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Abstract NdFeB permanent magnets are the best available magnets used in many
technology applications. However, at their end-of-life (EoL) most of magnets and
the contained REEs are lost during the recycling of the bulk metals. The REEs are
classified as the most critical raw materials in the European Union, and recycling of
REEs from EoL products will reduce their criticality and contribute to the sus-
tainability of REE. Various technological routes have been reported, but most of the
methods are effective for highly concentrated magnets or magnet scrap, which is
greatly dependent on expensive pre-dismantling processes. This paper presents
various innovative metallurgical solutions to the effective REE recovery from
current industrial practice for WEEE recycling, including the ferrous scrap from
WEEE shredder products and shredder residues from computer hard disk drives.
Both hydrometallurgical and combined hydro- and pyrometallurgical REE recovery
routes are developed after demagnetization and physical upgrading.
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Introduction

Rare earth elements (REEs) are used in a variety of green technologies, such as
permanent magnets, electric vehicles, Ni–MH batteries, among others, and are
instrumental in the progression towards a low carbon economy [1, 2]. REEs are in
demand from growing clean energy sector and the supply chain for REEs is fragile
due to monopolistic supply conditions. Thus, REEs are classified as critical metals
[3–5]. Magnet recycling and REEs recovery from end-of-life (EoL) products can
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mitigate the supply risks and help formulate a circular and sustainable economy [6,
7]. Neodymium iron boron (Nd2Fe14B or NdFeB for short) magnets have a very
high energy density, are the strongest permanent magnets currently available, and
22% of rare earth oxides produced globally in 2014 were consumed for the pro-
duction of these magnets [8]. Consequently, they are widely used in wind turbines,
hybrid and electric vehicles (HEVs and EVs), household electrical appliances,
computer hard disk drives (HDDs), and many small consumer electronic devices.

NdFeB permanent magnets have different life cycles, depending on their
applications: from as short as 2–3 years in consumer electronics to 20–30 years in
wind turbines. The size of the magnets range from less than 1 g in small consumer
electronics to over 1 kg in EVs and HEVs, and can be as large as 1000–2000 kg in
the generators of modern wind turbines. NdFeB magnet contains about 31–32 wt%
REEs, mainly Nd and Pr plus a few minor, but expensive, heavy REEs (HREEs),
such as Dy, Tb and Gd. Recycling of REEs contained in this type of magnets from
the EoL products will play an important and complementary role for the primary
supply of REEs in the future. However, collection and recovery of the magnet from
small consumer electronics imposes great social and technological challenges. To
date, no commercial operation is identified to recycle REEs from EoL products. It is
simply cheaper to buy REE metals from the primary production than to reprocess
the complex scrap material from recycled resources [9, 10], especially for
small-sized products where manual separation of the magnets is challenging. In
industrial practice, most household electrical and electronic devices are currently
shredded, and their magnetic content, mainly iron and neodymium, tends to end up
in the ferrous scrap stream, which is too dilute and difficult for economically
feasible REE recovery.

At present, no mature and economically feasible technologies have been iden-
tified for recycling EoL NdFeB permanent magnets and the recovery of the asso-
ciated REEs. Most of the processing methods are still at different levels of
development stage, as revealed by recent reviews [11, 12]. Selective extraction of
REEs over iron is the major objective of NdFeB recycling processes. Pyrometal-
lurgical pre-treatment steps such as oxidation, sulfation, and nitration roasting
enable selective extraction of REEs into solution. Iron in the NdFeB magnet is
converted to its Fe(III) form in this pre-treatment step. Subsequently REEs are
leached into the solution using acid or water leaving iron oxide/hydroxide in the
residue. Though these processes are quite effective, they often have very high
operational temperature and are thus, energy intensive [13–15]. In contrast, wet
chemical recycling processes take place at room temperature. In wet chemical
processes, magnet waste is completely dissolved into the solution. Then, a selective
precipitating agent, such as NaOH, Na2SO4, or HF is added to selectively precip-
itate REEs as sulfates or fluorides [16]. However, these processes consume
non-recyclable chemicals, such as sulfuric acid, HF, and NaOH, generating a large
amount of wastewater.

Figure 1 presents the suggested strategy for technological solutions of magnet
recycling and REE recovery from EoL magnet wastes. From the circular economy
perspective, reuse and/or remanufacturing, as well as direct magnet recycling
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(magnet to magnet) are always recommended. However, only the relatively pure
and clean manufacturing magnet wastes or large magnets from EoL wind turbines
or electric motors (EV/HEVs) are suitable for this type of short/direct route.
However, the real challenge is the recycling of small permanent magnets from a
large variety of electrical and electronic equipment and devices. A short life-span
combined with a large number of available sources makes the recycling and/or REE
recovery from this stream a very important contribution to the secondary REE
resources for permanent magnet sector. In this paper, three different types of NdFeB
magnet wastes were targeted for the development of different metallurgical REE
recovery processes: (1) ferrous stream from shredding mixed WEEE (product
level); (2) computer hard disk drive (HDD) shredder residue (component level); and
(3) relatively pure manually dismantled NdFeB magnets (magnet level)

REE Recovery from WEEE Shredder Scrap

REEcover Project

The REEcover recycling project (http://reecover.eu) was started in the wake of the
2011 REE price spike [17]. The EU has no active domestic production of REEs and
is entirely dependent on imports to meet its demands. The sudden change in the

Fig. 1 Recommended REE recycling strategy for EoL permanent magnets
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REE market made it clear that the EU was unprepared to deal with a potential
shortage in REEs. REEcover was started as a means to tackle this challenge by
establishing a domestic source of REEs through the recycling of high-volume
low-grade REE-containing waste products. The project identified the iron ore mine
tailings from the LKAB mine in Kiruna, Sweden (https://www.lkab.com/en), and
shredded WEEE (Waste Electrical and Electronic Equipment) from Indumetal
Recycling, Spain (http://www.indumetal.com), as the two most promising waste
steams for REE recycling. In this paper, only REE recovery from the shredded
WEEE will be described and discussed.

The Shredded WEEE Scrap

One of the primary applications of REEs is high strength permanent magnet for
high tech devices. While some of these devices are being collected at their EoL for
recycling, the majority ends up in the general WEEE streams, to be shredded.
A survey of the WEEE shredder fractions of the WEEE recycling company
INUDMETAL Recycling shows that the ferrous shredder fractions contain frag-
ments of high strength REE magnets, specifically NdFeB magnets. These fragments
are physically attached to the steel parts in the stream due to their strong magnetic
properties. If these fragments are demagnetized, they can be recovered through
grinding and sieving the shredded material. Therefore, an upgrading process was
developed with the project partner Lulea University of Technology based on
thermal demagnetization, followed by grinding and sieving to produce a REE rich
concentrate from the ferrous WEEE shredder fraction. The produced concentrates
are 20 times richer in Nd than the non-upgraded ferrous scrap materials and its
chemical composition is shown in Table 1.

Table 1 Chemical composition (wt%) of the upgraded shredder WEEE (ferrous stream)

Element Fe Zn Mn Ca Cu Ni Si

Average concentration (wt%) 58 7.5 3.12 2.4 2.0 1.16 1.00
Standard deviation (σ, wt%) 2 0.2 0.04 0.2 0.1 0.03 0.06
Element Nd Al Pb Mg Pr Sm Dy
Average concentration (wt%) 0.99 0.55 0.5 0.260 0.16 0.07 0.030
Standard deviation (σ, wt%) 0.01 0.02 0.5 0.003 0.01 0.04 0.002
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Hydrometallurgical Route for REE Recovery

Figure 2 shows the flowsheet of the hydrometallurgical recycling process devel-
oped for the shredded WEEE during the REEcover project. The recycling process
focuses on the oxidation of the demagnetized and upgraded WEEE scrap, which
enables the selective leaching of the REEs using diluted H2SO4. After leaching the
leach liquor is treated with Na2SO4 to precipitate and recover the REEs as double
sulfates. The oxidation of the WEEE is key to suppress the co-dissolution of Fe, the
main component of the WEEE. Oxidation is achieved through water based corro-
sion. This is made possible through the intense grinding of the WEEE scrap during
the physical upgrading at the project partner’s research lab at Lulea University of
Technology. With a particle size of less than 75 µm, full oxidation can be achieved
within 24 h by mixing upgraded WEEE in aerated water at 80 °C. This oxidation
method is a lot less energy intensive and greener than the roasting process that is
traditionally used to oxidize the ferrous fraction of the magnet scrap.

The leaching of the oxidized WEEE is conducted using a 3% H2SO4 with a L/S
ratio of 5 at room temperature. It is found that under these leaching conditions the
extraction rate of Nd (∼90%) is considerably higher than that of Fe (ca. 20%) and
that if the reaction is run for only a limited time (5–10 min) a very high selectivity
for Nd can be achieved. Once the REEs have been leached they can be recovered
via precipitation, while the iron-bearing residue can be used as the secondary
materials for ironmaking. Overall the process achieves over 90% recovery of REEs,
while limiting the extraction of the other elements below 5%.

Fig. 2 Hydrometallurgical recycling flowsheet for shredded WEEE scrap
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Combined Pyro- and Hydrometallurgical Route for REE
Recovery

In parallel to the development of the hydrometallurgical recycling process a
pyrometallurgical process was developed as an alternative. This pyrometallurgical
process was developed by our project partners at NTNU (http://ntnu.no) and was
based on the high oxygen affinity of the REEs. The pyrometallurgical process aims
to produce REE rich slags that are highly upgraded in REE concentration to serve
as an alternative to the thermal demagnetization upgrading process. These slags are
then sent to TU Delft for hydrometallurgical processing to extract the REEs.

A combined pyro- and hydrometallurgical process was developed in
co-operation with NTNU and Elemetal (http://www.elemetal.eu) to recover the
REEs from the ferrous shredded WEEE. In the pyrometallurgy part, the ferrous
shredded WEEE was smelted at 1650 °C to produce a ferrous metallic phase and a
REE-containing slag phase (ca 1.5% total REE in Ca3B2O6 mineral phase). The
REE-bearing slag phase is then hydrometallurgically leached with a 2 M HNO3

solution to extract over 99% the REEs from the slag phase at 80 °C (L/S = 5, 6 h).
The leach residue of 60% of the total slag is basically MgAl2O4 mineral phase. The
leach liquor is then purified with solvent extraction using D2EPHA and kerosene to
remove co-dissolved impurities (Al, Ca, Mg, and Mn). This is followed by oxalic
acid precipitation and calcination to produce nearly pure REO mixture of Nd, Pr,
and Dy. The developed flowsheet is shown in Fig. 3.

The REEcover project was successful in designing the processing routes through
the lab scale and demonstrated at pilot scale, and the technology is viable for further

Fig. 3 Developed pyro-hydrometallurgical flowsheet for recycling REEs from ferrous WEEE
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upscaling for the recovery of REEs from low REE concentration waste stream in
the existing WEEE shredding plant. The demonstrated hydrometallurgical WEEE
recycling process above is very efficient and requires only a minimal amount of
chemicals to recover the REEs. The combined pyro- and hydrometallurgical route
can recover both ferrous scrap and iron in the NdFeB magnet as iron-based alloy
and the REE species through the formed slag. The major cost is attributed to energy
consumption for the smelting of the WEEE waste at high temperature which may
however be compensated by the resource savings through production of the crude
iron.

REE Recovery from HDD Shredder Residue

Present Industrial Practice

This study is targeted for the REE recovery from separately shredded computer
hard disk drives (HDDs) in a current industrial practice [18]. Pre-dismantling of
computer HDDs have been reported by some companies mainly for data security
reasons, although this is not a standard practice for normal personal computers from
offices and homes. The dismantled hard disk drives are shredded, and normally, the
ferrous and nonferrous scraps as well as the printed circuit boards (PCBs) are sold
as raw materials for further metal recovery in smelters. In most cases, the REE
magnet particles after shredding are not recovered although the REE concentration
is much higher than those in the shredded ferrous products from the whole EoL
product (e.g., computers). In the Netherlands, Van Gansewinkel Group (VGG, now
Renewi) operates a small plant for HDD shredding and data destruction. The
generated magnet residue in the shredder was used in the present study on REE
recovery.

Mechanical Upgrading

In the present study, it was found that a feasible REE-recovery process is dependent
on an efficient liberation and separation of the magnets from the other components
of the HDDs, thereby minimizing the amount of bulk contaminations. The study
indicates that when a coarse shredder was used for this purpose, magnets were
poorly liberated from other components. When a fine shredder was applied, mag-
nets were broken into small particles, and the 30 mm steel grate was revealed as an
effective tool to retain the magnetic content while still allowing continuous flow of
nonmagnetic materials into the outlet stream. Even in this case, however, the
as-collected grate residue still contains some nonmagnetic metallic pieces (mostly
steel). The total mass ratio of magnet to non-magnet pieces was approximately 2.2
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through hand sorting. With this approach, approximately 70% of the magnet par-
ticles were collected in the grate for further processing.

The separately collected magnet residues go through a thermal demagnetization
process followed by grinding and screening. After a mild grinding and screening, the
magnet-concentrated particles of less than 1 mm in diameter represent approxi-
mately 63% of the total collected shredder residue, and a total recovery rate of 95%
has been achieved for all the REEs in the collected residues through physical pro-
cessing. The concentration of REEs (Nd and Pr) was upgraded from 5–7% in the
as-collected fine shredder residues to about 17–20% after the above-mentioned
physical processing.

Metallurgical REE Recovery

The highly concentrated magnet particles separated from the ductile metal pieces
can go through either hydrometallurgical extraction or first with pyrometallurgical
slag extraction followed by hydrometallurgical leaching. The REE product of
fluoride or oxide (REF3 or RE2O3) can be produced based on a double sulfate
precipitation, the two common raw materials in the production of rare earth metals.
Figure 4 illustrates the developed processing flowsheet [18].

As for the metallurgical recovery, the two tested methods both have their
advantages. Pyrometallurgical treatment with slag extraction showed that both
CaO–SiO2–Al2O3, and CaO–CaF2 slag systems are suitable for full extraction of
the rare earths from the magnet scrap into the slag, yielding two products: a con-
centrated RE-containing slag and an iron-based alloy ingot with more than 99% rare
earths and iron recovery. This iron-based alloy is a good source of scrap for
steelmaking. Although the recovery of REEs from the slag by leaching with 2.0 M
H2SO4 is not yet as efficient as direct leaching, the results are promising for further
investigation and optimization. In the second route, the upgraded scrap was directly

Fig. 4 Proposed processing routes for REE recovery from EOL computer HDDs
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leached to dissolve 97% rare earth content, under the conditions of 2.0 M H2SO4 at
liquid-to-solid ratio of 20, and with mechanical agitation for 8 h at room temper-
ature. The combination of the different steps makes it possible to obtain high
recovery of a relatively pure rare earths double sulfate (NaNd(SO4)2.H2O) of 98.4%
purity.

After assessing the complete recovery routes, experimental results currently are
in favor of the direct hydrometallurgical route. Additionally, this route provides the
opportunity to collect recoverable amounts of valuable metals, such as Cu, Ni, Ag,
and sometimes Au and Pd through the leach residues, making it a valuable
by-product. Many impurities (primarily iron) are dissolved in sulfuric acid, and
these will be removed after the precipitation of rare earths. While fine-tuning will be
necessary before this processing route can be implemented commercially, the route
developed in this study provides a feasible transition into commercial recovery
operation that can positively influence the current European market dynamics of
critical metals supply. The choice of using the existing industrial machinery will
significantly reduce new investment costs for equipment and operation for the
industry. In addition, as shredding is not specially designed for HDDs, the devel-
oped route is also suitable for the treatment of other waste streams (EoL products)
that contain NdFeB magnets. This makes the developed processing route increas-
ingly more attractive in the future.

REE Recovery from Magnet Waste Using Electrochemical
Oxidation

EREAN Project

This research is part of the EU project EREAN (http://erean.eu). EREAN (European
Rare Earth Magnet Recycling Network) is the FP7 Marie-Curie Initial Training
Network Project, focusing on the recycling of NdFeB permanent magnets. Research
challenges include the development of efficient extraction of rare earth containing
materials from electronic waste scrap, removal of exogens by pyro- and
hydrometallurgical methods to produce a concentrate of rare earths, new separation
methods, direct electrochemical reduction of rare-earth oxides into metals, and the
preparation of new magnets. The present work focuses on electrochemical disso-
lution of rare earths in the permanent magnets to generate REE-bearing iron-free
solutions for RE oxide preparation. The result presented in this part of the paper is
one of the technology routes: combined chemical and electrochemical process.
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Materials and Method

For relatively pure and less contaminated magnet wastes, e.g. magnets received
from manual dismantling, we have developed a combined chemical and electro-
chemical process to effectively recover REEs from these types of NdFeB magnet
waste at room temperature. The composition of the magnet waste is given in
Table 2.

REE Recovery Flowsheet

The complete flowsheet of the process is presented in Fig. 5. Detailed information
about the experimental setup and all the steps involved were published elsewhere
[19]. Firstly, the magnets were completely dissolved in HCl acid. Then, an elec-
trochemical reactor was used to in situ electrochemically oxidize more than 99% of

Table 2 Chemical composition of the magnet (wt%)

Element Fe Nd Dy Co B Pr Cu Ga Al Gd Ni Si Total

wt% 66.34 22.10 5.78 2.89 1.11 0.91 0.19 0.17 0.17 0.09 0.06 0.02 99.8

Fig. 5 An electro-oxidative approach to recycle NdFeB magnet scrap

2628 S. Peelman et al.



Fe(II) to Fe(III) selectively, because the Fe(II) oxidation with air or pure oxygen is
kinetically very slow. The possible anodic reactions in such an un-divided reactor
are:

Fe2+ → Fe3+ + e− ðEo =0.77VÞ ð1Þ

2H2O →O2 +4H+ + 4e− ðEo =1.23VÞ ð2Þ

2Cl− →Cl2 + 2e− ðEo =1.36VÞ ð3Þ

Monitoring of anode potential over time revealed that the anodic oxidation of Fe
(II) was the predomination mechanism, while in cathode hydrogen evolution was
the predominant reaction. Back reduction of Fe(III) to Fe(II) in cathode was
avoided by choosing a large ratio between anode area to cathode area. The overall
energy consumption of this process was around 1.4 kWh/kg of iron.

In the parallel route, the leachate was neutralized with ammonia to remove iron
from the leachate completely as Fe(OH)3 precipitate. A pink leachate was produced
rich in REEs and cobalt. Subsequently, oxalic acid was added to this leachate at a
ratio of 2:1 to selectively precipitate REEs leaving cobalt in the solution. The
precipitated rare earth oxalates were calcined to obtain rare earth oxides of high
purity (99.5%). It was also demonstrated that it is feasible to recover cobalt from the
solution as metallic cobalt through an electrowinning process.

In the direct precipitation route, an excess of oxalic acid was necessary to
recover REEs. However, it produced no acid waste and ferric chloride produced can
be directly sold as chemical by-product. Unlike the direct precipitation route, the
neutralization route involves multiple steps and consumes ammonia, which cannot
be recycled. However, the neutralization route also provides the possibility to
obtain the additional valuable metal in the form of pure cobalt solution or metallic
cobalt.

In addition to the above mentioned electro-oxidation route, another electro-
chemical process was developed through selective extraction of REEs from NdFeB
magnet waste at room temperature. A two-chamber membrane electrochemical
reactor was used for REE recovery with an anion exchange membrane in between
the compartments [21]. The kinetics of the extraction can be enhanced with
increasing current density. HCl used in the leaching step can be recovered back
after the oxalic acid precipitation step making the whole process closed-loop and
environmentally friendly.

Concluding Remarks

REEs are the most critical materials in Europe and the world. Increasing demand for
NdFeB permanent magnets will cause potential shortage of REE supply in the
future. Magnet recycling and REE recovery from magnet wastes and EoL products
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will mitigate the future supply shortage. However, there have been no commercial
magnet and REE recycling from EoL electrical and electronic products, due mainly
to technological and economic reasons. At present, there have been no economi-
cally viable technologies available for magnet recycling from EoL products. WEEE
is the main source of small sized NdFeB permanent magnet applications, and is
very difficult to recycle the magnets and the contained REEs. The present REE
market with relatively low prices is not in favor of the recycling operation.

The small sized NdFeB magnets in electrical and electronic products are not
suitable for reuse or remanufacturing and direct magnet recycling, unless the clean
magnets could be effectively liberated. The three research examples described in
this paper demonstrate strategies for efficient REE recovery from EoL permanent
magnets based on present industrial practice of WEEE shredding, before cost
efficient magnet liberation technologies are developed. Different shredding prac-
tices generate REE magnet bearing waste streams at different concentration levels.
The magnet residues from the ferrous scrap stream could be collected for REE
recovery (Nd, Pr, Dy, Tb, etc.) through physical upgrading and metallurgical
recovery. Direct hydrometallurgical, combined pyro- and hydrometallurgical, as
well as the electrochemical routes have been developed with different merits. The
key to success is the selective REE extraction over the iron and other transition
metals in the magnet and the waste residues. The other challenges are to reduce the
use of chemical reagents, minimize effluent generation, and improve the total
resource recovery of other non-REE constituents (steel and other transition metals).
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