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Abstract

Recent advances in electrochemical methods promise a more sustainable recycling of rare earth elements (REEs) from
discarded NdFeB permanent magnets. The demand for NdFeB magnets for clean energy applications is rapidly increasing,
motivating recycling efforts to diversify REE supply. The main electrochemical steps include the selective dissolution of
REE-rich phases at the anode and the reduction of REE ions at the cathode. Pretreatment with demagnetization, mechanical
size reduction, and leaching contributes to the release and concentration of REEs. Thermal demagnetization and
mechanical crushing make the magnets brittle and improve the penetration of leaching agents. Acid leaching dissolves the
REESs, but also dissolves the iron. To facilitate the extraction of REEs at high temperatures, molten salt electrolytes such as
chlorides are used, while ionic liquids allow extraction under milder conditions, but with the caveat of possible
decomposition during the process. Aqueous solutions have been most thoroughly investigated due to their versatility and
affordability. Fluoride-based molten salt electrolytes effectively dissolve RREs and provide a stable environment for high-
temperature electrodeposition, improving the efficiency and sustainability of rare earth element recovery. To isolate high-
purity REE oxides and metals, additional processing is required using techniques such as solvent extraction, selective
precipitation, and electroseparation. Key factors for optimal electrochemical recycling are maximizing selectivity for REEs,
minimizing energy consumption and waste generation, and simplifying integration. Although technical challenges remain,
recent advances show that electrochemical technologies can improve the sustainability of recycling critical REEs from
permanent magnets.
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1. Introduction constrained, with China controlling the vast majority

of mining and processing. Concerns over supply

REEs comprise the fifteen lanthanides along with
scandium and yttrium, which display similar chemical
properties. REEs have become indispensable for
many advanced technologies, including renewable
energy, electronics, automotive, and defense
applications [1,2]. This is due to their unique
magnetic, optical, and catalytic properties which
enable superior performance [3]. Permanent NdFeB
magnets are a prime example, relying on REEs such
as neodymium, praseodymium, dysprosium, and
terbium to achieve the strongest magnetic properties
of any commercial magnet material [4].

The global demand for REEs has expanded
rapidly, currently estimated at over 120,000 tons
annually and projected for continued growth [5].
However, REE reserves are geographically
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disruptions, cost fluctuations, and environmental
impacts have motivated efforts to diversify and
expand sustainable REE supplies through recycling of
end-of-life products containing REEs [6]. NdFeB
permanent magnets represent the largest potential
source, with magnet production exceeding 30,000
tons annually [7]. Widely used in consumer
electronics and clean energy technologies with 10-20
year lifespans, recycling of these magnets could
satisfy a significant portion of REE demand [8].

REE recovery from end-of-life NdFeB magnets
presents unique challenges. The REEs are alloyed
with transition metals like iron and cobalt, comprising
20-35 wt% of the magnets [9]. Liberation and
separation steps are first required to isolate the REE
constituents. Hydrometallurgical processes based on
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acid dissolution have been extensively investigated
for extracting and separating the REEs from other
constituents [10]. However, these involve significant
chemical reagents and generate large aqueous waste
streams. Pyrometallurgical approaches based on high
temperature treatment have also been explored, but
have drawbacks in terms of REE losses and
purification [11].

Electrochemical methods are promising for more
sustainable REE recovery from waste NdFeB magnets
[12]. Direct cathodic reduction can be applied for
electrowinning metallic REEs without acid
dissolution. Alternatively, leaching may still be
utilized as a primary separation step, followed by
electrorefining to recover high purity REE metals
from the leach solutions [13,14]. The Kkinetics,
electrolytes, cell configurations, and electrode
materials can be tailored to maximize selectivity and
efficiency in extracting REEs over the co-constituent
transition metals [15].

This review aims to provide a comprehensive
overview of recent advances in electrochemical
technologies for recycling REEs from NdFeB
permanent magnets. First, the fundamental principles
including electrolyte properties, electrode reactions,
cell designs, and process parameters will be outlined.
Second, various pretreatment methods will be
compared as initial steps to liberate and concentrate
the REE constituents from dismantled magnets. Third,
electrochemical extraction and recovery processes
will be assessed, evaluating current efficiency, energy
use, complexity, and recovery purity. Finally,
downstream separation and purification techniques
will be examined to obtain individual rare earth
oxides and metals. Table 1 provides a comprehensive
overview of the different electrochemical processes
investigated for recovering REEs from NdFeB
magnets, highlighting their unique approaches and
outcomes. This information can be used for better
understand the content of each section. The goal is to
critically review current status in the field, analyze the
advantages and limitations of different methods, and
identify the most promising directions for further
development of electrochemical recycling processes
for REEs from end-of-life NdFeB permanent
magnets.

2. Electrochemical Principles for Rare Earth
Recovery

The core steps in electrochemical recycling of
REEs from NdFeB magnets involve reduction and
deposition processes at the cathode as well as
dissolution at the anode [16]. Specifically, the NdFeB
material is dissolved in an electrolyte solution, where
a voltage is applied to reduce and deposit REEs on the
cathode. Concurrently, at the anode, dissolution of

other magnet materials occurs. The kinetics and
mechanisms of these electrode reactions must be
considered in designing an optimal process.

The cathode reaction involves the electrochemical
reduction of dissolved RE** ions to deposit the rare
earth metals:

RE* +3¢” — RE(s) (1)

The cathodic current efficiency depends on many
factors including the RE ion concentration, current
density, temperature, pH, and cathode material. Too
high overpotentials result in hydrogen evolution
instead of RE deposition. Smooth cathode surfaces
and basic pH favor higher current efficiencies [17].
Composite cathodes incorporating REs or
intermetallics have shown promise for preferential
nucleation.

For the anode reaction, oxidative dissolution of the
magnet chunks or leachates occurs:

RE(s)— RE™ 43¢ )

Co-dissolution of other metals like Fe is also
possible depending on conditions. Anode materials
are often chosen to be chemically inert, such as
platinum, graphite, or lead dioxide. The extent of
dissolution depends on electrolyte exposure and
applied potential. Selective recovery of REEs over
other co-constituents is a key aim. The NdFeB
magnets utilized consist of multiple alloys, with the
metals Nd/Nd** (-2.32 V vs. the standard hydrogen
electrode), Fe/Fe** (-0.447 V), and B/H,BO, (-0.89 V)
displaying relatively cathodic electrode potentials. In
an acidic environment, however, O, precipitation
(1.229 V) exhibits a more anodic electrode potential
compared to the other constituent metals [18]. Kinetic
factors also play a role, where particle size, agitation,
temperature, and potential control can help tune
selectivity [19]. Extraction from leachates can provide
some initial separation if dissolution was selective.
Figure 1 illustrates the typical techniques used in the
electrochemistry of NdFeB magnets, detailing the
processes and reactions at both the cathode and anode.

Aqueous electrolytes are most commonly
employed, providing a conductive medium for ion
transport as well as an environment in which metal
ions remain soluble [20]. Molten salt electrolytes such
as chlorides or fluorides are generally used for REE
recovery to form soluble complexes. Ionic liquids
(ILs) are also possible but less studied. The electrolyte
pH is important for controlling speciation as well as
hydrogen evolution side reactions at the cathode [21].
Under basic conditions, the propensity for hydroxide
formation in electrolytic processes is generally
reduced, rather than suppressed entirely. This occurs
because in a basic environment, the increased
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Table 1. Comparative summary of electrochemical processes for REE recovery from NdFeB magnets
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Figure 1. Flow chart of typical techniques for the electrochemistry of NdFeB magnet [30]

concentration of hydroxide ions competes with metal
ion hydroxide formation. This competition can reduce
the likelihood or rate of metal hydroxide precipitation,
which is advantageous in certain electrolytic
processes. However, it is important to note that this
effect is highly dependent on the specific metal ions
involved and the exact conditions of the electrolyte,
including its concentration and temperature.
Therefore, while basic conditions can mitigate
hydroxide formation to an extent, the term “suppress”
might be too strong, and it would be more precise to
say that these conditions can help to control or reduce
hydroxide formation.

Molten salt electrolysis, spanning both thermal
and electrochemical methods, has been widely
applied for the separation and extraction of REEs
[22]. Compared to aqueous solutions, high-
temperature molten salts offer superior media for
electrochemical processing of REEs, owing to their
heightened chemical stability, conductivity, reaction
rates, broad applicable temperature range, and
negligible vapor pressures. Jeon et al. [23]
investigated a molten salt electrolysis method to
selectively extract Nd from NdFeB magnets for
recycling. The electrolysis used molten LiCI-KCI
salts with CdCl, at 773 K. The CdCl, ionized the Nd
into Nd** while leaving the iron and boron intact. With
sufficient CdCl,, over 99% of the Nd was extracted
from the magnets within 2 hours, and the magnets
naturally fragmented and pulverized during the
process. Cyclic voltammetry data correlated well with
the CdCl, concentration, allowing for online
monitoring of the Nd extraction reaction progress.
The extracted Nd could then be electrodeposited using
a liquid Cd cathode, avoiding issues with Nd
comproportionation, and separated through Cd
distillation. This molten salt electrolysis method
enables efficient and selective Nd recovery from

NdFeB magnets. Yang et al. [24] investigated a
molten salt electrolysis method to REEs from waste
NdFeB permanent magnets. The process uses a LiF-
CaF, molten salt electrolyte at 1040 °C. The NdFeB
waste is used as the anode, where the REEs are
selectively oxidized into ions and dissolved into the
electrolyte. Channels form in the anode from the
oxidation, allowing penetration of the molten salts to
continuously transport the REE ions. The REE ions
are then reduced and electrodeposited as pure REE
metals onto a cathode. The process achieved high
separation rates of Nd and Pr from the magnets, up to
99% at optimal current densities. It avoids anode gas
emissions, making it environmentally friendly.
Venkatesan et al. [25] investigated an electrolysis
process to selectively extract REEs from NdFeB
magnet waste at room temperature. The pretreatment
uses a dual anode system with the NdFeB magnet as
the active metal anode and an inert platinum-coated
titanium anode (Figure 2). The electrolyte used is
NH,CL. During the electrolysis, the REEs and iron in
the magnet dissolve and convert to hydroxides while
Fe(IT) generated from iron dissolution gets oxidized to
Fe(Ill) by the inert anode. This results in a mixed
hydroxide precipitate containing REE(OH), and
Fe(OH),. The electrolysis is performed at room
temperature with high efficiency, avoiding the high
temperatures used in roasting pretreatments. The
effects of electrolyte concentration and inert anode
current density were studied. Increasing NH,Cl
concentration from 1 M to 4 M improved anodic
dissolution efficiency to 99.8% and decreased energy
consumption to 2.9 kWh/kg magnet. Applying a
current density of 0.2 A/cm? at the inert anode ensured
efficient oxidation of Fe(Il) to Fe(Ill), with over 94%
of iron removed from the leachate. After electrolysis,
the mixed hydroxide precipitate is selectively leached
with dilute HCI to extract the REEs into solution
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while leaving iron in the solid residue. Over 97% of
REEs and cobalt were extracted into the leachate
while iron remained in the residue as FeOOH. The
REEs were then recovered from the leachate by oxalic
acid precipitation, regenerating the HCIl and closing
the loop. The process operates at mild room
temperature conditions with an energy consumption

mechanism is that ferrous ions are first reduced to
form an activated transition state iron (Fe*), which
then catalyzes the reduction of neodymium from +3 to
0 oxidation state, allowing the co-deposition.
Experimental results matched well with a derived
mathematical model that predicted neodymium
content based on iron concentration and applied

of 3 kWh/kg magnet and provides an efficient potential. Transmission electron microscopy
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Figure 2. Schematic representation of dual anode electrolysis reactor to recycle NdFeB magnet waste [25]

hydrometallurgical route for recycling REEs from
NdFeB magnets in a closed loop.

Fluxes play important role of the molten salt
electrolysis. Abbasalizadeh et al. [26] tested four
different fluorinating agents - AlF,, ZnF,, FeF,, and
Na,AlF (cryolite) - added to a LiF-NdFeB system at
1223 K. The results showed that all four fluorinating
agents successfully extracted neodymium and
dysprosium from the magnets, converting them into
rare earth fluorides like NdF, while leaving the iron
and boron unreacted. AIF,, ZnF,, and FeF, in
particular were very effective at selective extraction
of the rare earths. The conversion to rare earth
fluorides enables a one-step electrolytic process to
recover high purity rare earth metals, which is
important for recycling rare earth magnets.

Ionic liquids, as non-aqueous systems, present
viable alternatives to high-temperature molten salts
for NdFeB magnet recovery and metal ion processing
under low-temperature conditions. Their non-aqueous
nature renders ionic liquids suitable media for the
mild conditions required in NdFeB magnet recycling.
Xu et al. [27] studied on using an ionic liquid (1-ethyl-
3-methylimidizolium dicyanamide) as a non-aqueous
electrolyte to electrodeposit a neodymium-iron alloy
at the mild temperature of 110 °C. The study found
that neodymium alone could not be reduced to its
metallic form directly from the electrolyte, but it
could be co-deposited along with iron. The proposed

combined with electron energy loss spectroscopy
confirmed the co-deposition mechanism by showing
that a thin layer of iron formed first before the
alloying with neodymium occurred. After annealing,
the majority of the deposited neodymium was present
as Nd(0) either in metallic form or as neodymium
carbide, indicating the trivalent neodymium was
reduced during electrodeposition. The ionic liquid
electrolyte enables electrodeposition of the
neodymium-iron alloy at a much lower temperature
compared to conventional molten salt electrolysis. Xu
et al. [28] wused a nonaqueous solution of
dimethylformamide (DMF) containing 0.3 M FeCl,.
This ionic-liquid electrolyte enables the selective
etching of the grain boundaries in the magnet, which
contain rare earth oxides, while leaving the Nd,Fe ,B
grains intact. By applying a current density below 5
mA/cm?, the metallic Nd and Nd-rich grain boundary
phases are preferentially etched away due to their
lower electrode potential compared to the Nd,Fe, B
phase. After extended etching, the Nd,Fe, B grains are
disconnected from the grain boundaries and can be
magnetically separated, with a recovery of 67.2% of
the magnet’s mass. The ionic-liquid electrolyte is
crucial in enabling this selective etching process while
avoiding the use of aqueous solutions. Molodkina et
al. [29] reported on the induced electrochemical
codeposition of Nd with the transition metal iron (Fe)
from a fluorine-free IL electrolyte based on 1-butyl-1-
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methylpyrrolidinium dicyanamide ([(BMP][DCA]) at
room temperature. Using cyclic voltammetry, the
authors demonstrate that Fe can reduce Nd(III) to
Nd(0) at a more positive potential than Nd(III) alone,
enabling codeposition of Nd-Fe alloys. The addition
of water significantly promoted the electrodeposition
of the individual metals, with shifts in reduction
potentials up to 0.8 V, likely due to disordering of the
IL interfacial structure. However, increasing water
content strongly inhibited codeposition, hypothesized
to be from formation of oxidized Nd species blocking
further Fe reduction. Overall, the study provides new
insights into induced codeposition of rare earth-
transition metal alloys in ILs, revealing a complex
dependence on water content that must be controlled
to optimize Nd-Fe codeposition. The results suggest
IL electrolytes could enable efficient electrochemical
recycling of Nd from secondary sources. ILs hold
great promise for applications in areas like metal
electrowinning and recycling of NdFeB magnets [30].
However, an important consideration is that some ILs
can decompose during electrodeposition, resulting in
incorporation of IL breakdown products into cathode
deposits as impurities [31]. While ILs enable
electrodeposition of  challenging metals,
contamination must be minimized to obtain pure
deposits. Strategies like selecting ILs with enhanced
stability or operating at less extreme potentials could
mitigate unwanted IL decomposition. Overall,
realizing the full potential of ILs in metal recovery
requires understanding decomposition pathways and
developing approaches to curb contamination. With
careful IL selection and electroplating conditions,
their unique properties can be harnessed while
avoiding pitfalls like deposit impurities.

Unlike ionic liquids, aqueous solutions have been
more thoroughly investigated and generate greater
research enthusiasm for NdFeB magnet recovery
owing to their versatility, integrability with other
processes, low cost, and high safety. The aqueous
processing pathway for NdFeB magnet recycling has
a more extensive research foundation and interest
versus ionic liquid systems, attributable to the
compatibility, combinability, affordability, and benign
nature of aqueous solutions. The study by Prakash et
al. [32] on NdFeB magnet recycling primarily
constitutes a theoretical analysis. The research
theoretically examines the selective dissolution of
REEs from NdFeB magnet scrap in an aqueous
environment. This is based on the principle that REEs
have more negative standard reduction potentials than
iron, theoretically allowing for their selective
dissolution. However, the paper also addresses the
theoretical challenge of iron’s co-dissolution, which
can occur due to the mechanical degradation of the
alloy during the dissolution process. To theoretically
overcome this, it proposes a method where any co-

dissolved iron could be redeposited onto the cathode,
while REEs are dissolved into the solution. The
research underscores the importance of controlling the
electrochemical potential and maintaining a specific
pH range (1-2) to facilitate this selective process and
to minimize side reactions, such as hydrogen
evolution. It is important to note that these findings
and proposals are based on theoretical analysis and
not on experimental data, which may not be
immediately evident from the manuscript and could
lead to misunderstandings about the nature of the
research. Dupont and Binnemans [33] developed an
innovative recycling process for NdFeB magnets,
focusing on the sustainable recovery of REEs. This
process utilized the carboxyl-functionalized ionic
liquid [Hbet][Tf2N], leveraging its acidity and
thermomorphic properties. The method involved a
combined leaching and extraction step, where the
ionic liquid facilitated the selective dissolution of
valuable REEs from the magnet’s matrix at high
temperatures. Upon cooling, the system separated into
two phases, enabling the efficient segregation of
REEs from iron. The researchers achieved high
separation factors for neodymium, dysprosium, and
cobalt from iron, with the subsequent stripping
process using oxalic acid to precipitate REE(III) and
cobalt(Il) ions. This step also transferred iron(III)
from the ionic liquid to the water phase as a soluble
oxalate complex. The process was further refined to
remove cobalt by treating the mixed oxalate
precipitate with aqueous ammonia, resulting in highly
pure REE oxalates. These oxalates were then calcined
to form REE oxides with over 99.9% purity.

Based on the efficiency and selectivity
demonstrated in various studies, the use of molten salt
electrolytes, particularly LiCI-KCl with CdCl, or LiF-
CaF,, appears to be highly effective for the selective
extraction of REEs like Nd and Pr. These electrolytes,
when coupled with inert anode materials such as
platinum or graphite, provide a robust system for REE
recovery. For pretreatment, processes that utilize
selective dissolution or leaching, such as the dual
anode system with NH,CI electrolyte, show great
promise in enhancing the recovery efficiency. As for
purification, the selective leaching with dilute HCI,
followed by oxalic acid precipitation, offers an
efficient route for separating REEs from other
constituents. These methodologies, when integrated
thoughtfully, could form a cohesive and effective
framework for the recycling of REEs from NdFeB
magnets, aligning with both environmental
sustainability and economic viability.

3. Selection and optimization of electrode

Creating an electrolyte environment that does not
inhibit and actually promotes the free dissolution of
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REE:s is crucial. While REEs can become passive in
highly alkaline environments, their behavior in
various solutions varies. For instance, Song et al. [34]
found that NdFeB magnets develop passive hydroxide
layers in sodium hydroxide and oxalic acid. Similarly,
Zheng et al. [35] noted passive behavior in phosphoric
acid, characterized by low corrosion current.
However, in other acids like sulfuric acid, nitric acid,
and hydrochloric acid, these alloys dissolve more
readily, exhibiting high current density. Additionally,
even in environments where they show passivity,
REEs are still vulnerable to attacks by chloride and
other ions. Overall, REEs tend to dissolve easily in
acidic solutions. Other electrolyte system has been
explored as well. For example, recent studies have
demonstrated the effectiveness of fluoride-based
molten salt electrolytes, such as NdF,-LiF and NdF -
PrF,-LiF combinations, in the electrodeposition of
REEs [36,37]. The cyclic voltammetry results showed
reduction peaks indicating the stepwise deposition of
Nd and Pr metals on the cathode (Figure 3). These
fluoride salts offer high solubility for rare earth oxides
and facilitate stable electrochemical environments for
the reduction and recovery of REEs. The choice of
fluoride salts is particularly advantageous in scenarios
where high-temperature operations are feasible and
where maximizing the recovery efficiency of REEs is
critical. Research in this domain has shown promising
results, indicating that fluoride molten salts could play

40
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-40 -

-60 -

-80 4
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Figure 3. CVs recorded on W working electrode in NdF>*
Pri** LiF electrolyte with initial potential (Ei) =
—0.100 V to cathodic end potential (Ec) =
—1.100 V vs. W obtained with different sweep
rates at 1050 °C [36]

a significant role in advancing the sustainability and
efficiency of REE recovery processes.

Cathodes are often titanium plate [38],
molybdenum [39,40], stainless [41] or graphite [42].
Potentiostatic electrolysis produced consistent
deposition current densities, and analysis of the Mo

cathode after lengthy deposition times confirmed the
presence of metallic Nd and Pr on the surface [40].
SEM imaging displayed deposition buildup (Figure
4), while ICP-OES quantified up to 72.77% Nd and
23.92% Pr recovered on the cathode from the magnet
recycling-derived oxide material. The molybdenum
cathode facilitated the productive electrodeposition
and recovery of reusable neodymium and
praseodymium metals from spent NdFeB magnets
dissolved in the fluorine melts. In the theoretical study
conducted by Prakash et al. [32], they primarily
selected inexpensive stainless steel as the cathode
material across the various electrochemical recycling
processes, without providing an in-depth justification.
However, the choice of stainless steel cathodes seems
to be driven by several factors. Firstly, stainless steel
is widely used in industrial electrolysis due to its low
cost, mechanical strength, and corrosion resistance.
Using an inexpensive material helped reduce the
operational costs for processes aimed at commercial
viability. Secondly, stainless steel is an inert material
that promotes the desired hydrogen evolution reaction
at the cathode. Generating hydrogen gas was
favorable to avoid reducing Fe(Ill) back to Fe(Il),
which would interfere with the selective extraction of
REEs. The large overpotential of stainless steel for
hydrogen evolution kinetically hindered the back
reaction of Fe(Ill) reduction. Thirdly, the author
mentions using a cathode area much larger than the
anode area in some reactors. The large cathode area
minimized the side reaction of Fe(Ill) reduction by
increasing the relative rate of the hydrogen evolution
reaction. Fourthly, stainless steel prevented
contamination of metal deposits at the cathode, such
as the small amounts of iron and cobalt occasionally
observed. The inert nature of stainless steel ensured
high purity of cathode deposits by avoiding
dissolution of the substrate. Lastly, while not
explicitly stated by the author, stainless steel cathodes
are easy to fabricate and install in various reactor
configurations.

Liquid cadmium cathode (LCC) has been recently
explored for the electrochemical recovery of Nd from
NdFeB permanent magnets compared to using an
inert solid cathode [43]. The key advantage is that Nd
forms an intermetallic alloy with the molten Cd,
which significantly reduces the activity of Nd and
shifts its reduction potential to a more positive value.
This enables the selective electrowinning of Nd from
the magnet at a higher potential than possible on an
inert cathode. In addition, the Nd can be
electrodeposited in a single reduction step on the LCC
rather than the two steps required on an inert cathode.
The formation of the Nd-Cd intermetallic compounds
also provides a route for separating the Nd from the
Cd cathode. After electrowinning, the Nd-Cd alloy
can in principle be separated by density differences
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from the lower density molten Cd and Li-Cd phases,
allowing recovery of a Nd product. Overall, the LCC
provides a more effective and selective route for
recovering neodymium metal from NdFeB magnet
scrap through molten salt electrorefining. Kato et al.
[44] explored the electrorefining process in a molten
LiCI-KCl eutectic salt containing actinide (An) and
REEs to recover An elements into CCL. Aimed at
enhancing the efficiency of nuclear fuel recycling, the
research focused on separating actinides from rare-
carths using a saturated liquid Cd cathode. Key
findings included successfully recovering An
elements up to 10 wt% in the Cd cathode, surpassing
the solubility of An elements in liquid Cd at the
experimental temperature of 773 K. This high
recovery rate was significant as it exceeded the known
solubility limits, indicating a more efficient separation
process. The study also revealed that in the saturated
Cd cathode, An and REEs formed a PuCd,, type
compound, MCd,, (M = An and RE elements), and the
separation factors of various elements against Pu were
calculated for this composition.

In light of the summarized data, the most effective
approach for the electrochemical REEs from NdFeB
magnets would involve using Mo cathodes in
combination with a fluorine-based molten salt
electrolyte, specifically NdF,-LiF or NdF,-PrF,-LiF
melts. This combination has demonstrated superior
performance in the selective recovery of Nd and Pr,
evidenced by high deposition rates and the purity of
the recovered metals. The pretreatment and
purification process that yielded the best results
involved dissolving the magnet scrap to form the
oxide material, followed by its dissolution in the
chosen fluorine melts. This method ensures a high
recovery rate of REEs with minimal impurities, as
indicated by the high percentage of Nd and Pr
recovered during the process. The use of molybdenum
cathodes is pivotal due to its high melting point and

(b)

Figure 4. Post-experimental observation of the (a) electrolyte and (b) SEM image of the working electrode [40]

the ability to provide a suitable substrate for the
electrodeposition of REEs, as demonstrated in the
electrorefining process. This approach not only
enhances the efficiency of the recovery process but
also contributes to the sustainability and cost-
effectiveness of recycling rare earth elements from
electronic waste.

4. Pretreatment Methods

Pretreatment steps are crucial prior to
electrochemical processing to liberate the REE-rich
phases from the magnet matrix and concentrate them
in a form amenable to dissolution and recovery.
Common pretreatment methods utilize thermal,
mechanical, and/or chemical processes.

Thermal demagnetization involves heating the
magnets above their Curie temperature of 312 °C to
remove the hard magnetic properties. This makes the
materials brittle and easier to mechanically crush.
Partial roasting at 500-1000 °C in air can selectively
oxidize the rare earth phases for subsequent leaching
while keeping iron unoxidized. However,
uncontrolled oxidation results in REE losses. Mild
hydrogen decrepitation at 600-800 °C causes
embrittlement and fracturing as hydrogen is absorbed
but avoids oxidation. For a typical demagnetization
process [38], the magnets are heated to 150 °C for 2
hours in a muffle furnace, followed by rapid water
quenching and cooling. This heating and quenching
helps demagnetize the magnets by randomizing the
magnetic domains. Residual magnetism can interfere
with the electrolysis, so removing it is an important
first step. Next, the demagnetized magnets undergo
additional circulating operations, repeating the
heating and cooling cycle 2-4 times. This further
eliminates any remaining traces of magnetism. In
another work [40], to transform the REE in the spent
magnets into a form suitable for molten salt
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electrolysis, the magnets underwent an extensive
pretreatment process. First, the magnets were
oxidized in air at an elevated temperature of 1000 °C
for 3 hours. This oxidation roast converted the REE
alloys in the magnets into mixed rare earth oxides.
Next, the oxidized material underwent smelting via
carbothermic reduction in an argon atmosphere at low
pressure. This reduction smelting step used a carbon
crucible to remove substantial iron content from the
oxidized magnets. The result was a magnet recycling-
derived oxide powder enriched in rare earth oxides
like Nd and Pr oxides. Specifically, the magnet
recycling-derived oxide contained approximately 33
wt% Nd and 10 wt% Pr oxides, increasing the
concentration from the original magnet composition.
These sequential oxidation and smelting
pretreatments were crucial to transform the solid
metal alloy magnets into a composition of rare earth
oxides dissolved in the molten salt suitable for
efficient electrolytic recovery of Nd and Pr. The
magnet recycling-derived oxide enabled selective
electrodeposition of purified Nd and Pr metals on the
cathode during the later electrolysis.

Mechanical size reduction by crushing, grinding,
and milling is universally employed as the simplest
approach to liberate the ~5-20 pm REE-rich grains.
However, excessive mechanical processing can lead
to oxidation losses. Coarse grinding to 0.3-3 mm is
suitable to enable leachant penetration while
minimizing surface area for oxidation. Cryomilling at
liquid nitrogen temperatures can make materials very
brittle for size reduction. Magnetic separation after
mechanical treatment can remove some iron.

After pretreatment size reduction, chemical
leaching steps are employed to dissolve the REEs into
aqueous solutions or concentrates for electrorefining.
Inorganic acids like H,SO,, HCI, and HNO,
effectively dissolve REEs but co-dissolve significant
amounts of Fe and Co. For example, the magnet waste
can be first partially leached with a 3.5 M HCI [45].
This partial leaching step selectively extracts around
20-30% of the metals present in the magnet waste,
including 20-30% of the REEs along with 20-30% of
the iron. Importantly, 98% of the iron extracted into
the leachate is in the Fe(Il) oxidation state. The
advantage of this partial leaching is that it avoids the
need for complete acid dissolution of the entire
magnet waste, which would consume large amounts
of acid. For example, complete acid dissolution of
industrial magnet waste requires around 15 M HCI of
REEs, whereas this partial leaching requires less than
4 M HCI of REEs. The partial leaching is also
relatively fast, being complete within 60 minutes.
Following this partial leaching step, the Fe(II) present
in the leachate can then be selectively oxidized to
Fe(Ill) and precipitated, while leaving the REEs in
solution. This allows selective separation of the REEs

from the major iron component of the magnet waste.
Overall, the partial leaching step with HCI provides a
more sustainable and selective initial dissolution of
the magnet waste, avoiding excessive acid
consumption and enabling subsequent oxidative
precipitation of iron for REE purification.

Prakash et al. [32] theoretically explored various
pretreatment methods as initial steps in the
electrochemical recycling processes for NdFeB
magnet waste. In the electro-oxidative approach, the
magnet waste was first completely dissolved in HCI to
extract all the metals into solution. This unselective
dissolution simplified the subsequent selective
electro-oxidation of Fe(Il), but consumed excess acid.
To avoid complete acid dissolution, a room
temperature electrolysis pretreatment was developed
using the magnet waste itself as an active anode and
an inert titanium anode. This converted the metals in
the magnet to hydroxides while oxidizing Fe(Il),
enabling selective acid leaching of REE later. Though
more selective, this electrolysis pretreatment required
higher energy consumption. In the two-chamber
membrane reactor process, the pretreatment consisted
of a partial acid leach using just enough HCI to
dissolve the REEs. This minimized acid consumption
but still extracted some Fe(II). For the three-chamber
reactor, no acid pretreatment was used at all. Instead,
the magnet waste was directly treated in the
electrochemical system. The pretreatments became
progressively more selective and sustainable from full
dissolution, to electrolysis, to partial leaching, to a
completely integrated electrochemical process
avoiding separate steps. The tradeoffs were in
complexity, kinetics, energy, and waste. Full
dissolution simplified selective oxidation but required
excess acid. Electrolysis avoided acid but had higher
energy needs. Partial leaching reduced acid
consumption but co-extracted iron. The integrated
reactor eliminated pretreatment altogether while
efficiently extracting REEs. The progression indicates
the author’s aim of developing an optimal
methodology balancing targets like selectivity, waste
reduction, energy use, and process intensity. While
effective REE extraction was demonstrated with each
method, the ultimate goal was a selective, closed-
loop, room temperature process integrated into a
single electrochemical reactor, avoiding
pretreatments. The exploration of different
pretreatment strategies reflects both the complexity of
NdFeB recycling and the author’s systematic efforts
to address these challenges.

The ideal approach for the electrochemical
recovery of REEs from magnet waste would involve a
combination of optimized pretreatment and
purification methodologies. For the electrolyte, a
molten salt system appears most suitable, given its
efficacy in dissolving the transformed rare earth
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oxides. As for the electrode, a robust material capable
of withstanding the harsh conditions of molten salt
electrolysis, such as titanium or graphite, could be
proposed. Among the pretreatment methods, the
combination of mild hydrogen decrepitation and
controlled partial roasting offers an effective balance
between REE liberation and minimal loss due to
oxidation. The subsequent purification step could
optimally involve a partial leaching process with HCI,
which selectively extracts a significant percentage of
REEs while enabling the oxidative precipitation of
iron, thus providing a more concentrated and purified
REE solution for the electrochemical process. This
integrated approach, involving selective thermal
treatment, controlled leaching, and suitable
electrochemical setup, is projected to yield the most
efficient and sustainable recovery of REEs.

5. Product Purification and Separation

After electrochemical extraction and recovery
processes, additional separation and purification steps
are required to isolate high purity individual rare earth
elements and oxides. The electrochemical approaches
yield REE concentrates or alloys containing mixtures
of light rare earths (LREEs) like Nd and Pr as well as
heavy rare earths (HREEs) like Dy and Tb.

Solvent extraction involves mixing the REE
solution with an immiscible organic phase containing
chelating extractants that preferentially complex
certain REEs. The Nd*" was separated from Fe*" in the
electrolyte using solvent extraction with P507
extractant [38]. Two stages of cross-current extraction
achieved >99% extraction of Nd into the organic
phase. The P350-N235 synergistic extraction system
is a novel solvent extraction approach that uses a
mixture of two extractants - P350 (di-(1-methyl-
heptyl) methyl phosphonate) and N235 (a tertiary
amine) - to efficiently recover Nd from aqueous nitric
acid solutions [46]. This system was developed to
overcome issues with conventional saponified solvent
extraction systems that produce wastewater. The P350
extractant provides the main extraction capability,
while N235 enhances the extraction through
synergistic interaction with P350. When mixed at an
optimal ratio of 0.3 molar fraction P350, the system
achieved near complete ~100% Nd extraction, with a
60-fold enhancement over extraction by P350 alone.
The extraction was fast, reaching equilibrium within 3
minutes, and worked across a wide pH range.
Addition of a salting agent further improved
extraction efficiency to 98.76%. The system
selectively extracted Nd over other rare earths present
in typical leach solutions from NdFeB magnet waste.
The extraction was exothermic and
thermodynamically favorable. Kinetic studies showed
the rate-limiting step was chemical reactions at the

extractant-metal interface. After stripping with
oxalate, the extractant system maintained high
96.96% extraction efficiency over 5 cycles.

Selective precipitation with oxalic acid has been
extensively investigated to directly produce REE
oxalates of high purity from electrorefining solutions
or leachates [47]. This simplifies separation but high
purity oxalic acid is required. Thermal treatment
converts the oxalates to oxides. Leaching experiments
showed sulfuric acid effectively dissolves the REEs,
and addition of oxalic acid improved selectivity by
forming insoluble REE-oxalate precipitates [48]. The
precipitates contained mainly Nd, Pr and Ce oxalates.
Electrochemical leaching increased leaching rate 3-5
times compared to chemical leaching alone. Applied
current density and acid concentration strongly
affected dissolution rate and energy consumption. The
proposed leaching mechanism involves preferential
dissolution of Nd-rich phases, leaving the iron-rich
matrix intact. Overall, the study demonstrated
efficient REE recovery from magnet waste is possible
using electrochemically-assisted leaching with oxalic
acid to form REE-oxalate precipitates. In another
work [49], the magnets were dissolved using sulfuric
acid and oxalic acid electrolyte solution. Under
optimized conditions, the rare earth elements
selectively precipitated as positively charged oxalate
particles on the cathode, while iron remained in
solution. After 2 hours of electrolysis, the REE purity
in the cathode deposit reached 86-88%, with a yield
around 60%. The process only requires
demagnetization, etching, and electro-leaching steps
to recover high purity REEs. Key factors enabling
REE deposition on the cathode were the low solubility
of REE oxalates and electrostatic attraction of the
positively charged particles.

Prakash [32] investigated several approaches to
obtain purified REE products from the recycling
processes. A key purification step was precipitating
REE selectively over iron using oxalic acid, taking
advantage of the large difference in solubility between
rare earth and iron oxalates. Oxalic acid precipitation
was used in the electro-oxidative approach and dual
anode electrolysis pretreatment to recover REE from
solution as oxalates. The REE oxalates were then
calcined to obtain high purity REE oxides. An
alternative strategy explored was removing iron by
increasing the pH to precipitate iron hydroxides,
leaving REE in solution. Ammonia neutralization was
used in the electro-oxidative method and membrane
reactor process for iron removal. The iron-free
solution still contained cobalt, which could be
separated by electrowinning to recover metallic
cobalt. After iron removal, REE were again
precipitated with oxalic acid and calcined to oxides.
To avoid using oxalic acid and calcination, the three-
chamber membrane reactor demonstrated direct
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electroseparation of REE from nitrates to hydroxides
at the cathode. The REE hydroxides were purified by
removing co-precipitated iron hydroxides at a higher
pH. This elegantly avoided oxalic acid, calcination,
and associated carbon emissions. The products were
ultimately REE oxides or metallic cobalt of high
purity. The separation steps evolved from chemical
precipitation to electroseparation, reducing waste and
chemicals.

A comprehensive conclusion can be drawn
regarding the most effective electrolyte, electrode,
and pretreatment and purification methodologies for
the electrochemical recovery of REEs. For electrolyte
selection, the use of aqueous nitric acid solutions has
shown significant promise, especially when combined
with advanced solvent extraction techniques like the
P350-N235 synergistic system. This combination not
only enhances extraction efficiency but also offers
environmental benefits by reducing wastewater
production. The choice of electrode material, while
not explicitly detailed, should ideally be one that
facilitates efficient electrochemical reactions without
corroding or degrading in the chosen electrolyte. As
for pretreatment and purification, the method
combining solvent extraction with selective
precipitation using oxalic acid stands out. This
approach not only ensures high purity of the
recovered REEs, particularly Nd, but also allows for a
more controlled and efficient separation process. It
also benefits from the additional step of thermal
treatment of the oxalates to obtain oxides, further
refining the purity of the final product. Thus,
incorporating these methodologies could potentially
lead to more effective and environmentally
sustainable recovery of REEs from various sources.

6. Conclusions

The review of electrochemical processes for the
recovery of REEs from NdFeB magnets has identified
several promising approaches, informed by a
synthesis of current literature. This revised conclusion
incorporates insights from the newly added table,
which encapsulates critical parameters such as
resource sources, pretreatments, electrolytes,
electrodes, purification methods, and results.

Optimal Electrolyte and Electrode Selection:
Based on the summarized data, the most effective
electrolytes for REE recovery are aqueous solutions,
molten salt electrolytes, and ionic liquids, each suited
to different processing conditions. For electrodes,
materials like titanium, molybdenum, and stainless
steel have emerged as preferred choices due to their
efficacy in REE deposition and minimal co-reduction
of other metals.

Effective Pretreatment and Purification
Methodologies: The review highlights that a

combination of mechanical and chemical
pretreatment  methods, such as  thermal
demagnetization, mechanical size reduction, and
selective acid leaching, effectively liberates and
concentrates REEs. In terms of purification,
techniques like solvent extraction and selective
precipitation with oxalic acid are identified as the
most efficient in producing high-purity REE oxides
and metals.

Future Directions and Challenges: The future of
electrochemical REE recovery lies in further
optimizing these processes for efficiency, selectivity,
and environmental sustainability. The integration of
these processes into existing recycling infrastructure,
minimizing energy usage, and the development of
closed-loop operations remain key areas for ongoing
research and development.

In conclusion, the electrochemical recycling of
NdFeB magnets for REE recovery is a rapidly
evolving field with significant potential for
sustainable resource management. The outlined
methodologies and identified best practices provide a
roadmap for future advancements in this domain,
aiming to mitigate supply risks and contribute to a
circular economy for critical materials.
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Apstrakt

Nedavni napredak u elektrohemijskim metodama obecava odrzivije recikliranje elemenata retke zemlje (REEs) iz otpadnih
trajnih magneta NdFeB. Potraznja za NdFeB magnetima za primenu u cistoj energiji brzo raste, ¢ime se podsticu napori u
recikliranju kako bi se prosirila mogucnost snabdevanja elementima retke zemlje. Glavni elektrohemijski koraci ukljucuju
selektivno rastvaranje faza bogatih elementima retke zemlje na anodi i redukciju jona elemenata retke zemlje na katodi.
Predtretman ukljucuje demagnetizaciju, mehanicko smanjenje velicine i luzenje sto doprinosi oslobadanju i koncentraciji
elemenata retke zemlje. Termalna demagnetizacija i mehanicko drobljenje ¢ine magnete krtim i poboljSavaju prodiranje
agenasa za luzenje. Luzenje u kiselim rastvorima doprinosi rastvaranju elemenata retke zemlje, ali se i gvozde tom prilikom
takode rastvara. Da bi se olaksala ekstrakcija elemenata retke zemlje na visokim temperaturama, koriste se elektroliti
rastopljenih soli poput hlorida, dok jonske tecnosti omogucavaju ekstrakciju pod blazim uslovima, ali uz opasnost od
moguceg raspadanja tokom procesa. Vodeni rastvori su najtemeljnije istrazeni zbog njihove svestranosti i pristupacnosti.
Elektroliti rastopljenih soli na bazi fluorida efikasno rastvaraju elemente retke zemlje i pruzaju stabilno okruzenje za
elektrodepoziciju na visokim temperaturama, poboljsavajuci efikasnost i odrzivost procesa izdvajanja retkih metala.
Dodatna obrada koja podrazumeva tehnike poput ekstrakcije rastvaracem, selektivnog taloZenja i elektroseparacije,
potrebna je kako bi se izolovali oksidi elemenata retke zemlje i metali visoke cistoce. Kljucni faktori za optimalno
elektrohemijsko recikliranje su maksimalno povecéanje selektivnosti za elemente retke zemlje, smanjenje potrosnje energije
i generisanja otpada, kao i pojednostavijanje integracije. lako postoje tehnicki izazovi, nedavni napredak pokazuje da
elektrohemijske tehnologije mogu poboljsati odrzivost recikliranja kljucnih elemenata retke zemlje iz trajnih magneta.

Kljucne reci: Elementi retke zemlje (REEs); NdFeB magneti; Elektrohemijsko recikliranje; Hidrometalurgija; OdrzZivost
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