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Abstract: Rare earth elements (REEs) are key materials for the development of renewable energy
devices such as high-power magnets for wind turbines, electric vehicles, or fuel cells for hydrogen
generation, aiming to fulfill the objectives of the European Green Deal for a carbon-neutral economy.
The increased demand for REEs and their criticality strongly require the improvement of their
extraction technologies from primary resources and the enhancement of their circularity reuse rate
from secondary resources. The aim of this paper is to focus attention on the possibilities offered by
emerging methods such as microwave (MW) treatment and mechanochemistry in waste electric and
electronic equipment (WEEE) processing and the reuse of end-of-life (EoL) magnets, directed toward
the tailoring of rational REE material flows. The discussed investigation examples explore some key
features of conventional and new methods for efficient, environmentally friendly, and scalable REE
extraction and reuse, with the final goal of producing recycled NdFeB powders, with potential use in
the redesign and fabrication of new REE-based magnets.

Keywords: rare earth elements; EoL NdFeB magnets; microwave processing; mechanochemistry

1. Introduction or How Big Is the REEs Challenge

Rare earth elements (REEs), both heavy REEs (HREEs) and light REEs (LREEs), are vital
materials for Europe’s economy with a growing application in traditional and emerging
sectors such as the green transition, aerospace and defense, as well as large variety of
equipment and high-technology devices used in our everyday life. The current very high
supply risk for REEs combines with the growing demand for REEs, driven by the Green
Deal Industrial Plan [1]. Thus, rare earths are considered by the authorities across the globe
to be among the most resource-critical raw materials due to their high importance and
hindered access [2—4]. In the fourth Critical Raw Materials (CRMs) list of the European
Commission, their criticality was classified far above the threshold values [2]. In parallel,
REEs are also included in the list of strategic raw materials according to the Critical
Raw Materials Act [3]. Evaluation criteria for the criticality of REEs include taking into
account their economic importance, availability, recyclability, substitutability, changing
technological dynamics, and future requirements. Nowadays, most of the green energy
technologies are REE-dependent and, in particular, the neodymium iron boron (NdFeB)
permanent magnets are largely used in motors or generators to produce strong magnetic
fields. Recently, the Joint Research Centre of the European Commission published a study
that translates the climate neutrality scenarios for 2030 and 2050 into the estimated demand
for some raw materials. Figure 1 represents a systematic analysis of raw material flows and
their criticality for some key technologies used in three strategic sectors: renewable energy,
e-mobility, and defense and aerospace. The data analysis clearly underlines the importance
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and criticality of both HREEs and LREEs. The further demand for REEs is expected to
additionally increase, as the next generation of green technologies for hydrogen energy
production, such as electrolysers and fuel cells for stationary and transport applications,
also contains REEs [4-6].
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Figure 1. Climate neutrality scenarios for 2030 and 2050 with the estimated demand for raw materials,
according to a study published by the Joint Research Centre of the European Commission. Analysis
of raw material flows and their criticality for some key technologies used in three strategic sectors:
renewable energy, e-mobility, and defense and aerospace. Reprinted with permission from ref. [4].
2020, European Commission.

The high value of the REEs for the preparation of advanced materials [7] is strongly
connected with their unique magnetic, optic, electronic, and conductive properties, which
are highly desirable for a broad range of technological applications [8-10]. The main fields
of REE application currently include the production of new and high-technology materials
such as magnets, catalysts, metal alloys, electronics, NiMH batteries, fluorescent lamps,
glass, and ceramics. According to the published statistics, the biggest share in these high-
tech applications of REEs is their strategic importance for the production of magnets for
electronics and communications equipment [11], leading to enhancements of the implemen-
tation of the principles of the circular economy [12-14]. New methods were also proposed
for recovery of REEs from waste electric and electronic equipment (WEEE) [15-17] and
other types of metallic wastes [18] for renewable energy, robotics, electric vehicles (EVs),
and aerospace and defense applications. Most permanent magnets, and particularly the
most performant types, contain REEs, mainly neodymium, praseodymium, dysprosium,
and terbium, together with other CRMs such as boron, samarium, nickel, or cobalt. NdFeB
is the mass market rare earth permanent magnet material [5,11,14]. Permanent magnet
production is the largest application of REEs, accounting for 21% of the production of REEs
by volume and generating about 37% of the total value of the REE market [5,7]. Thus,
NdFeB permanent magnets have been the focus of the research and innovative efforts for
increasing of their circularity. Presently, the recycling of these EoL products in the EU is
performed predominantly on a small scale or in the framework of research projects [6,9,19].

Rare earth permanent magnets usually contain more than 30 wt.% of the REEs [19-21].
They can be classified into three main types, samarium cobalt (SmCo), samarium iron nitro-
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gen (SmFeN), and neodymium iron boron (NdFeB) [22]. Due to their better performance
and good price, NdFeB permanent magnets have been incorporated into a wide range
of products, such as wind turbines, electric vehicles, magnet resonance imaging devices,
industrial robots, light means of transport, cooling generators, heat pumps, electric mo-
tors, industrial electric pumps, automatic washing machines, tumble dryers, microwaves,
vacuum cleaners, and dishwashers, as well as a huge variety of smart and electronic
devices [23-25].

According to their composition, the NdFeB permanent magnets form the following
main groups: NdFeB magnets manufactured into either resin-bonded alloys (containing
usually 10% epoxy resin or a polymer), or into fully dense sintered magnets with the mag-
netic matrix NdyFe14B [26]. At this time, both types of REE scrap are expected to become
more available with the increasing collection of EoL goods. Thus, the rising opportunity for
recycling a variety of products containing NdFeB magnets allows a systematic approach
to recycling scrap magnets as a potential secondary resource [8]. Different treatment ap-
proaches for recycling REE-containing spent magnets [27] or scrap have been extensively
investigated [28-30].

2. Recycling

Recycling permanent magnets is an effective way to both reduce environmental dam-
age and conserve resources [31]. Currently, recycling practices focus more on the recycling
of sintered NdFeB magnets than on the recycling of resin-bonded ones, as they occupy
the main market and also concentrate more resources [32,33]. Sources of NdFeB sintered
magnet waste are industrial waste and end-of-life waste from decommissioned devices
containing NdFeB sintered magnets [28,32]. For example, during the shaping and finishing
process, up to 30% of the raw materials are wasted as scraps during NdFeB production [24].
Some investigations even reported that 6-73% of the raw materials become swarf generated
during NdFeB magnet manufacturing [19,25]. The lifetime of permanent magnets varies
by application. If, in the case of consumer electronics, this is from 2 to 3 years, for wind
turbines, the lifetime of permanent magnets can reach up to 20-30 years [32,33]. The NdFeB
magnets lose their advanced magnetic properties predominantly due to heat generation
and metal oxidation, thus then being categorized as waste. The REE content in the scrap
generated during manufacturing and in the EoL magnets is usually much higher than the
one in the primary ores; thus, there is a huge potential for the recovery of RE metals. The
REE content in NdFeB-type magnets is from 27 to 32 wt.% [7,9,10]. In order to modify
some of the physical and magnetic properties of the magnetically hard phase to suit wide
application needs, magnets contain various RE metals such as Pr, Dy, Gd, Tb, and other
trace elements together with Nd. The chemical composition of magnets also includes Fe
from 67 to 73 wt.%, B ~ 1 wt.%, and minor additions of transition metals, such as Ni, Co,
Mn, Cu [20,33,34]. A comparison of these numbers with the REE content in the natural ores
manifests the need for recycling. The rare earth elements are relatively abundant in the
earth’s crust, but their concentration in ores is low. The abundances of individual REEs can
vary widely, but the crustal abundance of the most abundant RE element—cerium (Ce)—is
about 43 ppm [5,10,14].

Processing of the waste steams also prevents the deposition of the significant and
increasing quantities of NdFeB magnet waste generated as a result of both the production
and disposal of permanent magnets at the end of their service. Annually, almost 22%
(>26,000 t) of all REEs produced worldwide are utilized in the production of NdFeB
magnets. However, only around 1% of the REEs are recycled from EoL products, with
the rest deposited as waste and being removed from the materials cycle [35,36]. It is hard
to estimate the global annual production of permanent magnets due to their increased
inclusion as part of different products and assemblies. Nevertheless, summarizing different
data sources, a general picture of the estimated market shares from rare earth mining to
rare earth magnets manufacturing in 2019 can be seen in Figure 2. In this year, about
130,000 t of NdFeB magnets were produced worldwide. The figure clearly shows a very
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high production concentration from REEs mining to recycling. China is the leading country
across all rare earth value chain steps, e.g., 94% of REE magnets were produced in the
country. Today, about 16,000 t of magnets are imported from China each year, vs. the
approximately 1000 t production capacity of Europe [7].
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Figure 2. Summary about the estimated market shares from rare earth mining to rare earth magnets
manufacturing in 2019, based on the published data [23]. Adapted from Ref. [23].

According to the published reports, the recycling of waste magnets can be signifi-
cantly more energy efficient and eco-friendly compared to primary ore mining [5,12,20]. A
Comparative Life Cycle Assessment has been performed by Jin et al., evaluating NdFeB
magnets produced from newly mined (“virgin”) material and magnets produced by a
magnet-to-magnet recycling approach [23]. The study evaluates the environmental impact
of NdFeB magnet production using virgin and recycled materials. The performed analysis
identified the biggest emission sources and processes that affect LCA outcomes. The re-
ported findings are in parallel with many other investigations [19,20,36]. Despite the facts
that an exact quantitative measurement of each environmental impact factor cannot be
easily performed, and that LCA analysis is always based on some assumptions, a dramatic
decrease in the environmental impacts for the recycled magnet production compared to the
virgin production road was clearly demonstrated (Figure 3).
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Figure 3. Comparative results on the calculated environmental impacts of the production of virgin
and recycled (magnet-to-magnet) NdFeB magnets, based on the published data [23]. The major
contributing factors in each category are given on the right-hand side. Adapted from Ref. [23].

The recycling approach has significantly less environmental impact than virgin magnet
production in all of the impact categories. In the case of magnet-to-magnet recycling, the
environmental impact of recycled magnet production per category is at least twice less.
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Adding together the resource availability of natural and urban mining, processing costs,
and logistics, there is no single category wherein the use of primary REEs has some benefits
compared to the recycling approach. Numerous investigations have reported that in cases
of good waste separation and appropriate processing, the recycled magnets even offer
stronger magnetic performance and a better microstructure than those produced from
primary resources.

The size, mass, and REE content of permanent magnets vary from application to
application, and also from one generation to another. The recycling routes of permanent
magnets can be traced in Figure 3. These approaches are largely based on the damage of
EoL magnets and their further use. Thus, the resources needed for recycling (such as energy,
technological and economical resources, use of chemicals) and the environmental impact of
the processing method vary on a wide range of levels. It can be seen that there are two routes
in the view, namely: direct reuse/recycling, indirect (or extended) recycling [35,37,38]. The
preprocessing of permanent magnets includes important steps for recycling and varies
depending on their source of origin. For better handling in the disassembly process, the
magnets can be demagnetized by applying a strong external magnetic field of opposite
polarity. In fact, demagnetization also occurs by subjecting the magnet to above-Curie
temperature, but this is an energy-consuming process. An important consideration during
disassembly is to keep the magnet coating intact to avoid oxidation [37]. Direct recycling
refers to minimal damage to the original shape of the magnet, while indirect recycling
refers to several processes such as crushing, grinding, dissolution (hydrometallurgical),
melting (pyrometallurgical), etc., which prolong the reinsertion of the magnet or the values
recovered from them in an application [24]. Figures 4 and 5 present in a comprehensive
way the recycling principles and routes.
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Figure 4. Recycling approaches of permanent magnets.

The reuse of permanent magnets can be approached in different ways: full reuse of
the magnet and reuse of magnet segments in the so-called “Lego” design [35]. Reusing the
complete magnet, specifically the magnet ring or magnet block, is practically the simplest
reuse route, but it can be applied in a few scenarios due to the different shapes of the
magnets [39]. The “Lego” design approach comes in to solve this problem, by dividing
the magnet into small segments of standard sizes [40]. Characteristics of magnets, such as
dimensions, shape, magnetic properties, and chemical compositions often make reuse not
feasible [41]. On the other hand, a major challenge in direct magnet recycling is the ability
to identify defect-free magnets. A recent study [42] demonstrated the use of ultrasonic
testing (UT) for the detection and characterization of internal defects in sintered magnets.
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Figure 5. Recycling routes of permanent magnets based on NdFeB.

Several direct reuse methods of NdFeB permanent magnets are currently being de-
veloped: powder re-sintering, melt spinning (MS), hydrogen decrepitation (HD), and
hydrogenation-disproportionation-desorption-recombination (HDDR) [21,43-45]. Melt
spinning is applied to produce textured polycrystalline powders to obtain magnets with
isotropic bonds [31].

In the last two decades, the attention of researchers has been directed to the use of
hydrogen to obtain a fine powder from magnets. Thus, another direct recycling method
refers to hydrogen decrepitation (HD) followed by re-sintering [46]. The hydrogen de-
crepitation process takes place at temperatures between room temperature and 400 °C,
after which, through the reversible adsorption of hydrogen gas by the NdFeB alloys, fri-
able, demagnetized powders with particle sizes between 6 and 600 um are obtained after
hydrogenation [47,48]. Unlike HD, the HDDR process operates at higher temperatures
(750950 °C), resulting in finer anisotropic powders (the easy magnetic axes of the powder
particles are aligned in one direction) with a grain size of up to about 300 nm [30,49]. In
Table 1, the most recent representative studies for each recycling laboratory-scale technol-
ogy are selectively presented.

The advantages and limitations of each technology are presented in Table 2. Efforts
were made to recover REEs from the waste/spent NdFeB magnets, and the sludge produced
during the shaping of magnets and alloys. Fast oxidation of Nd-containing materials and
Nd loss by evaporation were found to be the major challenges during waste treatment.
The content of REEs in EoL magnets depends on the application domain but also on the
magnet’s producer. For example, Nickel-Metal Hydride (Ni-MH) batteries contain about
10 wt.% LREE (La, Ce, Pr, Nd) depending on the type and capacity, NdFeB magnets contain
22-31 wt.% Nd and 0.07-13% Pr and 0.7-4.2 wt.% Dy, depending on the type and supply
power; SmCo magnets contain 22-40 wt.% Sm; magnets for electric motors contain around
30% REEs (Nd, Tb, Dy); circuit boards contain around 24 wt.% Nd and 1.6 wt.% Dy.
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Table 1. Key approaches for the recycling of permanent magnets and the respective recently obtained results.

Technology Process Description Result Ref.
3 ~ S 0,
. Demagnetization of magnets at temperatures between 300 and 500 °C in an air or The remagnetization ritlos were more than 100%, except for t}.le NdFEB magnet waste
Direct reuse - demagnetized at 500 °C under an air atmosphere. Remagnetization decreased with [50]
argon atmosphere, followed by remagnetization. . . N . . .
increasing demagnetization temperature, the decrease being faster in an air atmosphere.
Direct reuse The electromagnetic performance of segmented magnetic poles has been
. compared with that of a solid magnet. A model of a 3 MW direct drive wind It has been shown that segmented poles can replace a solid pole magnet. [51]
(Lego design) turbine . .
generator was used for the simulations.
1.5 mm wide NdFeB ribbons were prepared from scrap hard disk magnets with a . . .
L - ) . NdFeB isotropic magnetic powder
copper roll spinning machine with a single roll surface speed of 5-25 m/s. The . .
! ; s . ; . recycled had a lower oxygen content than the original waste magnets due to the smelting
I ribbons obtained were crushed and pulverized into powder with a particle size e . . .
Melt spinning . . purification process during which the oxide sludge was removed. [43]
below 150 m. Bonded magnets were prepared from the mixtures of the magnetic . . N . s
. o : . Magnetic properties were degraded due to substitution of iron with nickel.
powders with 2.5 wt.% of epoxy resin by molding under a pressure of 1.0 GPa M i ‘ ble iall ilable bonded +
and cured at 423 K for 10 min. agnetic performance comparable to commercially available bonded magnets.
The process was carried out at 2 bar pressure for 2-4 h and room temperature HD has led to a demagnetized powder that can be reprocessed into new magnets.
HD (initial). Additional sieving and mechanical separation steps were used to reduce Reprocessing includes re-sintering, HDDR, casting, or alloy powder refining. [44]
contaminants to a level where the extracted NdFeB powder can be used directly Re-sintering has been shown to recover >90% of the magnetic properties of the raw
to form new magnetic materials. material with significantly lower energy than that used in primary magnet production.
Waste sintered NdFeB magnets were subjected to the HD process at temperatures The HD recycling technique was successful.
HD in the range of 50-300 °C, at two different pressures, 50 kPa and 200 kPa, The low pressure and temperature favored the preservation of the anisotropic structure. [52]
followed by dehydrogenation in a vacuum in the range of 720-820 °C. High-quality powder was obtained that can be processed into resin-bonded magnets.
Temperature exerted effect on the particle shape, size, and polycrystallinity of It has been observed that the optimum HD temperature range f(o)r further application of
HD NdFe-B powders obtained by hydrogen decrepitation of the ternary allo the HDDR process is between 150 and 300 °C. 431
P y hydrog P y atoy: Increased temperature resulted in a larger particle size and more equiaxed particle shape.
Substrate removal by polishing.
Treatment with H, decrepitation under pressure of 200 kPa and grinding under
Ar followed by sieving. Anisotropic (Ce, Pr, Nd)-FeB powder was prepared from commercial sintered
The powder was subjected to HDDR (T = 840 °C) with H, target pressures N45 magnets.
HDDR (30 kPa, 40 kPa, 50 kPa, 60 kPa, 70 kPa) The optimized HDDR powder showed the grain orientation of the original [53]
for 5 h. The powder was treated for H, disproportionation at 50 kPa for different sintered magnets.
times (3h, 4 h, 5h, 7 h). H, was further evacuated from the furnace to a high The coercivity was 83% of that of the original sintered magnets.
vacuum (1073 kPa) and maintained for 45 min. The powder was cooled under Ar
to RT.
HDDR Recycling of N42-grade sintered magnets at H, pressures between 60 kPa and Isotropic powders with maximum properties (remanent polarization J, = 0.58 T [54]

150 kPa and recombination temperatures of 800 to 920 °C.

and coercivity poHc = 1.15 T) at 860 °C and 135 kPa.
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Table 1. Cont.
Technology Process Description Result Ref.
Recycling of Nd from waste printed circuit boards (PCBs) by disassembly of their
electronic components (ECs); advanced sorting; valorization by the pulverization
of some materials, and then selective hydrometallurgy for the separation of
Hvdrometallur chemical elements. A Nd recovery efficiency of 91.1%, reaching a high purity of Nd;O3 (99.6%). [55]
ydrometaturgy The concentrate (BaO-Nd,O3—TiO;) containing 38.3 wt.% Nd was leached in The recycling route is environmentally and economically viable on an industrial scale.
concentrated HNO3 from these dielectrics with high selectivity under optimized
conditions. Nd was recovered by oxalate precipitation while 60% of HNO3 could
be regenerated.
Recycling of waste NdFeB magnets by betaine hydrochloride ([Hbet]Cl) solution Leaching results of 99.81% Pr, 97.05% Nd, 95.51% Gd, 56.24% Ce, and 0.20% Fe, and
Hydrometallurgy extraction. Leaching temperature of 200 °C, leaching time of 8 h, leaching almost all iron oxide remained in the residue. [56]
[Hbet]Cl concentration of 0.2 mol/L and solid-to-liquid ratio of 1:150 g/mL. High recovery rate, strong selectivity, environmentally friendly and low cost.
Using the inverse solubility of REE sulfates to crush demagnetized NdFeB scrap
Hvdrometallur (from NdFeB magnets in hard drives) into <420 pum size powders; they then Crystals with a purity of 96% were obtained, which showed high selectivity. 157]
ydrometaturgy completely leached the magnetic powder with (NH4)»5,0s. Low environmental impact. i
Recovery of Nd as Nd sulfate crystals at pH = 0.1 and T =75 °C.
Pyro-hydrometallurgy Recycling of NelFeB magr”lzeislltl)?]l(r)1 §CO )f(i)ciztéoii? airin a muifle furnace at Metal oxides have been obtained, such as Dy,03, Pr,03, NdFeO3, Nd,O3, and NdFeOs3. [58]
. Recycling of NdFeB magnets, by oxidizing in air and then melting them by Boron was present as NdBO3 and FeB,. The iron was oxidized in the form of Fe;O3
Pyro-hydrometallurgy reduction in an induction furnace at 1350 °C, 1400 °C, and 1500 °C. and Fe;O4 (59
Electrochemical Investigation of leaching of NdFeB magnets with sulfuric and oxalic acids at The addition of oxalic acid resulted in reduced energy consumption. [60]
ectrochenica different acid concentrations and current densities. Direct recovery of rare earth oxalates was observed in the cathode sediment.
99% of Nd was selectively extracted.
The remaining Fe-B residue was removed by filtration.
Flectrochemical Selective extraction of Nd from waste NdFeB magnets by selective ionization in Liquid cadmium cathode electrolysis of LiCl-KCI-NdCl3 -CdCl, was used to obtain a [61]
CdCl,-LiCl-KCl at 773 K. Cd-Nd ingot, which was fractionated by vacuum distillation to evaporate Cd. ?
The high-purity Nd remained solid, and the separated Cd could be reused in the
electrolysis process.
. . . . . . The highest-leaching efficiencies were obtained with Acidithiobacillus ferrooxidans and
. . Ecological recycling process of end-of-life magnets based on bioleaching, with .. . . S o
Bio-hydrometallurgical different strains of acidophilic microoreanisms selected Leptospirillum ferrooxidans. Leaching efficiencies for rare earth elements of up to 86% for [62]
P & ’ Dy, 91% for Nd, and 100% for Pr were determined.
Combustion method Highly oxidized NdFeB waste was used as raw materials for the The microwave-assisted S;llfc_lcf}iz l;lésgonaﬁl;ﬁgielgd toht:See:ynthesm of both RE oxide
assisted by a microwave-assisted self-combustion method, followed by a reduction and 23 3P : [63]

microwave oven

diffusion process, to synthesize hard magnetic NdFeB composite powders.

The magnetic properties of the products are comparable to those using pure reagents.
Further optimization is required.
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Table 2. The advantages and limitations of each technology used for recycling NdFeB permanent magnets [26,46,64—66].

Technology

Advantages

Limitation

Direct reuse of the magnet

Economic process.
No waste generation.

Suitable for large magnets (large electric motors, wind turbines, and generators in
hybrid and electric vehicles).

HD and re-sintering

Lower processing cost.

Lower energy consumption than hydrometallurgical and pyrometallurgical processes.

Environmentally friendly process.
Suitable for making sintered magnets.

Only suitable for clean and non-oxidized magnets.
Incoherence of magnetic properties.

HDDR

Suitable for resin magnets.
Low cost.
Environmentally friendly
grain refinement and magnetic anisotropy.

Only suitable for clean and non-oxidized scrap.
Not suitable for feeding waste with different magnetic properties.

Return/melt spinning

Waste oxygen content (2000-5000 ppm) reduced to 300-700 ppm in the master alloy.

Yield loss of 20-30%.
Wear of crucibles due to the elimination of oxygen in the slag phase.
High energy requirements.

Hydrometallurgy

For all magnet compositions.
Applies to oxidized magnets and alloys.
The same processing steps as those for the extraction of rare earths from primary ores.

Generating large volumes of aqueous waste streams.
High energy intake if the consumption of large amounts of water is avoided by
processing at high temperatures.
Many process steps before getting new magnets.
Consumption of large amounts of chemicals.

Pyro-hydrometallurgy

For all types of magnet compositions.
No wastewater generation.
Fewer processing steps than in hydrometallurgy.
Direct melting allows the main alloys to be obtained.
Liquid metal extraction allows obtaining REEs in the metallic state.

Higher energy intake.
Direct melting and liquid metal extraction cannot be applied to oxidized magnets.
Corrosive gases.
Large amounts of solid waste.

Combustion method assisted by the
microwave oven

Simple and energy-saving.
High metal purity.

Depends on the dielectric character of the treated material.

Electrometallurgical

High metal purity.
Minimum environmental impacts.
Less requirement of chemicals.

Low current densities or efficiencies of metal electrodeposition and poor selectivity in
the case of complex leaching solutions; formation of oxide protective layer; metallic
deposits can be redissolved because of the strong oxidizing nature of some toxic
products generated at the anode, which can be avoided by development of either less
hazardous and regenerable electrolyte systems or new strategies for preventing the
evolution of toxic products.

Bio-hydrometallurgical

A green alternative to conventional metallurgical processes.
Lower operational temperature and energy requirement.

Slow kinetics, difficulty in maintaining the quality and purity of microbial culture, and
low waste load due to microbial sensitivity to toxic constituents of e-wastes.

Mechanochemical

A greener alternative to conventional metallurgical processes when used as a single
recycling approach or in combination with other methods.

Lower chemicals and energy consumption, lower toxic emissions and waste formation.

Scalable method with simple technology.

Possible material contamination; need of process standardization due to multiple
reaction pathways.
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The recycling of REEs from permanent magnets demonstrates significantly less envi-
ronmental impact in comparison to the use of primary REE-containing materials, but it also
has a huge potential for additional improvement. Nowadays, REE recycling has to reach
both high recovery rates and high economic and environmental standards by following
green principal rules such as low energy consumption, reduced or zero use of chemicals,
reduction in waste emissions (solid, liquid, and gas products) and formation of less toxic
emissions, and implementation of industrial symbiosis. Recently, pyrometallurgical and
hydrometallurgical approaches for the recovery of REEs from primary and secondary ores
have been largely exploited on an industrial scale, but they are energy and time consuming,
costly, and have a large environmental footprint (Table 2).

As for an example, in the case of hydrometallurgical processes, leaching followed by
solvent extraction is used for separation of Nd. Leaching of the main components of NdFeB
magnets requires the use of highly concentrated mineral acids like HCl, HNO3, and HySO4
according to the reactions:

Nd (s) + H" X (a) — Nd*"(a) + Hy + X~
Fe(s)+H"X (a) — Fe** (a) + Hy + X~

B(s) 4+ H"X (a) — Fe**(a) + Hy + X~

where (s) represent a solid phase and (a) designates aqueous species. Recovery of Nd from
acidic solutions obtained is usually performed with organic acids:

Nd*"m(HR), = NdR3(HR),,, 5+ 3H"

where HR represents the associated acidic extractant molecules.

Thus, new approaches have to be developed together with investigations on the
improvement of conventional industrial methods [11,12,14]. Some of these approaches
are based on the material activation before or during REE extraction (e.g., by MW and
mechanochemical methods), while other ones utilize extracting compounds (e.g., surfac-
tants). These emerging technologies include an application of supercritical fluid [13], molten
salt [15], electrochemistry [16], MWs, and mechanochemistry [17,18]. All these methods
have a significant potential to be an alternative to the present industrial technologies,
moving us toward the achievement of efficient, less-energy-consuming, eco-friendly, and
scalable extraction of valuable metals. These recycling technologies utilize heat, electricity,
light, MWs, and mechanical forces, thus achieving unexpected experimental results and
significant improvements in target metal extraction and selectivity.

3. Microwave Treatment of WEEE

Melting metals and alloys in conventional furnaces such as blast furnaces, reverbera-
tory furnaces, cupola furnaces, electric arc furnaces, induction furnaces, crucible furnaces,
etc. have some inherent disadvantages: consumption of a significant amount of energy,
duration of the heating/melting process, the possibility of metal melt contamination with
fuel combustion products, emission of high levels of pollutants, etc. In order to over-
come the disadvantages of conventional melting, one or more of the advanced melting
technologies such as dielectric melting, infrared melting, electron beam melting, plasma
melting, microwave melting, etc. have been developed during recent decades, in particu-
lar for specific requirements and applications (special alloys, high purity /quality, small
batches, etc.) [67,68]. The discovery of microwave heating is a significant discovery in
the history of material processing research. Microwaves are electromagnetic radiations
having a wave-length between 1 mm and 1 m and are used in modern technologies such
as communications, medical treatments, remote sensing, and materials processing [69].
The electromagnetic nature of microwaves results in the interaction of inherently present
electric and magnetic fields with electrons, ions, and molecules at micro-levels. Microwave



Metals 2024, 14, 658

11 of 25

heating is explained by the dipolar permanent polarization of the molecules due to chemical
bonding, and they are realigned in the presence of a high-frequency electric field.
The dielectric properties of materials have a strong effect on heating, according to
equation [70]:
er=¢ —je’ 1)

where the real term, ¢/, quantifies the ability to store energy, while the imaginary term and
¢”” is the measure of the ability to convert the stored energy into useful heat.

The ratio ¢ /¢’ represents the loss tangent, tan 0y, which assesses if the material is
suitable for microwave-based heating. Microwaves obey the laws of optics, so they can be
transmitted, absorbed, and reflected during the interaction with materials, as presented
in Table 3.

Table 3. Interactions of MWs with materials.

Material Type Penetration Level

@ Transl?arent (low loss Total
insulator)
M\Mﬁ Opaque (conductor) None (reflected)
\/\@ Absorber (lossy insulator) Partial to total

7 Absorber (mixed) Partial to total

m: (a) Matrix = low loss insulator

(b) fiber /particles/additives = (absorbing materials)

The penetration levels may be estimated from the calculated penetration depth:

11 (2 N 2\
Dp_Z“_47Tf(ﬂlﬂo€oK'> K(lthan 5) 1” @)

where « is the attenuation factor, f is the microwave frequency, yio and p’ represent the
magnetic permeability of free space (471 X 10~7 B/ m) and material, respectively, g is the
permittivity of the free space (8.854 x 107'2 F/m), K’ is the relative dielectric constant of
the material (¢//¢p), and § is the dielectric loss.

At frequencies near the microwave regime, the penetration depths are smaller than
the size of the processing material and, hence, the microwave heating of the material
may result.

When microwaves are absorbed in a material, the electron fluctuation is finally trans-
ferred to the lattice ions, and they will create vibrations in the atomic lattice, resulting in
heating energy. The heating rate varies with the electromagnetic properties of the material
(permittivity and permeability), the thermal conductivity, the heat capacity, the bulk density,
the power level, the particle size, the sample mass or sample size, the geometry of both the
sample and the microwave cavity (furnace), the presence of microwave susceptor materials,
and the occurrence of chemical reactions or phase changes.

The internationally standardized frequency bands, which are used for industrial and
domestic applications, are 2450 MHz and 915 MHz, respectively [71]. Microwave heating
receives considerable attention due to its major advantages such as high heating rates,
reduced processing time, low power consumption, and fewer environmental hazards.
During microwave heating, a large amount of heat may be generated for a lossy material
throughout the volume, whereas for conventional heating, the material is heated via an
external heat source and subsequent heat transfer (through conduction, convection, or
radiation processes, Figure 6) [72,73].
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Figure 6. Heating pattern in conventional vs. microwave mode.

Microwaves find an important application in various non-conventional heating meth-
ods: drying of foodstuffs [74], obtaining of activated carbons [75], processing of high-
melting-temperature glasses at high heating rates [76], curing of polymers [77], treatment of
wastes [78], ceramic processing [79], joining of ceramic materials [80]. In the metallurgical
field, the microwave heating technique has been used in various processes such as powder
sintering [81], joining [82], cladding [83], and casting [84,85].

Regarding the use of microwave energy in WEEE recycling, most studies and research
have focused on the thermal pyrolysis of the non-metallic materials (plastic, glass, and
ceramics) present in various types of WEEE, with or without the addition of MW susceptor
materials (direct or indirect MW heating).

The non-metallic components of WEEE have better microwave absorption perfor-
mance, so they can be decomposed (and subsequently, gaseous products removed) by
heating selectively in the microwave field [86]. After the non-metallic components are
removed, the remaining valuable metals are enriched and can be recovered by simple
methods (such as, for non-ferrous metals, by hydrometallurgical or pyrometallurgical
traditional routes). In addition, compared with the traditional pyrolysis, the formation of
dioxins, furans, and other toxic substances can be further reduced in microwave pyrolysis
(or separately in a microwave-heated thermal filter), due to its higher reaction speed [87].
The effect of the non-metallic/metallic ratio, milled WEEE particle size, MW heating rate,
MW power, presence and composition of MW absorbent materials, etc. on the degree of
decomposition of non-metallic components was studied [88].

Table 4 presents a comparison between the energy consumption of classical melting
equipment and the non-conventional melting of non-ferrous metals, including MW methods.

Table 4. Comparison of energy consumption of some melting technologies.

Melting Technology/Equipment Specific Energy Consumption Ref.

Conventional
Reverberatory furnace, industrial 0.6-0.7 kWh/kg for Al and Cu [89,90]

0.018 kWh/kg for Pb
0.077 kWh/kg for Zn
0.307 kWh/kgfor Mg
Coreless induction furnace, industrial ~ 0.295 kWh/kg forAl [91]
0.186 kWh/kg for Cu
0.308 kWh/kg for Ni
0.413 kWh/kg for Ti

0.5 kWh/kg Al [92]
0.4 kWh/kg Cu [93]

Induction furnace, industrial
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Table 4. Cont.

Melting Technology/Equipment Specific Energy Consumption Ref.
Non-conventional
6-15 kWh/kg Nb, Ta, Mo, W [93]
16.656-49.075 kWh/kg Ti6Al4V [94]
Electron beam melting, industrial -
155.722 kWh/kg Ti6Al4V powders [95]
15.444 kWh/kg Ni-based super alloy [96]
Plasma melting, industrial 0.43651528 kWh/kg Al [92]
0.0485 kWh/kg for 60Sn40Pb [97]

Microwave melting, pilot 900W at 2.45 GHz, 5 min, for 60Snd0Pb pellets  [95]

The magnetic properties of the REE-based permanent magnets (NdFeB and Sm-Co
magnets) are closely related to the structure, phases present, processing route, etc. A method
of improving magnetic properties is the obtaining of nanostructured magnets; therefore,
developing nanostructured magnets requires the study of novel synthesis techniques.

Conventional preparation techniques (powder metallurgy route) have limitations
of inhomogeneity, contamination, poor control of microstructure, and high cost due to
the use of elemental rare earth metals. On the other hand, bottom-up chemical methods
offer better control of structure at the nanoscale. The use of metal salts as precursors
significantly reduces the cost. Hence, a cost-effective, bottom-up, microwave synthesis
method is promising to produce homogenous particles by uniform microwave heating.

The novel synthesis of Nd,Fe4B nanoparticles by a microwave-assisted combustion
process is presented in [99]. The process consisted of NdFeB mixed oxide preparation by
microwave-assisted combustion, followed by the reduction of the mixed oxide by CaH,. A
range of magnetic properties was obtained by varying the microwave power, reduction
temperature, and Nd-to-Fe ratio.

In [100], nanostructured NdFeB particles were prepared by microwave combustion
and reduction diffusion, resulting in a transformation from metal salts (nitrates) to mixed
metal oxides consisting of CoFe;O4, NdFeO3, Nd3FeOy, and Fe;O3. Further, Nd,(Fe,Co)14B
nanosized powder was obtained by the microwave reduction diffusion process, in which the
mixed metal oxide was reduced by CaH,. The effects of processing parameters on properties
and structure were studied. It was found that the structure and magnetic properties can be
controlled by the microwave power. A promising and energy-saving approach to recycle
NdFeB magnet wastes, i.e., the autocombustion method assisted by microwaves followed
by a reduction and diffusion process, is proposed to synthesize hard magnetic NdFeB
composite powders [63]. The RE elements and Fe oxides were firstly obtained from the
oxidized and contaminated magnet wastes by the autocombustion method assisted with
microwave heating. After a simple reduction process with CaH;, nanostructured NdFeB
powders were directly produced, which can be turned into new magnets with properties
comparable to those obtained by other methods using pure reagents (metals).

Another method of using microwaves to recycle REE magnets consists in microwave
irradiation of demagnetized and crushed HDD magnets for a predetermined time [101].
It was found that, within 1.2 min of microwave exposure, a temperature of ~ 600 °C was
attained, which produced significant oxidation of the material. After the oxidation, the
recovery of metal was carried out by the leaching and precipitation route.

A one-stage microwave oven digestion procedure to recover waste Sm-Co magnet
samples was carried out in a mixture of HCl/HNO3 /HF/H;SO4 [102]. Experimental pa-
rameters related to the microwave decomposition processes (acid concentration, time, and
temperature) were optimized for achieving the quantitative recovery of elements (>95%).

To evaluate the elemental composition of ground Nd-based magnets and recycling
possibilities, four dissolution techniques were investigated [103]: (1) closed-vessel acid
digestion, (2) microwave assistance, (3) focused infrared digestion, and (4) alkaline fusion.



Metals 2024, 14, 658

14 of 25

Figure 7 presents the schematic design of a MW furnace used for the study of MW
treatment of WEEE.

10 11 12 13 14 15
. |
o
. e —

bW A

Figure 7. The experimental microwave melting furnace. Legend: 1. furnace body (steel); 2. thermal
insulation material; 3. microwave-susceptible material (SiC); 4. graphite/SiC crucible; 5. charge;
6. magnetron; 7. furnace cover (steel); 8. thermocouple (Pt/Pt-Rh type); 9. outlet gas tube (steel);
10. gas nozzle; 11. The resultant gas treatment heat exchanger; 12. microwave-susceptible material
(SiC granules); 13. Magnetron; 14. Gas nozzle; 15. Venturi tube.

4. Mechanochemistry

Mechanochemistry provides additional possibilities for the design of advanced re-
actions and processes for the recycling and reuse of waste NdFeB magnets in line with
the circular economy rules for a sustainable future [17,18,104,105]. The method utilizes
mechanical energy to induce physical and chemical transformations to design complex and
nanostructured materials, boosts dispersion and transformation of multiphase compounds,
and significantly increases reaction rates and efficiency by the creation of fresh highly
reactive surfaces.

Mechanochemistry affords versatile chemical processes that do not require the use
of bulk solvents, thus significantly reducing the generation of waste and pollution while
simultaneously cutting down on economic costs. Mechanochemical treatment typically
increases yields in comparison to the analogous reactions in solution, considerably reduces
reaction duration, and provides better stoichiometry control and enhanced product selectiv-
ity [106-109]. Mechanochemical reactions can lead to products not obtainable by other syn-
thetic methods, in terms of structures, stoichiometries, or unique compositions [104-107].
The use of this method opens new avenues in preparative chemistry, including both or-
ganic and inorganic synthesis. Numerous authors have investigated the compliance of the
method with the established Principles of Green Chemistry and Engineering, revealing the
benign-by-design nature of mechanochemistry [105,110,111]. Thus, the method is capable
of providing advanced materials with unique characteristics and properties, while being
environmentally friendly and respecting all the twelve green chemistry principles. The
benefits of mechanochemistry justify the method with the so-called Chemistry 4.0 and the
current global goals for sustainable economic and industrial development.

In particular, mechanochemistry has been successfully applied for the recycling of
NdFeB magnets in both directions: the direct reuse of materials or the indirect reuse for
the chemical recovery of the rare earth elements (Figure 8). The first one is the utiliza-
tion of mechanochemistry for the direct reuse of spent materials, and the production of
new magnets with similar or advanced properties. The second direction concerns the en-
hancement of REE extraction toward a greener and more efficient recovery method. Thus,
mechanochemical activation can be applied both as a separate or simultaneous milling and
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leaching technique. Separate mechanical treatment (activation) of REE-containing wastes
was reported to improve the leaching process with an additional treatment under milder
conditions, dramatically decreasing treatment temperature and time, as well as the need for
the use of aggressive, toxic, and corrosive chemicals [107,111,112]. Even though the term
mechanochemistry or mechanochemical activation is not exactly mentioned, a large number
of investigations have been focused on the impact of mechanical pretreatment on NdFeB
magnet recycling, such as shredding, cutting, crushing, grinding, and milling [111-113].

N

production of
new magnets
‘ A\ B % indirect reuse
\ / for chemical recovery of
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mechanochemical
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chemical reactions, phase
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controlled by change in
treatment parameters

iar and ball
material
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Figure 8. Mechanochemistry recycling route for recovery of NdFeB magnets.

On the other side, the benefits of mechanochemical methods for metal recovery were
intentionally investigated, based on the collected knowledge about the material activation
possibilities. It was reported that mechanochemical processing of NdFeB scrap by simulta-
neous milling of waste together with a leaching agent, metal-chelating agent, water, or other
additives, leads to the activation of material in the presence of the used additive (which
is also activated by mechanical treatment). Thus, the mechanical activation dramatically
changes the reactivity and reaction mechanism of the leaching reactions due to the achieved
structural evolution, bond breakage, particle size reduction, increase in specific surface
area, or energy accumulation. The selection of the appropriate treatment conditions could
significantly enhance metal extraction efficiency, preventing harmful and toxic emissions,
saving resources (e.g., time, chemicals, energy, water, other consumables), and shortening
the number of operation steps in one-pot or even one-step processing. The later one is very
beneficial from a technological and economic standpoint [113-116].

Recent studies have shown that both REE recycling from waste magnets and metal
separation can be improved by employing combinations of leaching and mechanochem-
istry [117-119].

Thus, chemical reactions can be initiated by the simultaneous grinding of materials
with appropriate reactants that enable selective extraction of the valuable metals. A new
combined mechano-hydrometallurgical method for the recovery of rare earth elements
and Co from permanent NdFeB magnets was introduced by Loy and co-authors [119].
The recovery is based on a mechanochemically assisted ferric sulfate leaching approach.
The recovery process includes (1) mechanochemical activation of powder materials, the
NdFeB waste and ferric sulfate, toward the mechanochemical conversion of the metals
to their respective water-soluble sulfates; (2) recovery of REEs and Co by leaching the
activated powder in water and removal of the solid residue by filtration; (3) precipitation
of the REEs by oxalic acid, removing the mixed rare earth oxalates by filtration; and
(4) calcinations of the rare earth oxalates for the preparation of the respective RE oxides.
Thus, the suggested procedure offers a green, novel, and prospective method for metal
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recovery from NdFeB magnets that consumes only small amounts of energy and cheap
ingredients such as ferric sulfate, oxalic acid, and water. A low-intensity mortar grinding
(performed by a Pulverisette 2, Fritsch, Germany) resulted in a high leaching yield (>95%)
of rare earth elements, a full recovery of cobalt, and improved iron selectivity. The complete
leaching process was carried out at room temperature without using mineral acids or
pyrometallurgical pretreatments, thus avoiding the production of toxic gas emissions
or pollutants.

Mao et al. demonstrated that ball milling activation coupled with selective leaching by
hydrochloric acid is a feasible and green approach for the efficient recovery of REEs [120].
The authors proposed a simultaneous ball milling and extraction process for the recovery of
REEs from discarded NdFeB magnets, which involved mechanical activation and selective
acid leaching. The impact of the processing parameters on the REE leaching kinetics was
studied, such as the ball milling speed, hydrochloric acid concentration, and solid /liquid
ratio. The optimum conditions were found (650 rpm activation speed, 0.4 M hydrochloric
acid, 100 g/L solid/liquid ratio), where the leaching speed of REEs was triple that of the
one without activation. Thus, the leaching efficiency of REEs increased up to 99% with low
hydrochloric acid consumption. The final separation rate of recovered rare earth oxides
reached up to 99.9%.

A grinding and roasting pretreatment was obtained to increase the selective leaching of
Nd and Dy from NdFeB scraps in the study of Yoon [113]. The magnet scraps were initially
ball milled with NaOH and water, and then roasted under ambient conditions. Optimal
conditions for the recycling of waste NdFeB magnets were obtained by the variation of
milling parameters (water quantity from 0 to 5 cmS, milling time from 30 to 240 min, and the
stoichiometric ratio of NaOH to Nd), as well as roasting and leaching conditions (roasting
temperature and duration, leaching time and acetic acid concentration, leaching agitation
speed, pulp density, and leaching time). Subsequently, high leaching and selectivity
rates were registered: 94.2%, 93.1%, 1.0% of Nd, Dy, Fe, respectively. The best treatment
conditions found were 30 min grinding time and 550 rpm rotational speed of the planetary
ball mill, 5 cm3 volume of added water, a stoichiometric molar ratio of NaOH to Nd of
15; roasting at 400 °C for 2 h, leaching at 90 °C, 1 kmol-m~3 in acetic acid concentration,
400 rpm in leaching agitation speed, 1% in leaching pulp density, and a leaching time of
180 min.

A direct mechanochemical preparation of reusable NdFeB magnet powders was
suggested by the vacuum impact milling of hard disk scrap, as an alternative to using
complex and expensive processes to recover Nd, Pr, and Dy through the use of hydrogen
and/or aggressive chemical agents [121].

The good quality of the obtained NdFeB recycled powders was confirmed by analyzing
their magnetic properties and chemical composition, as well as the oxygen content. The
proposed new method is a scalable and environmentally friendly alternative for the reuse
of powders from NdFeB magnets, not requiring the use of hydrogen, chemicals, or a high
temperature. The properties of the obtained magnets were compared to those of materials
produced by a traditional impact mill operating in a glove box in an Ar atmosphere.

Efficient recycling of NdFeB sintered magnets, obtained from the voice coil motors
of hard disk drives, was presented by Zakotnik et al. [122], employing roller ball milling
after hydrogen decrepitation of the scrap during which the components of the magnet were
hydridized. For the production of sintered magnets, the decrepitated powder was ball
milled for 0.5 h, 1 h, or 20 h in cyclohexane. The maximum energy of the recycled magnet
was registered as being 15% lower than the original magnet value. The density of the
magnet powder was improved in order to enhance its performance, by varying the milling
duration and sintering time (at 1080 °C). The better magnet performance was obtained as
result of 20 h of mechanical treatment before sintering.

An innovative method for the production of isotropic and anisotropic magnets without
the addition of new material was published by M. Xia et al. [123]. The suggested approach
combines hydrogen decrepitation of anisotropic sintered NdFeB magnets and a press-less
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process of powder sintering in graphite crucibles (Figure 9). The new recycled magnets
were produced directly from hydride powder. The addition of a ball milling step leads to
further disintegration of the hydride powder and the preparation of magnets with a higher
density. The registered coercivity of the ball milled powder was H; = 957 kA/m, which is
significantly higher than the value of the hydride powder in the first case, H; = 534 kA /m.
Thus, the coercivity of the original N48M magnet was reached at 86% (ball milled powder)
and 48% (without ball milling).

H; + Ball Mill

Passivated N48M
Magnet (R;FeyB)
End of Life Produets

(¥}

H; Decrepitated NdFeB Powder

Sintering in Graphite Crucibles

"y

Figure 9. Schematic view of the Hydrogen Decrepitation Press-Less Process (HD-PLP) recycling of
anisotropic sintered NdFeB magnets. Reprinted with permission from ref. [123]. 2017, ScienceDirect.

NdFeB magnets from electronic waste products were successfully recycled by ball
milling in the study of Noodam et al. [124].

New composite materials were prepared by coating colloids prepared using the as-
obtained NdFeB powders on rubberwood. Their magnetic properties were registered by
vibrating sample magnetometry, magnetic moment measurements, and attraction tests with
an iron-core solenoid. The milling parameters had a significant impact on the magnetic
squareness and coercive field values. The increase in the coercive field of the magnetic
wood composites was obtained with the increasing of the milling duration (130-300 min).
By varying the milling time and the concentrations in the coating lacquer (0.43-1.00 g/cm?),
the magnetic squareness and the coercive field of the NdFeB magnetic wood composites
were optimized. It was registered that the magnetic moment and magnetization can be
increased by increasing the NdFeB/lacquer ratio used for coating. An exponential decrease
in the electrical current required to attract the magnetic wood composites with the increase
in NdFeB concentration was also registered.

Another example of reuse of NdFeB sintered magnets was published by Li and co-
authors [125].
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Nanocomposite powders of x-Fe/Fe;B/Nd,O3 were prepared by oxidation at 300 °C
for 2 h of the sludge powders. These materials are good candidates to be electromag-
netic (EM) absorbents in the 4.5-8.5 GHz range. It was shown that ball milling of the
o-Fe/Fe;B/NdpO3 powder with 4.8 mass% of amorphous carbon (a-C) resulted in im-
proved EM absorption behavior. The samples showed excellent electromagnetic wave
absorption properties in the GHz range. The amorphous carbon has low electrical conduc-
tivity and serves as an isolator to decrease the permeability caused by the eddy current
induced in Fe fine particles. Optimization of ball milling time increases the uniformity
of dispersion of o-Fe and Fe,B particles in the a-C powders. As a result of the increased
electrical resistivity of the nanocomposite powders, the EM absorption properties of the
prepared nanocomposites improved.

Production of bonded magnets is widespread, because of the lower costs without
extensive loss of material or magnetic properties [126]. NdFeB magnets are manufactured
as resin-bonded alloys that contain 10% epoxy resin or polymer. The manufacturing of
complex-shaped magnets is facilitated by embedding the NdFeB magnet material in a
polymer matrix, but the overall magnetic strength per volume is lower than that of a
sintered magnet. The amount of polymeric material is usually in the range of 2.5-12 wt.%.
Presently, the mainly used polymeric binders are the polyamides nylon 6 (PA), nylon
11 (PA11), and nylon 12 (PA12), and poly-p-phenylene sulfide (PPS) and epoxy resins. Thus,
up to 70 vol% of the produced magnet can be polymer, and only 30 vol% can be magnet
powder. Therefore, the recycling approach of bonded magnets has to be different from that
of sintered magnets [126].

A method for direct recycling and reuse of additive-manufactured bonded magnets
was suggested by Gandha et al. [127], where the cryomilling of the scrap powder was
applied. They used a cryogenic grinder with a liquid nitrogen tub and insulated chilled
samples in liquid nitrogen, and then pulverized them with a magnetically driven impactor.
No degradation of the magnet material was registered under the treatment conditions,
milling at liquid nitrogen temperatures (—196 °C) for 30 min, using a 6870D Freezer/Mill-
SPEX. The cryomilled powder was compression-molded in a cylindrical die at a uniaxial
pressure of 10 MPa and 200 °C. The experimental procedure for the recycling of additively
printed solder magnets is shown in Figure 10. The comparison of magnetic, thermal, and
mechanical properties of the as-prepared material with the original AM magnet indicates
that this process is suitable for remaking bonded magnets. Recycled magnets have an
improved density and remanence, compared to the starting bonded magnets. The use of
simple physical cryomilling, the elimination of harsh chemical use or the need to work
in an inert atmosphere, as well as the preservation of the original magnetic properties,
make the proposed process eco-friendly and a sustainable method for the reuse of bonded
magnet materials for permanent magnet production (Figure 11).

The waste processing described in the presented examples is currently on a laboratory
scale, but there are big expectations that they will be applied in the field of industries that
emit the respective waste materials. Mechanochemistry offers a significant potential to
replace classical extractive metallurgy due to numerous advantages such as high efficiency
(higher leaching yields and selectivity), a significantly lower environmental footprint
(solvent-free processing, dramatic reduction in chemical consumption, very low toxic
emissions and waste), and a decrease in the number of technological stages, with the
possibility for one-pot and one-step waste processing [104,111,112]. Mechanochemical
treatment of the magnets together with the appropriate additives leads to a sufficient
release of the REEs, reducing the dissolution time and increasing leaching efficiency and
selectivity. The high potential for the reuse of magnet scrap was also presented.
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Figure 10. Experimental procedure for recycling additively printed bonded magnets. Reprinted with
permission from ref. [127]. 2019, ScienceDirect.
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Figure 11. (a) Starting AM bonded magnets (65 vol% NdFeB in nylon), (b) cryomilled powder, and
(c) recycled bonded magnets. Reprinted with permission from ref. [127]. 2019, ScienceDirect.

5. Conclusions and Perspectives

The recycling routes of permanent magnets based on NdFeB may be classified as
direct reuse/recycling, and indirect (or extended) recycling. Direct recycling refers to
minimal damage to the original shape of the magnet, while indirect recycling refers to
several processes such as crushing, grinding, dissolution (hydrometallurgical), melting
(pyrometallurgical), etc. that prolong the reinsertion of the magnet or the values recovered
from it in an application. The preprocessing of permanent magnets includes important
steps for recycling and varies depending on their source of origin. An important con-
sideration during disassembly is to keep the magnet coating intact to avoid oxidation.
Several direct reuse methods of NdFeB permanent magnets are currently encountered:
powder re-sintering, melt spinning (MS), hydrogen decrepitation (HD), and hydrogenation—
disproportionation—desorption-recombination (HDDR). Melt spinning is applied to pro-
duce textured polycrystalline powders to obtain magnets with isotropic bonds.

Numerous papers review the reuse of RE permanent magnets and the recovery of
REEs, which are definitely considered sustainable and greener approaches in comparison
to the use of primary REE-containing ores. The present investigation is focused on the need
for further improvement of REE recycling technologies toward increasing both recovery
efficiency and meeting economic and environmental standards according to the green
principles rules: less energy and chemical consumption, zero or reduced solid, liquid, and
gas waste emissions, a significant decrease in the toxicity of emissions, and optimization of
processing steps. The goal of the paper is also to discuss in detail the high recycling potential
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of two emergent methods, namely microwave processing and mechanochemistry. Both of
them were poorly described before in regard to the recycling of RE permanent magnets.

Microwave processing is an innovative way to treat WEEE. This is due to its ability
to efficiently remove and recover the polymer coatings and to use concentrated energy
more effectively in order to obtain an Nd-rich metal that may be used as a raw material for
permanent magnets synthesis. Moreover, this process is suitable for recycling oxidized EoL
magnets due to the better microwave absorption of the non-metallic components.

Mechanochemistry offers a significant potential to replace classical extractive met-
allurgy due to its numerous advantages such as higher leaching yields and selectivity, a
significantly lower environmental footprint (solvent-free processing, dramatic reduction in
chemical consumption, very low toxic emissions and wastes), and a decrease in the number
of technological stages.

Works are in progress toward combining the microwave processing of REE-containing
magnets and mechanochemistry with the aim of obtaining NdFeB powders with prop-
erties enabling the redesigning of REE-based magnets and their recycling by additive
manufacturing technology.
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