the solution after 5 h of leaching and after precipitation in different
cycles. The use of a stoichiometric amount of oxalic acid allowed for the precipitation
of 85% to 98% of rare earths present in the leaching solutions. At the same time, all the
iron remained in solution. Slightly lower (within error) values of iron concentration in the
solutions after leaching compared to the concentration of iron after the precipitation of
lanthanide oxalate are most likely related to the matrix effects caused by lanthanides.
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Figure 7. Concentration of Fe and total REEs in the solution (A): after 5 h of leaching in hydrochloric
acid on a large laboratory scale, (B): after precipitation of rare earth oxalates.

The concentrations of nickel, boron and cobalt reached values of 0.026, 0.43 and
0.50 g-L~! in the solution after the first cycle of leaching and increased to 0.062, 1.71 and
2.10 g-L~! after the fourth leaching cycle. The nickel, boron and cobalt concentrations in
the solution obtained after oxalate precipitation remained similar to their concentrations in
leaching solutions.

The tests carried out on a large laboratory scale confirmed the possibility of solution
recirculation after the precipitation of lanthanide oxalate and after the correction of the
concentration of hydrochloric acid for leaching a new portion of magnets. Taking into
account that the concentration of iron in a saturated FeCl, solution is 175 g~L_1 [21], it can
be estimated that it is possible to make 5-6 cycles of leaching—precipitation of lanthanide
oxalates before the saturation of a solution with iron(II) chloride. After these cycles, iron(II)
oxalate can be precipitated and the solution will be ready for cobalt recovery.

The precipitates of lanthanide oxalates were washed with distilled water, dried at
50 °C and then analyzed via XRD (Figure 8). An analysis of these diffraction patterns
confirmed the presence of hydrated neodymium oxalate in all sediments. The positions of
the reflexes (20 = 8.8355°; 13.4044°; 17.4775°; 18.5469°; 25.4275°) on the obtained diffraction
patterns are in good agreement with the data for the standard (standard card 18-0858).
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Figure 8. XRD diffractograms of precipitated rare earth oxalates from solutions after magnet leaching
with HCl on a large laboratory scale: (A)—cycle I, (B)—cycle II, (C)—cycle III, (D)—cycle IV. Green
diamond icons indicate peaks corresponding to Nd,(C,04)3-10H,O.

3.3. Thermal Decomposition of Rare Earth Oxalates

The obtained lanthanide oxalates were subjected to thermal decomposition to oxides
by calcination at a temperature of 1000 °C. The obtained results are presented in Table 3.
In the conducted large laboratory tests, the mass of leached magnets was in total 3390 g
(Table 2) and the total mass of the obtained rare earth oxides was 1100 g. This corresponds
to a mass of metallic rare earths of about 950 g, which in relation to the mass of the magnets
used is about 28% and it corresponds to the content of metallic rare earth in the magnet
alloy (of about 28%-29%). Such a result confirms the practically 100% effectiveness of the
proposed method of processing using neodymium magnets.
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Table 3. Results of thermal decomposition of lanthanide oxalates obtained in large laboratory leaching
tests with hydrochloric acid solutions.

Weight of Rare Earth Weight of Rare Earth

Cycle Oxalates after Oxides after Thermal Weight of Fe [g]

Precipitation [g] Treatment [g] in 1 kg of Oxides
1 862 431 4.92
I 519 199 8.95
I 571 194 13.72
v 617 276 14.91
SUM 2569 1100 42.50

Samples of the obtained lanthanide oxides were dissolved in concentrated hydrochlo-
ric acid. The obtained solutions were diluted and the concentration of iron ions present
in them was analyzed via the ICP-EOS technique. The obtained Fe content in the rare
earth oxides mixture, presented in Table 3, ranges from 0.4 to 1.5%. This content could be
lowered by washing the resulting oxalate precipitates several times.

3.4. Further Considerations

The proposed process of REE recovery from waste NdFeB seems to be efficient and
applicable on a large scale. Although the results are promising, some aspects must be
further considered and additional investigations are recommended.

During the leaching process, the hydrogen is released. Hydrogen is a highly flammable
gas that ignites and burns more easily than other fuels. Moreover, in the indoor environ-
ment, it may displace oxygen leading to asphyxiation. Therefore, before the implementation
of the process on a large scale, the methods of capturing the hydrogen should be tested. As
the demand for hydrogen has been significantly increasing over the last few years, more
technologies for capturing hydrogen industrial gases are being developed, some of which
were reviewed by Benson and Celin [24].

In the proposed process, the solution obtained after rare earth oxalate precipitation is
recirculated back to the leaching process. As shown in Figures 5 and 7, iron is accumulating
in the solution. It has been reported in the literature that the large amount of iron ions in
the leach solution brings a great challenge [25]. Based on our results, it is recommended
to remove iron from the solution after 5-6 leaching cycles. Some of the possible methods
have been presented in the literature. Yang et al. [26] effectively recovered iron from the
leach solution of red mud in the form of Fe(C204)3 3. In their study, Fe was precipitated
using oxalic acid and adjusting the pH to 3.51 with calcium carbonate. In another work,
Pietrantoni et al. [27], alkali solutions, NaOH and NH3-H,O were used to precipitate
Fe in the form of Fe(OH);. The precipitate had a high purity grade of 98%. Another
option for the selective recovery of iron could be solvent extraction. In the study of
Mystrioti et al. [28], solvent extraction was applied for the selective recovery of Fe from Ni-
laterite leach solution. The investigated technique was based on the use of Di-2-ethylhexyl
phosphoric acid (D2EHPA) and Tri-butyl phosphate (TBP) extractants and the most efficient
separation was achieved when the pH was regulated to 1.4. Based on the literature findings,
there are possible options for the effective recovery of iron from leaching solutions.

The solution recirculation in the REEs recovery process gives a great opportunity to
decrease the water consumption, which is one of the biggest challenges of hydrometallur-
gical methods. However, it is worth highlighting that the consumption of water as well
as hydrochloric and oxalic acids in the proposed process should be estimated and com-
pared with other processes. A comparison of the current study with previously reported
leaching—precipitation studies requires a thorough life cycle analysis (LCA), which should
be the subject of further studies.
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4. Summary and Conclusions

The process of rare earths’ recovery from NdFeB permanent magnets developed in
this work is fundamentally different from the methods described in the literature. Its
advantage is the elimination of many unit operations, which have greatly simplified the
recycling process. The grinding and oxidation of magnets have been eliminated from
the recycling process. In the developed method, the magnets, after demagnetization and
breaking, are directed to the process of leaching with hydrochloric acid. Leaching can
be carried out at ambient temperature. The leaching residues (undissolved magnets and
nickel) can be recycled to the subsequent leaching process. Rare earths are precipitated in
the form of oxalates from the leaching solution. After precipitation, the solution can be
recycled for the next leaching cycle after the correction of the acid concentration. In the
case of chloride solutions obtained as a result of leaching magnets with hydrochloric acid
solution, it is possible to return the final solution several times for repeated leaching (after
correcting the acid concentration). This allows us to reduce the losses of rare earths caused
by incomplete precipitation, which consequently reduces the volume of waste solutions.
Rare earth oxalates, after washing with water, undergo thermal decomposition to oxides.
The tests carried out on a large laboratory scale (kilogram) confirmed the results obtained
on a laboratory scale. The developed method can be used on an industrial scale. The use of
recirculated solutions allows for achieving efficiencies close to 100% for both the leaching
process and the precipitation of lanthanide oxalate.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/min13070862/s1, Table S1: Concentration of Dy, Nd, Pr, Tb and
Fe in solutions after leaching of magnets with HCI solution and in solutions after precipitation
of rare earth oxalates; Table S2: Concentration of Dy, Nd, Pr and Tb in solutions after leaching
and after precipitation of lanthanide oxalates in a larger laboratory scale. Three samples from
each solution were analyzed using the ICP-OES technique. The numbers in the table represent
the average concentrations; Table S3: Concentration of B, Co, Fe and Ni in solutions after leaching
and after precipitation of lanthanide oxalates in a larger laboratory scale. Three samples from each
solution were analyzed using the ICP-OES technique. The numbers in the table represent the average
concentrations.
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