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Critical-raw materials

An evaluation of neodymium-iron-boron permanent magnets (NdFeB PMs) from different end-of-life products, as
a secondary resource of rare-earth elements (REEs), is presented. De-coating of PM was investigate as pre-
treatment to facilitate efficient direct magnet recycling. Thus, critical aspects from disassembling to the de-
coating of the magnets were addressed. A challenge for the de-coating process is that the magnets have
different sizes, weights, and their coating compositions are not known beforehand. It was shown that ammonia-

based solutions was thermodynamically suitable to dissolve nickel and zinc coatings selectively, while keeping
the bulk magnet stable. Nevertheless, the dissolution of Zn was much faster than the Ni one, and more efficient.

1. Introduction

Critical Raw Materials (CRMs) are classified as the most crucial
materials for the European economy, due to their applications in stra-
tegic sectors, such as renewable energy, e-mobility, defence, and aero-
space [1]. In the 2023 report, the European Commission (EC) has
classified 34 raw materials either as critical or strategic, based on their
techno-economic importance and supply risk [1,2]. Consequently, the
EC has proposed a regulation concerning the supply of CRMs in Europe,
in which specific targets must be reached by 2030. Among these targets,
it has been established that at least 25% of the European annual con-
sumption of CRMs should come from secondary resources (recycling)
[2].

The supply of rare-earth elements (REEs) is considered at the highest
risk among the CRMs [1]. The market share of REEs is controlled by
China, which has a solid know-how on the extraction of REEs from ores
and further processing [3-5]. Thus, China supplies 85-95% of REEs
worldwide [5]. Neodymium (Nd) is one of the 17 REEs, with permanent
magnet (PM) being its main application as NdFeB alloy, with possible
additions of other REEs, such as dysprosium (Dy) and praseodymium
(Pr) [3]. PMs can be found, for instance, in hard disk drives (HDDs),
smartphones, earbuds, wind turbines, electric and hybrid vehicles [3-8].

Alonso et al. [9] estimated in 2012 that Nd demand would rise by
approximately 700% by 2037, driven primarily by the increase in
electric vehicles and wind turbines [9]. The Rare Earth Industry
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Association (REIA) has evaluated the supply of rare-earth oxides (REO);
from 2022 to 2033 the supply of REO is expected to increase from 280 kt
to over 400 kt [10]. Due to high demand, it is important to ensure a
continuous supply of Nd and other REEs. Recycling end-of-life (EoL)
products is a feasible alternative to obtain REEs from secondary re-
sources [3,6-8,11-16]. At the same time, it contributes towards
achieving the targets proposed by the EC [2].

Currently, approximately 1% of REEs are recovered worldwide from
EoL products [1,3,8,17,18], which is far from the 25% EU target [2]. In
2020, it was estimated that approximately 300,000 tons of spent NdFeB
PMs were globally stocked as waste electrical and electronic equipment
(WEEE) [3], such as computers, smartphones, air conditioners, etc.
Since the content of REEs (Nd, Dy, Pr) in the PMs is about 30% [3,6], it
means that nearly 89,100 tons of REEs could had been recovered (based
on the global estimation from 2020). Therefore, great efforts have been
made to develop and/or optimise recycling processes aiming to recover
REEs from the spent PMs over the last two decades [3,6,7,11-14,19].

The challenge in the recycling of NdFeB PM is not exclusive to the
recovery stage itself; the pre-processing of WEEE is one of the key factors
which determines the most suitable recycling route [6,8,15]. The pre-
processing consists of multiple steps, mainly sorting, demagnetisation
and fragmentation [8]. According to Yang et al. [6] most NdFeB PMs are
shredded together with WEEE. Due to their larger size, PMs from elec-
tric/ hybrid vehicles and wind turbines, could be pre-dismantled [6].
However, there is no established commercial operation yet; in other
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words, the pre-dismantling is currently in laboratory/ pilot scale [20].
When PMs are shredded together with WEEE, it results in a heteroge-
neous (low grade) scrap where different materials are mixed. Therefore,
a long recycling route, based either on pyrometallurgical or hydromet-
allurgical processes, is needed to extract and separate the REEs [8].
However, such long-route processes are associated with extra environ-
mental burden. Pyrometallurgy is based on high temperatures with a
high energy consumption, whereas hydrometallurgy consumes large
amounts of water and chemical reagents (acid or alkaline solutions)
[3,6,7,21,22].

Conversely, a high-grade scrap can be obtained by prior dismantling
of EoL to remove the PMs. This results in a concentrated NdFeB scarp
that can be processed directly using hydrogen-based methods, such as
hydrogen decrepitation (HD), and hydrogenation-disproportionation-
desorption-recombination (HDDR). In these methods the brittle mag-
nets are dissociates into coarse hydrogenated granules/powder
[6,15,23]. Afterwards, rotation takes place in a porous drum to liberate
the hydrogenated NdFeB powder [6]. Thus, it could be used to produce
new sintered or bonded permanent magnets [3,15]. These are
environmental-friendly methods to recycle PMs, as they only use
hydrogen at room temperature and atmospheric pressure
[8,15,16,24,25].

One of the challenges in short-route PMs recycling comes from the
presence of various protective coatings [26]. Due to the high reactivity
of REEs, the NdFeB alloy is prone to corrosion [26-28]. Thus, different
types of coatings, either metallics or polymerics, are applied to avoid
oxidation of the magnets during their lifespan [14,15,26]. Among the
metallic coatings, nickel, nickel-copper-nickel, and zinc are the main
systems applied onto PMs [26]. However, the presence of coating in-
fluences the direct recycling process. First, the coatings might act as a
physical barrier for hydrogen to access the bulk magnet, depending on
how dense it is [26,29]. Thus, the magnet bulk must be accessible to
guarantee contact between hydrogen gas and the magnet [15,30]. Sec-
ondly, the presence of metallic contaminates in the NdFeB powder can
have a detrimental impact on the properties of the recycled PM
[26,28,29].

The influence of Zn on the magnetic properties of NdFeB has been
investigated since the early 2000's [31-37]. Hu et al. [31] showed that
NdFeB magnet properties slightly decreases after coating the substrate
with Zn. This was attributed to the Zn diffusion along the grain
boundaries, and further formation of Nd-Fe-Zn by the consumption of
the hard magnet phase NdoFe 4B [31]. On the other hand, Lv et al. [37]
have found that both magnetic coercivity and remanence are improved,
but the Curie temperature slightly decreases with the addition of 2 wt%
of Zn in Dy-free NdFeB powders produced by HDDR technology. Hori-
kawa et al. [38] investigated the magnetic properties (remanence and
coercivity) of NdFeB PM produced by means of re-sintering fine powders
of NdFeB. The powder was coated by sorption treatment with metal
vapor, using either Zn, Mg or Yb. Regarding Zn, its detrimental effect on
the magnetic properties was attributed to the formation of a-Fe, as a
result of the reacting between Zn and Fe from the Nd,Fe;4B matrix. In
addition to that, Zn can evaporate during the sintering process of NdFeB
[29], which may contaminate the sintering equipment as well.

The effect of Ni on the magnetic properties of NdFeB PMs has not
been extensively investigated as the Zn one. Cui et al. [39] have eval-
uated the effect of Ni powder as an intergranular additive in the
composition of NdFeB. According to their findings, both remanence and
maximum energy product decrease with increasing in Ni content (0.1-1
wt%). However, the maximum value for intrinsic coercivity was reached
with 0.3 wt% of Ni in the composition, but the intrinsic coercivity
decreased with Ni content higher than 0.3 wt%. The changes in the
microstructure, due to Ni addition, is seen by the formation of Nd(Fe,Ni)
B phase. Ni diffuses into the magnetic matrix and replaces the Fe atoms.

Considering the different influences that contamination from
metallic coating may have on the magnetic properties of NdFeB, the de-
coating can be considered an important pre-treatment of the magnet

Sustainable Materials and Technologies 41 (2024) e01041

scrap. One of the first studies focused on this challenge was published by
Orefice et al. [28]. The authors evaluated the removal of Ni-Cu-Ni
coating from PMs using a mixture of bromine in organic solvents. Ac-
cording to their study, a high coating dissolution yield (> 85%) was
reached by soaking the samples in solutions of 1% vol bromine con-
taining either ethanol or dimethylformamide. According to visual in-
spection, the coating was completely dissolved within 1 h [28].
However, the main drawback from this study is the toxicity of dime-
thylformamide and the use of organic solvents. Furthermore, there is a
need to evaluate the dissolution behaviour of other prevalent coating
systems present on PMs, such as Zn, which are increasingly present in
different EoL magnets. Considering the two most popular metallic
coatings for PMs, Ni coating can still be mechanically separated post-
treatment. Ni metallic coatings are ductile, forming Ni flakes after
hydrogen decrepitation, which can be separated from the powdered
NdFeB matrix by sieving [6,15]. However, Grau et al. [29] have reported
that this separation of Ni-based coatings as flakes and the HPMS pow-
ders is not an easy process; the separation results in a low yield due to a
similarity in particle sizes. Regarding Zn, it cannot be separated by
sieving because it forms a fine powder after hydrogen decrepitation,
which contaminates the NdFeB powder [29]. Hence, the recommenda-
tions for Zn-based coatings were either sandblasting or grinding prior to
hydrogenation [29].

To enhance the purity of recycled magnets by direct recycling
methods, the main objective of this study is to establish a de-coating
process as a potential but important pre-treatment step of PM for
direct recycling. In addition to that, this work addresses the challenges
related to the dismantling of EoL products to retrieve the magnet sam-
ples. The samples were characterised according to the magnet type and
coating system. Then, only magnets from HDDs and E-scooter rotor were
used for the de-coating experiments, due to the availability of multiple
similar samples. De-coating in ammonia-based solutions was chosen due
to its well-known selective leaching of various non-ferrous metals, being
suitable for both Ni and Zn metallic coatings [40-43]. This results in the
formation of stable ammine complexes for both Ni and Zn, facilitating
their selective dissolution over e.g. metallic iron [40,42-44]. In addition
to that, the solution presents low toxicity, low cost, and enables a close-
loop process due to its easy regeneration [40].

2. Experimental
2.1. Magnets removal and demagnetisation

Samples of PMs were removed manually from different EoL com-
ponents, including: approximately 40 hard-disc drivers (HDDs), 4
wireless earbuds, 1 electrical toothbrush, 1 speaker from portable sound
system, 3 E-scooter rotors and 1 electric vehicle rotor. Moreover, 4
samples of PMs from wind turbines and 2 samples from air-conditioners
were received for characterisation. Some of these samples were provided
by the companies SUEZ (France) and CRM (Belgium). After collecting
the samples, the PMs were thermally demagnetised at 400 °C for 1 h. It is
important to highlight that the removal of magnets from E-scooter and
electrical vehicle rotor, was only possible after their demagnetisation,
because of both strong magnetism and the presence of glue.

2.2. Characterisation

After demagnetisation, the elemental composition of the bulk mag-
nets was first analysed by X-ray fluorescence (XRF). To obtain an
average composition of PMs from HDDs, three different samples from
three different HDDs, were milled together. The same procedure was
performed for samples from an E-scooter rotor; however, all the magnets
were from the same rotor. The XRF measurements were carried out with
a Panalytical Axios Max WD-XRF spectrometer, and data analysis was
performed with SuperQ5.0i/Omnian software.

The chemical composition of the powdered samples from both HDDs
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and E-scooter were also determined by inductively coupled plasma op-
tical emission spectroscopy (ICP-OES). For doing that, 1 g of powder
sample (the same powder characterised by XRF) was dissolved in 100
mL of aqua regia solution (HCl (37%): HNO3 (65%) = 3:1, v/v) at 70 °C
for 5 h. At the end of the dissolution, the leachate was diluted with demi-
water, and three samples of 10 mL each were analysed by ICP-OES.
Finally, the samples' morphology and coatings thicknesses were
analysed by scanning electron microscopy (SEM). Before the micro-
scopic characterisation, the samples were cut-off, mounted in hot resin,
ground and polished. SEM images were obtained in secondary electron
(SE) and backscattering (BSE) modes. The semi-quantitative elemental
characterisation, and the mappings of the chemical composition were
undertaken by energy dispersive X-ray spectroscopy (EDS). The micro-
scope was set to operate with acceleration voltage of 20 kV, probe
current of 60 pA, and working distance between 10 and 12 mm.

2.3. De-coating

For selective dissolution of their coating layers, NdFeB PMs removed
from HDDs and an E-scooter were used. The chosen PMs from HDDs and
E-scooter had an average weight of 6 and 7 g, respectively). Two
different ammonia-based solutions were used. The first one consisted of
5 M NHj with the addition of 0.25 M NH4Cl (1:1 v/v), whereas the
second solution used was 5 M NH3 with addition of HCl (37% v/v) to
adjust the pH to 9. The concentration and chosen salt addition was
selected based on preliminary tests.

The experimental set-up consisted of a 500 mL three-neck flask
placed in a water bath at constant temperature of 75 °C. A condenser,
where cooling water ran during the experiment, was attached to the
flask. 300 mL of solution was used for each dissolution experiment. The
solid-liquid ratio was not considered, due to the differences in size and
weight of magnets.

The coating dissolution was monitored for 5-6 h; every hour a liquid
sample from the leachate (5 mL) was withdrawn for ICP-OES analysis.
This was done to determine the coating-dissolution rate. At the end of
the experiment, the bulk sample was characterised either by XRF or
SEM-EDS.

In addition to the experimental work, the thermodynamic aspects of
metals dissolution in NH3 were evaluated by calculating E-pH diagrams
and reactions using the HSC software (version 10.1.0.1). The overview
of the experimental workflow is given in Fig. 1. All bulk magnets were
characterised by XRF and SEM-EDS, but only samples from HDDs and E-
scooter had a more detailed elemental characterisation. The main reason
for this choice was related to the availability of multiple similar samples.
The average chemical composition of samples from either HDDs or E-
scooter was determined by XRF and ICP-OES using a powder consisting
of different samples, as explained in the section 2.2. Finally, only sam-
ples of HDDs and E-scooter were experimentally studied for de-coating
in ammonia-based solutions.

Sustainable Materials and Technologies 41 (2024) e01041

3. Results and discussion
3.1. Liberation and demagnetisation

The manual dismantling of HDDs, speakers, toothbrush, and earbuds
was relatively easy and possible without demagnetisation. However, this
process is time-consuming, mainly for non-trained operators. As an
example, the disassembling of a single HDD may take 10-15 min. On the
other hand, PMs from the rotors of E-scooter and E-vehicle were tightly
embedded (and possibly glued), so that they could only be removed after
thermal demagnetisation.

The Curie temperature for NdFeB alloy is 312 °C [7]. However, if Pr
or Dy are present in the alloy's composition, the Curie temperature is
typically higher and could reach 400 °C [4,7,8]. For this reason, all
samples were submitted to a thermal demagnetisation at 400 °C for 1 h.
Most of the samples were successfully demagnetised, except the magnets
present in the speaker and in the toothbrush. The fact that some magnets
did not demagnetise at the established condition (400 °C for 1 h), in-
dicates that, possibly, the magnets' chemical composition is not NdFeB,
and the Curie temperature should be higher than 400 °C. Ferrite mag-
nets (also known as M-type), for instance, present Curie temperature of
450 °C [45]. Therefore, these samples were heated again up to 500 °C for
1 h. After that, all the samples were completely demagnetised.

Fig. 2 shows examples of samples which were disassembled, and then
characterised. In general, the PMs vary in terms of shape, size and
weight. The average value of the dimensions from the samples analysed,
are summarised in Table 1. The design of the electric vehicle rotor (Fig. 2
(a)) consists of a layered structure of electric steel, and the magnets are
arranged as a dodecahedron. This complex design makes manual liber-
ation of PMs from such product challenging. In total, there are 20
magnets in the electric vehicle rotor shown in Fig. 2 (a). However,
because the complete disassembly and removal of the magnets was not
possible, the weight and the dimensions were not measured. For the
purpose of this work, some layers of the steel plates were manually
removed, and small pieces of magnets were cut-off with a manual drill
machine for the characterisation of the magnets. In that way, it was
possible to estimate the length (10 mm) and thickness (4 mm) of the
magnets. In contrast, after demagnetisation, the E-scooter rotor (Fig. 2
(b)) was easily opened and the magnets could be taken out from the
inside. There were about 40 magnets, in a rectangle shape of approxi-
mately 7 g each, with a height of 18 mm.

The quantity, size and weight of PMs from HDDs varied according to
the type and size of the HDD, the brand and the production year. Some
examples are shown in Fig. 2 (c) indicating the difference in size of
typical HDD PMs. As an example, the weight of 14 PMs from different
HDDs varied between 1.4 and 23.36 g. In general, old HDDs (early
2000s) have only one large and heavy (>10 g) PM, whereas the ones
manufactured after 2005 have usually 2 smaller and lighter PMs.
Moreover, the thickness may differ substantially from 0.5 to 2 mm.
Detailed information about the HDDs used can be found in the Supple-
mentary data (Table S1).

In the rotor of an electric toothbrush (Fig. 2(d)) 2 PMs were found;

I Dismantling EoL products Il Magnets separation II Thermal demagnetisation |

I PMs from HDD and E-scooter | I Characterisation (SEM-EDS / XRF) I J

‘ I Crushing and milling I I Digestion in aqua regia |

Q) [oecomtns | [croms |4

Fig. 1. Overview highlighting the main steps of the experimental workflow.
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Fig. 2. Examples of magnets from different end-of-life products, such as: (a) electric vehicle; (b)E-scooter; (c) HDDs; (d) electric tooth brush; (e) earbuds; (f) speaker;
(g) wind turbine; (h) air conditioner.

Table 1

Magnets
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(e) Magnets

1cm

1em

- Summary of the dimensions and the weight of different NdFeB PM characterised samples.

EoL product Average dimensions [h x I x w]"") (mm) Weight (g) Total amount of magnets Total weight (g)
Air conditioner 40 x 30 x 1 4 4 16

Earbuds 2x5x%x0.5 0.05-0.5 5 0.7

E-scooter 18 x 16 x 1 7 40 280

Electric toothbrush 18 x 12 x 1 4 2 8

Electric vehicle Not measured Not measured 20 1500-2500
HDD 5x30x1 1-23 1-2 2-23®

Speakers d*=50mm /w =8 mm 73 2 146

Wind turbine 60 x 52 x 13 330 N.A. @ 80-650 Kg/MW ¥

! h: height / I: length / w: width / d: diameter.
2 References values obtained from [20].

3 Usually, HDDs with lighter PMs have at least two PMs. It is hard to estimate the total amount or weight of PMs in HDDs.
4 The quantity of PMs in wind turbines varies greatly. The total weight is represented as kg/MW with reports ranging from 80 to 650 Kg/MW [46].

they have a concave shape with height of 18 mm, and weight of 4.05 g
each. Conversely, an earbud may be composed of several small PMs as
seen in Fig. 2(e). Their weight can vary from 0.05 g to 0.5 g. The
dimension of the smaller one is 2 mm in length and <1 mm in width and
height, whereas the larger one has an area of 10 mm? and is <1 mm
thick. On the other hand, the PM from speaker has a shape of a ring, as
shown in Fig. 2(f); it shows 50 mm diameter, 73.44 g in weight and
thickness of 8 mm.

The samples of PMs from wind-turbine and air-conditioner rotors,
shown in Fig. 2 (g) and Fig. 2 (h) respectively, were received already
disassembled. The ones analysed from wind turbines are 13 mm thick,

with an average weight of 330 g. Regarding the rotor from an air
conditioner, the quantity of PMs may vary. The one characterised (Fig. 2
(g)) had 4 PMs in a rectangular shape, each of them approximately 40
mm high and weighing 4.05 g.

It is important to highlight that the samples shown in Fig. 2 are just
examples. As mentioned before, the characteristics of PMs may change
over the years, as well as according to their producers and applications.
For instance, another rotor from E-scooter consists of 60 magnets, with
different dimensions (23 x 10 x 1) mm, and an average weight of 6.4 g
in comparison with the ones seen in Fig. 2 (b).

From the disassembly step it is already possible to consider some
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challenges regarding the recycling of the PMs. The manual dismantling
is the most effective way to obtain high-grade of PM scraps to be directly
recycled. That would be more suitable for the E-scooter, wind turbines
and HDDs, although the latter is very labour intensive. On the other
hand, small magnets such as the ones from earbuds, cannot be easily
liberated and produce too low yield to justify the efforts. Overall, due to
the complex design of these products this step is time-consuming and not
efficient. On the other hand, automatic dismantling has been shown as
an alternative to manual dismantling, which guarantees obtaining high-
grade scrap with less labour/ time-consuming [23].

3.2. Chemical composition

To confirm whether all magnets were NdFeB-type, and identify the
type of coating for further characterisation of its morphology, pre-
liminary elemental characterisation of the PM samples was carried out
by both XRF and SEM-EDS. These characterisation results are combined
and summarised in Table 2.

From the 8 different types of applications that were analysed, only
two magnets were not composed of NdFeB: the ones found in the speaker
and the electric toothbrush. Magnets from the electric toothbrush were
identified as strontium ferrite (SrFeO), whereas the magnets from
speakers were a barium ferrite (BaFeO).

Regarding the NdFeB PMs evaluated in this study, the most
commonly applied metallic coatings are Zn or Ni, despite nearly 15
possible reported coatings for NdFeB PM [26]. The PMs from HDDs were
all coated with Ni, whereas magnets from E-scooter, wind turbine, and
air conditioner had a protective layer of Zn. The magnet samples from
earbuds had either Ni-Cu-Ni or Zn metallic coating. Non-metallic coat-
ings, such as epoxy, can also be found as a protective layer for PMs, for
instance in wind turbines and in the electric-vehicle rotor. Furthermore,
not all PMs from the air conditioner had a coating layer; some of them
appeared to be non-coated.

For a quantitative elemental analysis of the chemical composition of
the coated NdFeB PMs, ICP-OES measurements were carried outon 1 g
of powdered samples of PMs either from HDDs or from an E-scooter
dissolved in aqua regia. As mentioned before, these magnets were
selected due to the availability of multiple similar samples, to determine
the average chemical composition as shown in Table 3.

The ICP-OES results of crushed and milled samples in Table 3 show a
substantial contrast in the coatings' content of the two different analysed
PMs samples. The Ni content in HDD-magnets is about 7 wt%, while in
PMs from an E-scooter the average amount of Zn is much lower, only 0.4
wt%. Regarding REEs, the Nd content is the highest in the NdFeB alloy.
Moreover, 1.3% of Dy is seen in the PMs for both applications (HDDs and
E-scooter). Dy is often added to improve the resistance to temperature
and demagnetisation [47]. Nevertheless, the composition of the PMs
from the E-scooter rotor is clearly different from the HDDs. Namely, the
total concentration of REEs is higher due to the addition of other REEs,
such as Pr, Gd and Ho. These elements enhance specific properties and
help reduce raw materials costs, for instance: Gd increases the thermal
stability, and Ho improves corrosion and mechanical properties [6,48].
All REEs have been classified at high-critical supply risk according to EU
[1]. Hence, the recycling of PMs not only represent an alternative source

Table 2
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for Nd supply, but also for other REEs. On the other hand, this raises
technological challenges related to the separation of these REEs during
the recycling process.

3.3. Coatings characterisation

Visual inspection of the samples after dismantling and after demag-
netisation revealed, in general, great damage to the coating layers and
consequently, the exposure of the NdFeB substrate. Two examples are
given in Supplementary data - Fig. S1. Different reasons contributed to
that: use of sharp tools (screw drivers) to liberate the magnets, adhesion
with glue, and the effect of high temperature from the demagnetisation
step. The latter can promote superficial cracks in the coating layer,
resulting in its peeling off. It was mostly seen in PMs coated with Zn.
However, two different Zn coatings were found among the samples
analysed; they are named as “blue” and “colour” [26]. The blue one was
found in PMs from E-scooter (Fig. 2(b)), while the Zn-colour coating was
seen in PMs from wind turbine (Fig. 2 (g)). It was the Zn-colour coating
more prone to damage after demagnetisation. Additionally, Ni coating
in PMs from HDDs was also easily peeling off after the thermal
treatment.

The cross-sections of metallic-coated NdFeB PMs were characterised
by SEM-EDS, to evaluate the thickness and morphology of the coating
layers. Fig. 3 shows the cross-sections of PMs from different EoL prod-
ucts: (a) E-scooter, (b) wind turbine, (c¢) air conditioner, and (d) earbud.
Based on SEM images (Fig. 3), the bulk morphology and composition of
the samples are similar, consisting of a Fe—Nd matrix with Nd-rich
phase randomly distributed, in accordance with literature [26,27].
However, the thickness of the coating layer varies among these samples.
The PM from wind turbine (Fig. 3 (b)) shows the thickest coating layer
(~ 80 pm), while the PM from air conditioner (Fig. 3 (c)) are the thinnest
ones (~ 4 pm). The thickness of the coating might be correlated to the
application of the PM. It is expected that a wind turbine will have to
operate for 20 to 40 years [49] under a range of (severe) environmental
conditions, considering that wind turbines can be found both on-shore
and off-shore. Therefore, a thick zinc coating layer is desired in such
applications. This agrees with the findings of Durodola et al. [S0] which
have investigated the influence of different electroplating parameters on
the corrosion resistance of Zn plated mild steels. The authors showed
better corrosion resistance for samples with higher Zn content, and
thicker coating layer. On the other hand, the lifetime of an air condi-
tioner, for instance, varies from 10 to 15 years and it is exposed to much
less severe environments, which justifies the application of a thin
coating layer.

In Fig. 4, the cross-sections of PMs from three different HDDs are
shown. The samples were produced in different years (2001, 2006 and
2007). Their bulk morphology does not differ much from other samples,
as seen in Fig. 3. However, large cracks can be observed in Fig. 4 (b) and
Fig. 4 (c). This can be attributed to the preparation of thin samples for
SEM analysis; procedures such as griding and polishing may break the
bulk magnet, due to its brittle characteristic [7]. Nevertheless, the
thickness of the coating layer varies among the samples, although to a
less degree compared to samples in Fig. 3. The oldest sample, from 2001
(Fig. 4(a)), has the thicker coating layer (=~ 20 pm), while the newest,

- Summary of XRF and SEM-EDS characterisation of bulk and coating composition of magnets from different EoL products.

EoL product Number of available EoL products

Number of magnets characterised

Type of magnet Coating system

Air conditioner 2 2
Earbuds 4 2
E-scooter 3 8
Electric toothbrush 1 1
Electric vehicle 1 1
HDD 70 12
Speakers 2 1
Wind turbine 2 2

NdFeB Zn or none
NdFeB Ni-Cu-Ni
NdFeB Zn

SrFeO None
NdFeB Epoxy
NdFeB Ni

BaFeO None
NdFeB Zn or epoxy
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Table 3

- Elemental composition (wt%) of NdFeB PM from HDD and E-scooter determined by ICP-OES analyses.
Composition of EoL PM Fe Nd Ni Pr Dy Gd B Co Ho Al Zn Others*
HDD 69.9 19.9 6.7 - 1.3 - 0.9 0.5 - 0.4 - 0.2
E-scooter 73.2 16.6 - 3.5 1.3 1.2 1.1 1.0 0.7 0.6 0.4 0.3
: Cu, Na, S, Zr.

Backscattering image

(c) Air conditioner  (b) Wind turbine (a) E-scooter

(d) Earbud

Opm

Neodymium

Matrix

Fig. 3. Scanning backscattered images and EDS elemental mappings for Fe, Nd and Zn in the cross section of different end-of-life NdFeB permanents magnets: (a) E-

scooter rotor; (b) wind turbine; (c) air-conditioner; (d) earbud.

from 2007 (Fig. 4 (c)), is about half of this thickness (= 10 pm).
Nevertheless, the coating composition is all the same, consisting of a
plated nickel layer.

Ni-Cu-Ni coating layer was also found during the characterisation of
NdFeB PMs from earbuds. Fig. 5 shows the cross section of a sample from
an earbud. The magnet matrix is similar to the previous samples,
whereas the coating is composed of three layers with different thickness:
Ni (= 3 pm), Cu (= 5 pm), and Ni (= 3 pm).

Based on SEM-EDS results from Fig. 2 - Fig. 5, the two predominant
coating systems of the studied NdFeB PMs are Zn and Ni, with a varying
thickness of the coating layer being an important aspect which may have
a direct influence on differences in the dissolution time of the coating.
Table 4 summarises the average thickness (in pm) of the coating layers
found in Fig. 3 - Fig. 5.

The results in Table 1 show a variation in terms of thickness among
the samples. On the other hand, in Table 4, the high standard deviation
indicates that the thickness of the coating layer varies even within the
same sample. For this reason, it is not accurate to use the thickness of the
coating layer as a parameter to evaluate de-coating, though it is an
important characteristic of the samples.

Based on analysis of the magnets' chemical composition and coating

characterisation, it is clear that a labelling system for magnets is needed,
indicating at least the type of magnet and coating [51]. This strategy
could enhance the recycling rate of REEs, helping to meet the targets
established by the EC related to the supply of recycled CRM.

3.4. De-coating

For the selective dissolution of the metallic coatings from spent
NdFeB PMs, Ammonia-based solutions were chosen. A concentration of
5 M was selected based on preliminary tests. In the scope of this work,
the target is the selective de-coating of the metallic coatings. Polymeric
coatings, such as epoxy, which were found on selected magnets can
easily degrade during the demagnetisation step. Thus, only samples
from HDDs and E-scooters were tested for de-coating due to the avail-
ability of multiple similar samples that contain the two major coating
types (Ni and Zn).

In this work, the first evaluated condition was 5 M NH3 with 0.25 M
NH4Cl at 75 °C, and initial pH was around 12. The PM's samples from
HDD (Ni coated) and E-scooter (Zn coated) used for de-coating weighted
6.19 g and 7.24 g, respectively; each experiment (one per sample) was
performed with 300 mL solution. The following reactions may happen in
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Nickel

Neodymium

Fig. 4. Scanning backscattered images and EDS elemental mappings for Fe, Nd and Ni in the cross section of different end-of-life NdFeB permanents magnets from

hard-disc drivers produced in different years: (a) 2001; (b) 2006; (c) 2007.

Neodymium

BEC = Soum FeK 0y

NdIL 0 ym 3 QK

Fig. 5. Scanning backscattered image and EDS elemental mapping of the cross section of the NdFeB permanent magnet sample from earbud for Fe, Nd, Ni and Cu.

Table 4
- Average coating thickness present on different end-of-life NdFeB permanent
magnets, based on the SEM-EDS analyses from Fig. 3 to Fig. 5.

PM sample Metallic Average thickness Standard
coating (pm) deviation
E-scooter Zn 14.0 2.9
Wind turbine Zn 82.0 2.4
Air conditioner Zn 4.5 1.6
Earbud Zn 10.0 3.2
Earbud Ni-Cu-Ni 11.0 1.0
Hard-disc driver (year Ni 21.0 0.7
2001)
Hard-disc driver (year Ni 14.0 1.5
2006)
Hard-disc driver (year Ni 11.0 1.1
2007)
this system, according to egs. 1-3:
N}{34-}h();iP"{4CH{ (1)
NH4Cl=NH; +H" +Cl~ (@3]

NH; + Me=Me(NH;),”* +ye~ 3)

The auto-ionization of NH3 with water (Eq. 1) is inherent to
ammonia solutions. The dissociation of the additional NH4Cl (Eq. 2) is a
key reaction to guarantee sufficient NHs for the complex formation (eq.
3) with Ni and Zn.

Fig. 6 shows the results of ICP-OES, in which the concentration
(ppm) of metals dissolved in the system are given. The de-coating of Ni
and Zn coated PMs are shown in Fig. 6 (a) and (b), respectively.

The dissolution of Ni in Fig. 6 (a) shows a gradual increment, from 4
ppm to 29 ppm in 6 h. This indicates that Ni was not removed
completely, and its dissolution is time dependent; i.e., the kinetics of the
system may play an important role. On the other hand, the concentra-
tion of dissolved Zn in Fig. 6(b) is higher than the Ni one, >100 ppm
from the first hour. After three hours, there is a peak in the dissolution
(~130 ppm), which can be attributed to an artefact. The final concen-
tration of Zn dissolved after 5 h is nearly the same as after just one hour.
In summary, from Fig. 5 it is seen that the Zn dissolution is much faster
than the Ni one. Nonetheless, the coating ratios are significantly
different. For example, in the samples used for de-coating (HDD PM
6.19 g and E-scooter PM 7.24 g), the average contents of Ni and Zn in the
magnet composition are 7 wt% and 0.4 wt% respectively (Table 3).
Additionally, the average coating thicknesses is approximately 15 pm for
both Ni and Zn (Table 4). Consequently, the Ni ratio is 0.03 g/pm,
whereas the Zn ratio is 0.003 g/pm.
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Fig. 6. Concentration of dissolved elements in the leachate analysed by ICP-
OES after de-coating NdFeB PMs in 5 M NH3 + 0.25 M NH4CI at 75 °C. (a)
Ni-coated NdFeB PM from HDD; (b) Zn-coated NdFeB PM from E-scooter. The
inset images in (a) and (b) highlight the low concentration from 0 up to
0.4 ppm.

Regarding the dissolution behaviour of Fe, it exhibits a similar trend
to that of Zn. However, the concentration of Fe dissolved is much lower;
it varied from 2 ppm to 3 ppm. This confirms the selectivity of ammonia-
based solution over iron. There is also a peak of 16 ppm at 3 h, which
appears to be a results of measurement artefact. It is important to
highlight that the concentration of REEs dissolved was lower than 1 ppm
in both case (inset Fig. 6 (a)-(b)). This indicates that NH3-NH,4Cl medium
could be used for a selective dissolution of both Ni and Zn coatings, with
the advantage of not dissolving the magnet bulk. To confirm that,
leaching of a PM from a HDD (2.65 g), without coating (removed
manually by griding), in 300 mL of 5 M NHj solution (pH 12) at 75 °C
was carried out for 5 h (without the addition of NH4Cl). <0.05 ppm of
Nd and 0.07 ppm of Pr was found in the resulting leachate. Additionally,
the equilibrium for dissolution of REEs in NH3 was evaluated by ana-
lysing the E-pH diagram of Nd in NHjs, as seen in Fig. 7. Fig. 7 (a) rep-
resents the E-pH diagram of Nd in 1 M NHs at 25 °C, while Fig. 7 (b)
shows the E-pH diagram of Nd in 5 M NHj3 at 75 °C. It is expected that
other REEs, such as Dy and Pr, will have similar behaviour as Nd [11].

The main difference between Fig. 7 (a) and (b) is the possible for-
mation of NdO3 at high pH (>13.25). From different simulations of the
E-pH diagrams, it was noticed that the formation of this compound is
influenced exclusively by temperature. In general, NdO" is the pre-
dominant compound, and it is influenced by changing the NH3 con-
centration and temperature. In Fig. 7 (b), the condition in which the
leaching was carried out, the NdO™ is stable in a large range of pH (~

Sustainable Materials and Technologies 41 (2024) e01041

3.75-12.5), and in potentials higher than —1.2 V. However, at pH
slightly higher than 12, the Nd easily passivates due to the formation of
Nd(OH)s. In this case, Nd dissolution is inhibited by the formation of a
protective layer. This could explain the low concentration (0.05 ppm) of
REEs in the leachate analysed by ICP-OES.

In addition to the low dissolution of REEs in NHs, the Fe dissolution
in this medium was also very low; its maximum concentration found by
ICP-OES was 0.09 ppm. It is known that Fe passivates in alkaline media,
but the presence of CI” may promote the breakdown of this passive
layer, enhancing the Fe dissolution [52,53]. Therefore, the addition of
NH,4CI can be correlated as the reason for the dissolution of Fe, even in a
low range, as seen in Fig. 6 (b). If the de-coating of Zn is an efficient
procedure, the NdFeB substrate will be exposed to the medium.
Conversely, the reason why Fe dissolution was not seen in Fig. 6 (a) (Ni
de-coating) is probably due to the low de-coating efficiency of Ni in NHs-
NH4CL In this case, the Ni layer would still protect the substrate. To
confirm that, the samples' cross sections were characterised by SEM-EDS
after de-coating experiments; the results are shown in Fig. 8.

Fig. 8 shows the cross sections of the PMs from a HDD and E-scooter,
after de-coating. Fig. 3 (a) and Fig. 4, can be used as reference for the
initial condition of the Zn and Ni coatings, respectively. Nevertheless, it
is worth to note that the initial condition of the coatings from the
samples which were submitted to de-coating process were not charac-
terised and coating thickness may differ. This was done to avoid the
exposure of the NdFeB substrate during de-coating experiments.

From Fig. 8 (a) a Ni coating layer (= 10 pm) is seen in the sample
even after 6 h in NH3-NH4Cl solution. This confirms that Ni still plays a
role of protective barrier to the substrate. Nevertheless, the darker
contrast in the coating layer, mainly in comparison to the cross-sections
seen in Fig. 4, may indicate of Ni oxidation. On the other hand, from
Fig. 8(b) a Zn layer is not seen, which reinforces its complete dissolution
in NH3-NH4Cl medium. Comparing the BSE image in Fig. 3 (a) and Fig. 8
(b) they seem to be very similar, and it can raise questions about
whether the Zn layer was in fact dissolved. For this reason, EDS analysis
was carried out and the elemental mapping is shown in Fig. 8(c). Only Fe
and Nd were found in the PM sample from E-scooter after de-coating,
and no Zn was detected.

To understand the observed de-coating results, a thermodynamic
analysis of both Ni and Zn in NHgs-based solutions was evaluated by
simulating their E-pH diagrams. Fig. 9 shows the E-pH diagram of Ni-
NHj at 75 °C.

From Fig. 9 is can be observed that Ni is an amphoteric metal, with
dissolution occurring in both acidic and alkaline solutions, forming Ni
(NH3)2*, NiO3~ or Ni;OH>*, depending on the potential and pH. On the
other hand, a protective oxide layer can also be formed in alkaline pH,
causing the Ni passivation due to the formation of Ni(OH), or, beyond
the water stability, NiO*OH.

It is expect that both Ni and Zn form ammine compounds when
dissolved in ammonia [40,42]. The standard electrochemical potential
for the Ni oxidation into Ni(NH3)Z" at 75 °C is 1.332 V, considering the
standard electrochemical reduction reaction, simulated by the HSC
software, shown in Eq. 4.

Ni(NHs)s(+2a)+2e —=Ni+6NH; E= —1.332V @

In addition to the reduction potential, the variation of Standard
Gibbs energy (AG®) is another important thermodynamic parameter to
be evaluated (although the electrochemical potential is calculated based
on the Standard Gibbs energy. For the Eq. 1, AG® is 256.96 kJ; this in-
dicates that this reduction reaction is not spontaneous. On the other
hand, the reversed oxidation reaction is spontaneous. Nonetheless, the
kinetics of the system must also be considered. As seen in Fig. 6 (a), the
Ni dissolution rate is slow. Moreover, at positive potentials the disso-
lution of Ni will mostly likely to take place due to the formation of
Ni,OH3* (at pH lower than 10.5).

Zn is also an amphoteric metal like Ni, as shown in E-pH diagram in
Fig. 10. Its dissolution in ammonia forms different zinc-ammine
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Fig. 7. E-pH diagrams of Nd-NHj in different conditions for Nd activity of 10°M: () 1 M NHj3 at 25 °C; (b) 5 M NH3 at 75 °C.
ds, dependi H and potential. At pH 12 either Zn(NH3)3+
compounds, depending on pH and potential P either Zn(NHj3)% Zn(NH3)4( +2a) +2e — =Zn + 4NH; E= —-1516V (5)

or Zn(OH)%’ can be formed, depending on the potential.

The standard electrochemical potential for Zn oxidation into Zn
(NH3)42;Jr at 75 °C is 1.516, considering the standard electrochemical
reduction reaction shown in Eq. 5. In addition to that, the standard AG®
for Zn oxidation (dissolution), and formation of Zn(NH3)%+ is —292.351
kJ. Based on oxidation AG° values, the formation of Zn(NH3)%+ is
slightly more favourable than the formation of Ni(NHg)%Jr. Moreover, as
shown in Fig. 9, Ni can be more prone to passivate than Zn, i.e. to form a
protective oxide layer, in alkaline pH.

Based on the thermodynamic evaluation of the Ni-NHj3 system
(Fig. 9), at positive electrochemical potentials, the pH must drop to
nearly 9 to dissolve the Ni in NHg solution. Thus, the second condition
evaluated was 5 M NH3 with addition of HCI (37 wt%) to decrease the
solution to pH 9. The de-coating experiments for PM samples coated
with either Ni (6.67 g) or Zn (7.24 g) were done at 75 °C for 6 h. For this
condition, 300 mL of solution was also used in each experiment. The
results of ICP-OES indicated that the dissolution of both Ni and Zn was
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Fig. 8. Scanning backscattered images from the cross-sections of NdFeB PMs after de-coating in 5 M NH3 + 0.25 M NH,4Cl at 75 °C: (a) Ni-coated PM sample from
HDD; (b) Zn-coated PM sample from E-scooter; (c¢) EDS mapping of Fe and Nd for the cross-section image (b).
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Fig. 9. E-pH diagram of Ni-NHj at 75 °C, considering 5 M NH3 and Ni activity of 107¢ M.
even lower than the first system evaluated (NH3-NH4Cl, Fig. 6). The concentration varied slightly over the whole experiment, in an average
concentration of Ni dissolved in the leachate increased from 1.6 ppm of 10 ppm every hour measured. Furthermore, the addition of HCI did
(after 1 h) to 4.8 ppm (after 1 h for both cases), whereas for Zn, its not influence the dissolution of REEs. In other words, REEs were not
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Fig. 10. E-pH diagram of Zn-NH3 at 75 °C, considering 5 M NH3 and Zn activity of 10~ M.

detected in the ICP-OES results. The samples used for de-coating in NH3
with addition of HCl were characterised by XRF before and after the
leaching. The results are shown in Table 5.

As seen in Table 5, there was no significant change in the composi-
tion of the PM sample from a HDD, indicating the low efficiency of this
medium for the de-coating of Ni. On the other hand, the Zn content
significantly decreased after de-coating in NH3-HCI from 74.4 to 3.9 wt
%, resulting in an estimated 95% reduction. These results also suggest
that the addition of NH4Cl enhances the dissolution of Ni and Zn, as seen
in Fig. 5. In other words, the concentration of both Ni and mainly Zn
dissolved within time is higher in the presence of NH4Cl. NH4Cl may
influence the equilibrium of the system and consequently, the formation
of ammonia-based compound, such as Ni(NHz)g 2 and Zn(NH3)32.

The use of ammonia-based solutions for Ni leaching is a well stab-
lished practice [40,41,43,44]. As an example, Ni recently has become a
targeted element to be recovery from spent batteries due to its classifi-
cation as a strategic CRM by the EU [1,44]. Wang et al. [44] have
reached high Ni leaching efficiency (=~ 90%) using NH3-(NH4)2SO4-
NayS0O3, where NapSO3 was added as a reducing agent. However, in this
condition, Ni is already in its oxidised state. The same occurs for the
leaching of Ni from ores or matte. Conversely, in the de-coating exper-
iments, it is the Ni in its metallic form aimed for dissolution. Although it
is expected that the formation of stable Ni(NH3)]* complexes increases
the solubility of Ni metal in ammonia-based solutions, an oxidant agent
should be considered to enhance this solubility [40].

An additional Ni de-coating experiment was done in which HyOy
(10% v/v) was added in 5 M ammonia solution. The results can be found
in the Supplementary data (Table S2). In summary, very little Ni
dissolution (0.7 ppm) started only after two hours of exposure to
ammonia with H,O,. Furthermore, the concentration of Ni dissolved
was periodically increasing and decreasing within time. The pH was also

monitored during the experiment, but it did not vary substantially (from
10.3 to 9.9). Therefore, this variation in the concentration of Ni dis-
solved cannot be attributed clearly to the pH effect, due to small dif-
ference. The concentration of Ni dissolved after 6 h was just 0.2 ppm.
Probably, the addition of H,02 promoted the passivation of Ni instead of
its oxidation.

The use of ammonia-based solutions, mainly the NH3-NH4Cl system,
was shown thermodynamically suitable to selectively dissolve both Ni
and Zn coating layers from NdFeB PM, while preserving the bulk mag-
net. However, the results showed that kinetics plays an important role
on the dissolution process, showing that the Zn dissolution is faster and
more efficient than the Ni coating. Finally, coating removal from NdFeB
PMs using ammonia media, could enhance the purity of recycled mag-
nets by direct recycling methods, especially considering Zn contamina-
tion. However, further investigations of the oxidation level, and carbon
content in the magnets after complete de-coating have to be considered,
as studies have shown their detrimental influence non the magnets
properties [23,29,54].

4. Conclusion

Samples NdFeB PMs from different EoL products were characterised.
Critical and practical aspects from disassembling to the de-coating were
highlighted, with the main findings summarised as follows:

i. A challenge for the disassembly and de-coating processes is that
magnets from EoL products have different sizes, weights, and
their composition (considering both bulk and coating) is not
known beforehand. This increases the complexity to design a
universal (automated) pre-processing suitable for the different
EoL products.

Table 5

- Samples' surface characterisation by XRF showing the elemental composition (wt%), before and after de-coating in 5 M NH3 + HCL
Sample Coating Condition Ni Zn Fe Nd Pr Dy
HDD Ni Before de-coating 96.9 - 2.2 0.5 0.1 -
HDD Ni After de-coating 96.0 - 2.9 0.6 0.1 -
E-Scooter Zn Before de-coating - 74.4 16.0 7.0 n.d. 1.8
E-Scooter Zn After de-coating - 3.9 63.9 18.2 4.9 n.d*.

“ n.d. - not detected.

11



C.P. Couto et al.

ii. Dismantling is the most effective way to obtain high-grade PM
scrap for direct recycling. However, small magnets such as the
ones in earbuds, cannot be easily liberated and produce too little
yield to justify the efforts.

In the scope of this work, Ni, Zn, Ni-Cu-Ni and epoxy were the

coating systems found in the investigated EoL products. All the

samples from HDDs were found to be coated with Ni, whereas all
samples from E-scooter were coated with Zn.

The thickness of the coating layer is not an accurate parameter to

evaluate its dissolution, as it varies among magnet samples, and

even within one magnet. This becomes an issue mainly for spent

PMs from different sources, because they have different size,

weight and depending on their applications the coating layer may

be thicker or thinner.

v. The use of ammonia-based solutions was shown as a suitable
medium to selectively dissolve both Ni and Zn coating layers from
NdFeB PMs, while preserving the bulk magnet. However, only Zn
was successfully dissolved, approximately 95%, while Ni disso-
lution was too slow despite thermodynamic predictions, making
the process impractical.
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