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Abstract: Currently, the recovery of materials from secondary sources is increasingly necessary
because of the scarcity of materials. Significant amounts of rare earth elements (REE) are found
in permanent neodymium-iron-boron (NdFeB) magnets, used in various electrical and electronic
equipments, such as mobile phones. However, the estimated recycling rate for REEs is only 1%.
Hydrometallurgical routes are the most commonly used for REE recovery from secondary sources.
This route usually uses inorganic acids, which are expensive and toxic. Thus, in this work the leaching
efficiency of organic acids (acetic and citric) in leaching the REE (neodymium and praseodymium)
present in magnets of obsolete or defective mobile phones was evaluated. Different concentrations of
acids, solid /liquid relations, times and leaching techniques (microwave, ultrasound and conventional)
are also evaluated. The results indicate that acetic and citric acids have the potential to leach Nd and
Pr. Microwave leaching was the most effective method, compared to ultrasound and conventional
check for methods. In microwaves, citric acid at 0.5 M (ratio s/1 1/100) leached 57% of Nd and 58% of Pr.
updates Acetic acid at 0.5 M (s/1 ratio—1/100) leached 48% of Nd and 65% of Pr, in 15 min. Furthermore,
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1. Introduction

Academic Editors: Zenixole Tshentu Rare earth elements (REE) are essential for the development of modern industry,

and Durga Parajuli especially in the applications of permanent magnets [1]. REE are used in the electrical and

Received: 22 April 2022 electronics industry, the development of clean technologies (hybrid vehicles, wind and
Accepted: 25 May 2022 solar energies), oil cracking, communications, and defense applications, among others [2—4].
Published: 27 May 2022 The global demand for these elements has increased exponentially in the last decades [5-7].

However, the availability of REE has been decreasing each year [8].

The REE production process is extremely complex and expensive. According to Jor-
dens et al. (2013), the recovery rates of these elements in ores are very low, 10% on average.
This situation is aggravated by the low concentration of oxides in the minerals extracted
(approximately 6%), which results in a net recovery rate of 0.6% [9]. In addition, REE extrac-
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tion consumes high volumes of resources (energy, water, chemical reagents) and generates
By a large quantity of waste, that can be toxic and cause damage to the ecosystem [10-13].
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In 2020, the global production of REE was 240,000 tons, of which about 23% was
used in the production of neodymium-iron-boron (NdFeB) permanent magnets [17]. The
estimated global market for these magnets in 2020 was 190,000 tons, with projections
of reaching 450,000 tons by 2030 [18,19]. Currently, these magnets are responsible for
76% and 100% of neodymium and dysprosium demands, respectively [20,21]. They are
used in computer hard disk drives (HDD), mobile phones, medical equipment (mainly
magnetic resonance), power hybrids and electric vehicles, wind turbines, loudspeakers,
robots, factory automation equipment, and aircraft controls, etc. [4].

NdFeB magnets contain about 30% of REE. Neodymium (Nd) has a superior mag-
netization of iron, making it possible to use it in the manufacture of smaller and stronger
magnets [22]. Elements such as dysprosium (Dy) and terbium (Tb), known as heavy rare
earths (HRE), are conventionally added to NdFeB magnets in small amounts, to increase
the coercivity and high temperature stability [22-24]. On the other hand, neodymium and
praseodymium (Pr) are elements that are so chemically similar, they are difficult to separate
and they have comparable hard magnetic properties [25]. Furthermore, the presence of
praseodymium does not affect the quality of the final product. Therefore, in NdFeB magnets
the praseodymium amount can reach 20-30% of the neodymium amount [24,26,27].

These magnets are considered to be essential for modern mobile phone devices. They
are used in speakers, receivers, vibration mode motors, notification feedback motors, and
camera auto-focus mechanisms [27]. Currently, 67% of the world’s population makes use
of some type of mobile phone device, which corresponds to 5.3 billion people. Estimates
indicate that by 2025, the percentage of the population that makes use of this kind of device
may reach 70% [28].

However, the development of current technological makes products such as mobile
phones obsolete very quickly. The time a person remains with the same device depends
on factors such as: purchasing power, cultural behavior and product sales strategies.
Estimates indicate that each user remains with the same mobile phone device for 2 years
on average [29,30]. In 2019, the volume of waste of electrical and electronic equipment
(WEEE), including mobile phone devices, discarded in the world reached 53.3 million tons.
Projections indicate that this volume will reach 74.6 million tons by 2030 [31]. Due to the
high metal content found in some WEEE, these materials are called ‘urban mines’ [32].

For many years, the processes and recycling techniques of WEEE were concentrated
on the recovery of precious metals (gold, silver, palladium) or valuable metals present in
large volumes, such as copper [33,34]. However, the increase in demand for REE for high-
tech industry and the potential risk of supply disruption for these metals has stimulated
the mineral industries to seek new sources of supply, prospect new deposits and identify
possible recycling alternatives for these elements [35]. In this context, printed circuit boards
(PCB), scrap magnets (such as those from mobile phones) and other WEEE components,
arise as alternative secondary sources of REE because they contain significant levels of
these elements [36].

Hydrometallurgical routes are those most commonly used for REE recovery from
secondary sources. For the leaching of NdFeB magnets inorganic acids normally are used,
such as nitric acid (HNO3), sulfuric acid (H,SOy), hydrochloric acid (HCI) and sodium
hydroxide (NaOH) [8,37—41]. Rabatho et al. (2013), for example, used a solution containing
nitric acid (HNO3) and hydrogen peroxide (H,O,) to dissolve neodymium (Nd) and
dysprosium (Dy) from a magnetic residue sludge generated in the manufacturing process
of NdFeB(Dy) magnets. The authors dissolved up to 98% Nd and 81% Dy, keeping the
Fe dissolution below 15%. Subsequently, they used oxalic acid (H,C,0Oy4) to precipitate
these elements, recovered 91.5% of Nd and 81.8% of Dy from the solution [42]. Ni’am et al.
(2020), compared the effectiveness of nitric, sulfuric and hydrochloric acid in removing
REEs (neodymium, praseodymium and dysprosium) from NdFeB permanent magnets.
The authors concluded that nitric acid was more efficient, removing 58.62% of Nd, 98.46%
of Dy and 85.59% of Pr [40].
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Studies using organic acids (acetic, citrus, oxalic, ascorbic and formic) in REE leaching
are more recent. These acids can be considered promising and efficient, minimizing
emissions caused by the use of mineral inorganic acids [39,43-46]. Behera and Parhi (2016),
studied the efficiency of acetic acid for the leaching of NdFeB magnets, obtaining 99.9% of
Nd and Fe extraction after 240 min [36]. Lai et al. (2018), for example, used magnesium
sulfate and ascorbic acid to leach the REE present in ores, obtaining an efficiency of up
to 85.7% [43]. Behera et al. (2019), studied the use of organic reagents (ascorbic, citric,
acetic, formic and tartaric acid) in the dissolution of neodymium (Nd) from WEEE magnets.
The authors concluded that acetic acid was more effective than other organic acids [44].
Oxalic acid has usually been used to precipitate REEs dissolved by other acids. Makarova
et al. (2020), studied the electrochemical leaching of Fe and rare earths from NdFeB
magnets, using sulfuric acid as a leaching agent and oxalic acid to precipitate the REE. The
authors concluded that the addition of oxalic acid reduces energy consumption and, at the
same time, improves the recovery of solid oxalates from magnets [45]. Liu et al. (2020),
studied the leaching of NdFeB residues using oxalic acid to precipitate REEs, economically
and environmentally improving the process. The authors obtained rare earth oxalate
precipitation rates of 93.17% [46].

However, more studies are still needed to analyse the effectiveness of organic acids in
leaching REE from secondary sources. Thus, the present work seeks to elucidate some gaps
present in the literature, analyzing the efficiency of citric and acetic acids in the recovery
of REE from NdFeB magnets obtained from obsolete mobile phones without roasting or
oxidative roasting. In this study several factors such as concentration, s/1 ratio and time
are evaluated. Furthermore, the efficiencies of the conventional leaching process with the
lixiviation assisted by ultra-sound and microwave, in the leaching of these magnets with
organic acids also were compared.

2. Materials and Methods

In this study, NdFeB magnets from obsolete or defective mobile phones were used,
from several brands, models and years of manufacture.

Initially, 239 mobile phone devices were randomly selected and divided into six
categories (according to the year of manufacture). These devices, and the magnets contained
within them were weighed, so that the relationship between the masses of the NdFeB
magnets contained in the devices and the mass of the same devices could be established.

The magnets were then subjected to processes of demagnetization, grinding (without
previous roasting or oxidative roasting), acid digestion and chemical characterization. For
the grinding of the NdFeB magnets, a pestle and mortar were used (Figure 1) and the
material was ground to a particle size that would allow it to pass through a 325-mesh sieve.

Figure 1. Grinding of NdFeB magnets from mobile phone devices with a mortar.

The digestion of the samples followed methodology 3051A USEPA, using microwave-
assisted nitric acid (HNOj3, P.A) [47]. The samples were analyzed by plasma optical emission
spectroscopy (ICP-OES), using equipment 5110, from Agilent Technologies. For this study,
only the concentrations of the metals of greatest interest were determined, in this case iron,
boron, neodymium, praseodymium, dysprosium and terbium. Other elements used in
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the anti-corrosion coating layer of magnets, such as nickel, aluminum and copper, were
not determined.

After characterization, the NdFeB magnets collected from other mobile phones were
subjected to demagnetization and grinding processes, to proceed with the studies aimed at
verifying the efficiency of organic acids in the leaching of REE.

2.1. Leaching NdFeB Magnets with Organic Acids

In the first stage of the work, organic acids were studied through the use of the
microwave-assisted leaching technique. Subsequently, considering that microwave-assisted
leaching can be costly and difficult to apply on an industrial scale, the same acids were
studied using ultrasound-assisted and conventional leaching techniques. All experiments
were performed in triplicate.

Thus, in this work the following variables were studied:

—  Organic acids: acetic acid (CH3COOH) and citric acid (C¢HgO7);

— Acid concentrations: 0.25, 0.50 and 1.0 mol/L;

— Solid/liquid ratio: 1/100, 1/50 and 1/10;

— Leaching time;

— Leaching technique: microwave-assisted, ultrasound-assisted, and conventional leaching.

The solutions obtained in the leaching were filtered in filter paper and brought to
a constant volume with Milli-Q® water. Aliquots of these solutions were removed for
analysis by ICP-OES (5110, Agilent Technologies, Santa Clara, CA, USA). For this study,
concentrations of iron, neodymium and praseodymium (elements that are relatively abun-
dant in these magnets) were determined. In total, 621 leachings were carried out, using
1.2 kg of crushed NdFeB magnets from mobile phones.

Leaching rates were calculated according to the equation below:

E (O/o) = (Wl,i/wi,i) x 100

where, E is the efficiency (%), wy; is the amount (mg/kg) after the leaching process for rare
earth i; and wy; is the digested sample amount (mg/kg) for rare earth i.

2.1.1. Microwave-Assisted Leaching

The leaching tests were performed in microwaves (Multiwave, Anton Paar, Sao Paulo,
SP, Brazil), using a methodology similar to the conditions described in methodology 3051A
USEPA (a 0.5 g sample, digested at a temperature of 175 °C and pressure of 20 bar) with
organic acids replacing nitric acid. Variations in the leaching times of 15, 30 and 60 min
were studied.

2.1.2. Ultrasound-Assisted Leaching and Conventional Leaching

In ultrasound-assisted leaching a 2.8 L, piece of Quimis equipment (Model Q335D),
with a frequency 50/60 Hz, was used. Conventional leaching was performed in a 150 mL
glass, under stirring with an electric motor (Fisatom, 25 W power), without heating. The
stirring speed was set at 30 rpm.

Considering that these techniques are less ‘aggressive’ when compared to microwaves,
in this stage, variations of leaching with longer times (30, 60, and 120 min) were tested. All
tests were performed at room temperature.
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3. Results and Discussion
3.1. NdFeB Magnets/Mobile Phones Ratio

Initially, the masses of randomly selected mobile phones and their magnets were
measured. As can be observed (Table 1), in terms of average weight, the ratio of the NdFeB
magnet in relation to the total mass of mobile phone device increased from 0.47% to 1.13%
of mobile phone mass.

Table 1. Ratio mass of NdFeB magnets/mass of mobile phones over the years, as a percentage.

Year % (Average)
1996-2000 0.47
2001-2005 0.64
2006-2010 1.08
2011-2015 1.07
20162018 1.11
2019-2020 1.13

Although the size of NdFeB magnets is getting smaller and smaller [26], the increase
in the mass proportion of these magnets is explained by the amount of magnets used per
device. Mobile phones have evolved from models containing only one of these magnets (in
the speaker), until the current models, containing 14 small NdFeB magnets [27]. In general,
it can be said that the models manufactured before 2011 were largely made up of three
NdFeB magnets, located in the central speaker, the headphone input and the vibration
mechanism. Those manufactured after 2011 are made up of four or more magnets, located
in the central speaker, the headphone input, the vibration mechanism and the photographic
cameras. Furthermore, in the most modern devices, each of these mentioned parts may
contain two or more magnets. The increase in the quantity of magnets is related to the entry
of smartphones on the market; devices with better technology and better media quality.

The increases in the number of permanent magnets used in more modern mobile
phones, and the consequent increase in the mass of the rare earth elements used in these
devices, make these materials increasingly attractive for recycling, in order to recover
these elements.

3.2. Demagnetisation and Grinding of NdFeB Magnets

The thermal demagnetization process consists of heating the magnets above their
Curie temperature (312 °C in this case), to distort the parallel alignment of the magnetic
moments, causing a complete and definitive loss of its magnetism, until it is remagnetized
again [48]. Thus, the magnets removed from mobile phones were demagnetized in an
electric furnace (brand Sanchis, Porto Alegre, Brazil), at a temperature of 320 °C for 60 min.
During the demagnetization process, an approximate mass loss of 3.40% was observed.
According to Schultz (1999), it is common to have a loss of mass associated with this step.
This mass loss can be associated with the pulverization of oxidized surface components
from magnets [49].

In this study, a pestle and a mortar were used for manually grounding the NdFeB
magnets. Initially, a knife mill was tested for grinding the magnets taken from mobile
phone devices. However, the knife mill generated high material loss (over 30%) and low
grinding efficiency. This probably occurred due to the small size of the magnets (mainly
the magnets used in the cameras of the devices). By manual grinding the material loss was
only 4%.
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3.3. Chemical Composition of NdFeB Magnets Used in Mobile Phones

Initially, NdFeB magnets were characterized separately by year (period) of mobile
phone manufacture, as previously categorized. The results obtained (Figure 2) show a
reduction in the quantity of dysprosium used (from 1.9% to 0.7%) and an increase in
the quantity of neodymium and praseodymium (from 22.0% to 28.3% and 2.9% to 4.7%,
respectively), over the years.
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Figure 2. Chemical composition (average) of magnets, over time.

As previously mentioned, practically 100% of Dy production is used in the manufac-
ture of NdFeB magnets, making the product scarce and extremely expensive. Thus, new
technologies were created with the aim of reducing the amounts of this element necessary
for the manufacture of these magnets [20]. One of these technologies was the Grain Bound-
ary Diffusion process (GBDP). By this process, HRE elements (Dy and Tb) are deposited
only at the grain boundary, significantly reducing the HRE amount required to achieve
the desired coercivities, with the remanence remaining almost unchanged. This not only
generates a performance increase, but also uses less dysprosium, making them more price
stable than magnets produced by the traditional method [50]. The use of this process,
and other technological advances, can explain the reduction in dysprosium content, one
element that had its price highly impacted by Chinese restrictions.

The increase in Neodymium content is linked to the need for miniaturization of NdFeB
magnets for use in mobile phones, considering that larger amounts of neodymium allow
the increase of coercivity and magnetic fields in small magnets [51]. Praseodymium (Pr) is
usually added to replace neodymium (usually in a 1:5 ratio), at a lower cost and without loss
of performance [52]. Furthermore, as mentioned earlier, neodymium and praseodymium
are so difficult to separate that they are used in NdFeB magnets in the form of a Pr/Nd
alloy. Thus, the variation in the contents of the two elements is closely linked.

After this first characterization, a second characterization step was performed. In
this step, the average amounts of the elements contained in the magnets of mobile phones
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were considered, without considering their manufacturing periods. The results obtained
in this analysis show (Table 2) that the analyzed REE (Nd, Pr and Dy) represent 28.8%
of the sample mass (on average), while Fe represents an average of 61.9% of the mass of
the samples.

Table 2. Average chemical composition of NdFeB magnets used in mobile phones.

Element Content %
Fe 61.9%
Nd 23.9%
Pr 3.8 %
Dy 1.1%
others 9.3%

The values presented in Table 2 were used as a reference in the leaching of the REE
with the aid of organic acids. The REE contents found in the characterization is in line
with other studies which also analyzed the feasibility of recycling NdFeB magnets [53-57].
It is important to point out that the exact composition of the NdFeB magnets depends
on the grade used and the application for which it is intended. Therefore, variations in
composition are frequent [54,58].

The characterization of NdFeB magnets from mobile phones indicated the presence
of REE at higher levels than those found in ores [58], which makes their recycling very
attractive, both financially and environmentally.

3.4. Leaching of REE with Organic Acids
3.4.1. Microwave Leaching

The results obtained in the microwave leaching tests showed that citric acid was more
efficient than acetic acid at a concentration of 1 M. Already acetic acid proved to be more
efficient at concentrations of 0.50 M and 0.25 M. In addition, it is possible to see that for
solid /liquid ratio 1/50 and 1/100 the results do not show significant variations, while in
the solid /liquid ratio 1/10 the leaching efficiency decreases, a fact also observed by Behera
et al. (2019) [44]. Regarding the leaching times, it is observed that in the case of acetic acid
the variations were not significant. For citric acid, in some cases, it was possible to observe
a reduction in efficiency with increasing the time to 60 min, an unexpected fact that needs
further investigation. For 1 M acetic acid (Figure 3), the best results were obtained in the
solid/liquid ratio 1/50, in 60 min, where the leaching efficiency was 26% for Nd, 37% for
Pr and 23% for iron. For the solid/liquid ratio 1/10, in 15 min, the leaching efficiency was
27% for Nd and 37% for Pr, however, the percentage of leached iron was greater than 37%,
which can make it difficult to recover Nd and Pr. In the case of 1 M citric acid, very similar
results were obtained for the solid/liquid ratios 1/50 and 1/100, in 30 min, with a leaching
efficiency close to 53% for Nd and 54% for Pr, maintaining the iron leaching close to 22%.
At this concentration, the leaching efficiency of REE metals in the solid /liquid ratio 1/10
was below 40%, in all cases; this is probably related to the smaller amount of acid available
to leach the solids.
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Figure 3. Comparison of the leaching efficiency of NdFeB magnets in acetic and citric acids, concen-
tration 1 M, ratio s/1 (A) 1/100; (B) 1/50 and (C) 1/10.

For acids at a concentration 0.5 M (Figure 4), the best results were obtained with acetic
acid, in the solid/liquid ratio 1/100 and a time of 15 min, with a leaching efficiency of
48% for Nd and 65% for Pr. However, it is noteworthy that 0.5 M acetic acid leached iron
contents higher than neodymium and praseodymium, contents in most cases, which makes
the recovery of these metals difficult.

For citric 0.5 M acid, the best results were obtained in the solid /liquid ratio 1/100, in
30 min, with a leaching efficiency of 57% for Nd and 58% for Pr. Under the same conditions,
more than 50% of the iron was leached. It is also observed that 0.5 M citric acid presented
very low leaching efficiency for the solid/liquid ratio 1/10.

For acids at a concentration of 0.25 M (Figure 5), the leaching efficiency of both metals
(Nd and Pr) was below 50% in all cases. In general terms, the concentration of 0.25 molars
was less efficient than the other concentrations (1.00 M and 0.50 M) for both acids. The best
results were obtained with 0.25 M acetic acid, at a solid /liquid ratio of 1/100, where the
leaching efficiency was close to 32% for Nd and 47% for Pr. At this concentration, citric
acid proved to be inefficient.
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Figure 5. Comparison of the leaching efficiency of NdFeB magnets in acetic and citric acids, concen-
tration 0.25 M, ratio s/1 (A) 1/100; (B) 1/50 and (C) 1/10.

3.4.2. Ultrasound and Conventional Leaching

At this stage of the study, the leaching efficiency of REE with organic acids (acetic and
citric) was analyzed, using conventional leaching and leaching with ultrasound. Acids
were tested at concentrations of 1.0 M and 0.5 M, with leaching times of 120, 60 and 30 min.
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3.4.3. Ultrasound Leaching

The results obtained in the tests using ultrasound (Figures 6 and 7), even using longer
leaching times, were worse than the results obtained by the same acids using the microwave
technique. It is also possible to observe that, in this case, citric acid showed better results

than acetic acid.
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tration 0.5 M, ratio s/1 (A) 1/100 and (B) 1/50.

For the concentration of 1.0 M (Figure 6), the best results were obtained with citric
acid at a solid /liquid ratio 1/100, in 120 min, with a leaching efficiency of 29% for Nd and
30% for Pr. For this concentration, the leaching efficiency of acetic acid was below 10%,
under all conditions.

In the results obtained in the tests with acids at a concentration of 0.5 M (Figure 7), an
increase in leaching efficiency of citric acid in relation to a 1 M concentration was observed.
In this case, the leaching efficiency was 38% for Nd and 40% for Pr, in the ratio solid to
liquid 1/100, 120 min. The results of tests in which the solid /liquid ratio 1/10 were used
were below 10% efficiency and therefore are not presented.

In general terms, it can be seen that under the conditions tested, ultrasound only
proved to be slightly efficient, with all results being below 40% efficiency for Nd and Pr.

3.4.4. Conventional Leaching

In conventional leaching (Figures 8 and 9), citric acid presented higher leaching
efficiency in relation to acetic acid.

In tests with acids at a concentration 1 M (Figure 8), the best results were obtained
with citric acid in a solid /liquid ratio 1/50, at 120 min, with a leaching efficiency of 33% for
Nd and 35% for Pr.

The results obtained in the tests with acetic and citric acids at a concentration of 0.5 M
(Figure 9), indicate a small reduction in leaching efficiency for citric acid, in relation to a
concentration of 1.0 M, for all analyzed times. The best results were obtained with citric
acid, in solid/liquid ratio 1/100 and time of 120 min, with a leaching efficiency of 31%
for Nd and 32% for Pr. For acetic acid, the results indicate low leaching efficiency under
these conditions.

This study aimed to establish the possible effects of concentration, leaching time
and solid /liquid ratio on the leaching efficiency of neodymium and praseodymium with
organic (acetic and citric) acids. However, as we can see in the results obtained, it was
not possible to establish any pattern that could be directly or exclusively related to one of
these factors.



Minerals 2022, 12, 668 16 of 21

[ 1Fe [ Nd [N Pr
60 60
S
) ° B
c ©38
:g 40 4 404 3
=
L
o
£
S
© S
3 20 g ﬁ
O
-— [ce]
8 <
8 © ~ g 3
0
120 min 60 min 30 min 120 min 60 min 30 min
Acetic Acid Citric Acid
(A)
[ 1Fe [ Nd [ Pr
60 60
S
(&)
) &
% 40 4 40 4 o ™
— [sp}
S p
~ M
L '; Py
o N o
= 0
5 =2
® 20 - o
(&) o
- & pa Q 0 E
52 g 88
0 T . .
120 min 60 min 30 min 120 min 60 min 30 min
Acetic Acid Citric Acid
(B)

Figure 8. Cont.



Minerals 2022, 12, 668 17 of 21

[_1Fe ] Nol [ Pr

60 60

40 - 40

20.45
22.63
18.76

20

Leaching Efficiency (%)

4.54
7.86
9.39
7.24
9.36
6.65

4.98

o
23
1.04

120 min 60 min 30 min 120 min 60 min 30 min
Acetic Acid Citric Acid

©

Figure 8. Comparison of the leaching efficiency of NdFeB magnets in acetic and citric acids, concen-
tration 1 M, ratio s/1 (A) 1/100; (B) 1/50 and (C) 1/10.
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Figure 9. Comparison of the leaching efficiency of NdFeB magnets in acetic and citric acids, concen-
tration 0.5 M, ratio s/1 (A) 1/100; (B) 1/50 and (C) 1/10.

In general terms, ultrasound leaching and conventional leaching showed similar
efficiency results and, as expected, lower efficiency compared to the microwave method.
The results obtained in microwave leaching tests indicate that organic acids (acetic and
citric), have the potential to leach the Nd and Pr present in the NdFeB magnets present in
mobile phones.
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Although the results obtained in this study are less than the results obtained by other
authors who tested the same acids in the leaching of NdFeB magnets, one must take
into account the variables studied in each of the works. Behera and Parhi (2016), for
example, obtained extraction rates of 99.9% of Nd and Fe in magnet leaching with acetic
acid. However, the authors obtained these results using temperatures up to 80 °C and
leaching times of 240 min. According to the authors, the acid concentration and the use of
temperature seem to be critical in the effective dissolution of Nd and Fe [36]. Behera et al.
(2019) investigated the application of ultrasound and microwave-assisted technology on
the dissolution of neodymium from NdFeb magnets, with the use of organic acids (ascorbic,
citrus, acetic, formic and tartaric). According to the authors, acetic acid appears to be
more effective in Nd leaching. Furthermore, both ultrasound and microwave assistance
improved the dissolution of Nd, in relation to the regular process [44].

Furthermore, in most cases, high percentages of Fe were leached along with Nd and Pr,
which demonstrates a low selectivity of these acids. The use of a previous heat treatment
(roasting), and other techniques for recovering metals in solution can increase the selectivity
in the recovery of Nd [39,59-61].

4. Conclusions
From the results obtained in this research, it is possible to obtain the following conclusions:

e  The amount of REE present in mobile phone devices increased from 28.1% (2000-2005 models)
to 34.3% (2019-2020 models);

e  The studied magnets contained, on average, 28.9% of REE. On average, these magnets
had 23.9% of Nd, a higher amount than that found in ores;

e  Microwave leaching was the most effective compared to ultrasound and conventional
methods;

e  The best results for citric acid were obtained in microwaves, using a concentration
of 0.5 M, s/l ratio 1/100 and 15 min; in these conditions 57% of Nd and 58% of Pr
were leached. For acetic acid the best results were obtained in microwaves, using
concentration 0.5 M, s/1 ratio—1/100 and 15 min; in these conditions 48% of Nd and
65% of Pr were leached;

e  Under the same conditions, both citric acid and acetic acid also leached high percent-
ages of iron (51% and 72%, respectively), demonstrating low selectivity;

e Considering the results obtained, it can be concluded that there is a great potential
for using organic acids (acetic and citric) in the leaching of Nd and Pr (rare earths
classified as light, with similar chemical properties). However, these acids require the
use of more aggressive conditions than those used in this study, such as increased
temperature and leaching time.

Author Contributions: Conceptualization: H.M.V,; Data curation: R.T.S. and A.C.K.; Formal analysis:
R.T.S. and HM.V,; Investigation: A.C.K.; Methodology: R.T.S.; Supervision: H.M.V.; Writing—original
draft: RT.S. and A.C.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found here: https:/ /idealmagnetsolutions.com/knowledge-base /rare-earth-metals-12-things-
about-neodymium/; https:/ /idealmagnetsolutions.com/knowledge-base /small-ndfeb-magnets-
in-smartphones-and-personal-electronics, accessed on 20 May 2022.

Acknowledgments: The authors are grateful to Capes, CNPq, FINEP and FAPERGS (Brazil) for their
financial support.

Conflicts of Interest: The authors declare no conflict of interest.

1. Du, X,; Graedel, T.E. Rare Earth Stocks in NdFeB Magnets. J. Ind. Ecol. 2011, 15, 6836—-6843. [CrossRef]
2. Chen, Z. Global rare earth resources and scenarios of future rare earth industry. J. Rare Earths 2011, 29, 1-6. [CrossRef]


https://idealmagnetsolutions.com/knowledge-base/rare-earth-metals-12-things-about-neodymium/
https://idealmagnetsolutions.com/knowledge-base/rare-earth-metals-12-things-about-neodymium/
https://idealmagnetsolutions.com/knowledge-base/small-ndfeb-magnets-in-smartphones-and-personal-electronics
https://idealmagnetsolutions.com/knowledge-base/small-ndfeb-magnets-in-smartphones-and-personal-electronics
http://doi.org/10.1111/j.1530-9290.2011.00362.x
http://doi.org/10.1016/S1002-0721(10)60401-2

Minerals 2022, 12, 668 20 of 21

10.

11.
12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wiibbeke, J. Rare earth elements in China: Polices and narratives of reinventing and industry. Resour. Policy 2013, 38, 384-394.
[CrossRef]

Balaram, V. Rare earth elements: A review of applications, occurrence, exploration analysis, recycling, and environmental impact.
Geosci. Front. 2019, 10, 1285-1303. [CrossRef]

Long, K.R.; Gosen, B.S.V,; Foley, N.K.; Cordier, D. The Principal Rare Earth Elements Deposits of the United States: A Summary
of Domestic Deposits and a Global Perspective. In Scientific Investigations Report; Non-Renewable Resource Issues; U.S. Geological
Survey: Reston, VA, USA, 2012; pp. 131-135.

Yang, B.Q.; Zhang, X.P. Analysis of global rare earth production and consumption structure. Chin. Rare Earths 2014, 35, 110-118.
Goodenough, K.M.; Wall, E; Merriman, D. The Rare Earth Elements: Demand, Global Resources, and Challenges for Resourcing
Future Generations. Nat. Resour. Res. 2018, 27, 201-216. [CrossRef]

Jha, M.K.; Kumari, A.; Panda, R.; Rajesh Kumar, J.; Yoo, K.; Lee, ].Y. Review on hydrometallurgical recovery of rare earth metals.
Hydrometallurgy 2016, 165, 2-26. [CrossRef]

Jordens, A.; Cheng, Y.P.; Walters, K.E. A review of the benefication of rare earth element bearing minerals. Miner. Eng. 2013, 41,
97-114. [CrossRef]

Shin, S.H.; Kim, H.O,; Rim, K.T. Worker Safety in the Rare Earth Elements Recycling Process From the Review of Toxicity and
Issues. Saf. Health Work 2019, 10, 409-419. [CrossRef]

Koltun, P.; Tharumarajah, A. Life Cycle Impact of Rare Earth Elements. ISRN Met. 2014, 2014, 907536. [CrossRef]

Humsa, T.Z,; Srivastava, R K. Impact of Rare Earth Mining and Processing on Soil and Water Environment at Chavara, Kollam,
Kerala: A Case Study. Procedia Earth Planet. Sci. 2015, 11, 566-581. [CrossRef]

Amato, A.; Becci, A.; Birloaga, I.; Michelis, I.; De Ferella, F.; Innocenzi, V.; Ippolito, N.M.; Pillar, C.; Gomez, ].; Veglio, E; et al.
Sustainability analysis of innovative technologies for the rare earth elements recovery. Renew. Sustain. Energy Rev. 2019, 106,
41-53. [CrossRef]

U.S. Department of Energy. Critical Materials Strategy; DOE/PI-0009; Department of Energy: Washington, DC, USA, 2011; 191p.
European Commission. Critical Raw Materials for the EU, Report of the Ad-Hoc Working Group on Defining Critical Raw Materials;
European Commission: Brussels, Belgium; Luxembourg, 2014; 41p.

Van Gosen, B.S.; Verplanck, PL.; Seal, R.R., II; Long, K.R.; Gambogi, J. Chapter O—Rare-Earth Elements. In Critical Mineral
Resources of the United States—Economic and Environmental Geology and Prospects for Future Supply; Schulz, K.J., DeYoung, ] H., Jr.,
Seal, R.R., II, Bradley, D.C., Eds.; U.S. Geological Survey Professional Paper 1802; U.S. Geological Survey: Reston, VA, USA, 2017;
pp- O1-O31.

Makarava, I.; Kasach, A.; Kharytonau, D.; Kurilo, I.; Laatikainen, M.; Repo, E. Enhanced acid leaching of rare earths from
NdCeFeB magnets. Miner. Eng. 2022, 179, 107446. [CrossRef]

Kramer, D. US government acts to reduce dependence on China for rare-earth magnets. Phys. Today 2021, 74, 20-24. [CrossRef]
Cui, J.; Ormerod, J.; Parker, D.; Ott, R.; Palasyuk, A.; Mccall, S.; Paranthaman, M.P.; Kesler, M.S.; McGuire, M.A.; Nlebedim, I.C.;
et al. Manufacturing Processes for Permanent Magnets: Part [—Sintering and Casting. JOM 2022, 74, 1279-1295. [CrossRef]
Coey, ].M.D. Perspective and Prospects for Rare Earth Permanent Magnets—Rare Earth Permanent Magnets—Review. Engineering
2020, 6, 119-131. [CrossRef]

Trench, A.; Sykes, ]J.P. Rare Earth Permanent Magnets and Their Place in the Future Economy. Engineering 2020, 6, 115-118.
[CrossRef]

Dent, P.C. Rare earth elements and permanent magnets (invited). J. Appl. Phys. 2012, 111, 07A721. [CrossRef]

Wang, H.; Li, A; Li, W. Effect of Pr and Dy substitution on the impact resistance of sintered Nd—Fe-B magnets. Intermetallics 2007,
15, 985-988. [CrossRef]

Coey, ].M.D. Magnetism and Magnetic Materials; Cambridge University Press: Cambridge, UK, 2010.

Herbst, J.E; Croat, J.J. Neodymium-iron-boron permanent magnets. J. Magn. Magn. Mater. 1991, 100, 57-78. [CrossRef]
BMT/IDEAL MAGNET SOLUTIONS. Rare Earth Metals-12 Things You Didn’t Know. Available online: https://
idealmagnetsolutions.com/knowledge-base/rare-earth-metals-12-things-about-neodymium/ (accessed on 12 February 2021).
BMT/IDEAL MAGNET SOLUTIONS. Small NdFeB Magnets in Smartphones and Personal Electronics. Available online:
https:/ /idealmagnetsolutions.com/knowledge-base /small-ndfeb-magnets-in-smartphones-and-personal-electronics/ (accessed
on 12 February 2021).

GSM Association. The Mobile Economy Report; GSM Association: London, UK, 2021.

Baldé, C.P,; Forti, V.; Gray, V.; Kuehr, R.; Stegmann, P. The Global e-Waste Monitor 2017; Report; United Nations University: Tokyo,
Japan, 2017.

Cordella, M.; Alfieri, F.; Sanfelix, ]. Reducing the carbon footprint of ICT products through material efficiency strategies—A life
cycle analysis of smartphones. J. Ind. Ecol. 2021, 25, 448-464. [CrossRef]

Forti, V.; Baldé, C.P; Kuehr, R.; Bel, G. The Global e-Waste Monitor 2020: Quantities, Flows, and the Circular Economy Potential; Report;
United Nations University: Bonn, Germany; Geneva, Switzerland; Rotterdam, The Netherlands, 2020.

Holgersson, S.; Steenari, B.M.; Bjorkman, M.; Culbrand, K. Analysis of the metal content of small-size Waste Electric and Electronic
Equipment (WEEE) printed circuit boards—Part 1: Internetrouters, mobile phones and smartphones. Resour. Conserv. Recycl.
2018, 133, 300-308. [CrossRef]


http://doi.org/10.1016/j.resourpol.2013.05.005
http://doi.org/10.1016/j.gsf.2018.12.005
http://doi.org/10.1007/s11053-017-9336-5
http://doi.org/10.1016/j.hydromet.2016.01.035
http://doi.org/10.1016/j.mineng.2012.10.017
http://doi.org/10.1016/j.shaw.2019.08.005
http://doi.org/10.1155/2014/907536
http://doi.org/10.1016/j.proeps.2015.06.059
http://doi.org/10.1016/j.rser.2019.02.029
http://doi.org/10.1016/j.mineng.2022.107446
http://doi.org/10.1063/PT.3.4675
http://doi.org/10.1007/s11837-022-05156-9
http://doi.org/10.1016/j.eng.2018.11.034
http://doi.org/10.1016/j.eng.2019.12.007
http://doi.org/10.1063/1.3676616
http://doi.org/10.1016/j.intermet.2006.11.001
http://doi.org/10.1016/0304-8853(91)90812-O
https://idealmagnetsolutions.com/knowledge-base/rare-earth-metals-12-things-about-neodymium/
https://idealmagnetsolutions.com/knowledge-base/rare-earth-metals-12-things-about-neodymium/
https://idealmagnetsolutions.com/knowledge-base/small-ndfeb-magnets-in-smartphones-and-personal-electronics/
http://doi.org/10.1111/jiec.13119
http://doi.org/10.1016/j.resconrec.2017.02.011

Minerals 2022, 12, 668 21 of 21

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Park, Y.J.; Fray, D. Recovery of high purity precious metals from printed circuit boards. J. Hazard. Mater. 2009, 164, 1152-1158.
[CrossRef]

Lu, Z; Xiang, X.; Xie, B.; Gao, B. Preparing lead oxide nanoparticles from waste electric and electronicequipment by high
temperature oxidation-evaporationand condensation. Powder Technol. 2017, 308, 30-36.

Antoniassi, J.L. Caracterizagao Tecnoldgica de Recursos Minerais de Terras Raras em Complexos Alcalinos e Alcalino-
Carbonatiticos do Brasil. Ph.D. Thesis, Departamento de Engenharia de Minas e Petroleo, Escola Politécnica da Universidade Sao
Paulo, Sao Paulo, Brazil, 2017; 207p.

Behera, S.S.; Parhi, PK. Leaching kinetics study of neodymium from the scrap magnet using acetic acid. Sep. Purif. Technol. 2016,
160, 59-66. [CrossRef]

Lee, C.H.; Chen, YJ.; Liao, C.H.; Popuri, S.R.; Tsai, S.L.; Hung, C.E. Selective Leaching Process for Neodymium Recovery from
Scrap Nd-Fe-B Magnet. Metall. Mater. Trans. A 2013, 44, 5825-5833. [CrossRef]

Abdelbasir, S.M.; Hassan, S.5.M.; Kamel, A.H.; El-Nasr, R.S. Status of electronic waste recycling techniques: A review. Environ.
Sci. Pollut. Res. 2018, 25, 16533-16547. [CrossRef]

Kumari, A.; Sinha, M.K.; Pramanik, S.; Sahu, S.K. Recovery of rare earths from spent NdFeB magnets of wind turbine: Leaching
and kinetic aspects. Waste Manag. 2018, 75, 486—498. [CrossRef]

Ni’Am, A.C.; Wang, Y.F; Chen, S.W.; Chang, G. Simultaneous recovery of rare earth elements from waste permanent magnets
(WPMs) leach liquor by solvent extraction and hollow fiber supported liquid membrane. Chem. Eng. Process. Process Intensif.
2020, 148, 107831. [CrossRef]

Akcil, A.; Ibrahim, Y.A.; Meshram, P.; Abhilash, S.P. Hydrometallurgical recycling strategies for recovery of rare earth elements
from consumer electronic scraps: A review. J. Chem. Technol. Biotechnol. 2021, 96, 1785-1797. [CrossRef]

Rabatho, ].D.; Tongamp, W.; Takasaki, Y.; Haga, K.; Shibayama, A. Recovery of Nd and Dy from rare earth magnetic waste sludge
by hidrometallurgical process. ]. Mater. Cycles Waste Manag. 2013, 15, 171-178. [CrossRef]

Lai, F; Huang, L.; Gao, G.; Yang, R.; Xiao, Y. Recovery of rare earths from ion-absorbed rare earths ore with MgSO,-ascorbic acid
compound leaching agent. ]. Rare Earths 2018, 36, 521-527. [CrossRef]

Behera, S.S.; Panda, S.K.; Mandal, D.; Parhi, PK. Ultrasound and Microwave assisted leaching of neodymium from waste magnet
using organic solvent. Hydrometallurgy 2019, 185, 61-70. [CrossRef]

Makarova, I.; Soboleva, E.; Osipenko, M.; Kirilo, I.; Laatikainen, M.; Repo, E. Electrochemical leaching of rare-earth elements from
spent NdFeB magnets. Hydromettallurgy 2020, 192, 105264. [CrossRef]

Liu, Q.; Tu, T.; Guo, H.; Cheng, H.; Wang, X. High-efficiency simultaneous extraction of rare earth elements andiron from NdFeB
waste by oxalic acid leaching. J. Rare Earths 2021, 39, 323-330. [CrossRef]

US Environmental Protection Agency (US EPA). Method 3051A: Microwave Assisted acid Dissolution of Sediments, Sludges, Soils, and
Oils, 2nd ed.; US Government Printing Office: Washington, DC, USA, 1997.

Jiles, D. Introduction to Magnetism and Magnetic Materials; Chapman & Hall: London, UK, 1998.

Schultz, L.; El-Aziz, A.; Barkleit, G.; Mummert, K. Corrosion behaviour of Nd—Fe-B permanent magnetic alloys. Mater. Sci. Eng.
1999, 267, 307-313. [CrossRef]

Lowe, K. Grain Boundary Engineering in Sintered Nd-Fe-B Permanent Magnets for Efficient Utilization of Heavy Rare Earth
Elements. Ph.D. Thesis, Department of Materials and Geosciences at the Technical University of Darmstadt, Darmstadt, Germany,
October 2016.

Jiles, D.C. Recent advances and future directions in magnetic Materials. Acta Mater. 2013, 51, 5907-5939. [CrossRef]
Rademaker, J.; Kleijn, R; Yang, Y. Recycling as a Strategy against Rare Earth Element Criticality: A Systemic Evaluation of the
Potential Yield of NdFeB Magnet Recycling. Environ. Sci. Technol. 2013, 47, 10129-10136. [CrossRef]

Dupont, D.; Binnemans, K. Recycling of rare earths from NdFeB magnets using a combined leaching/extraction system based on
the acidity and thermomorphism of the ionic liquid [Hbet][Tf2N]. Green Chem. 2015, 17, 2150-2163. [CrossRef]

Ueberschaar, M.; Rotter, V.S. Enabling the recycling of rare earth elements through product design and trend analyses of hard
disk drives. J. Mater. Cycles Waste Manag. 2015, 17, 266-281. [CrossRef]

Stuhlpfarrer, P.; Luidold, S.; Antrekowitsch, H. Recycling of Nd2Fe14B Magnets. In Proceedings of the EMC the European
Metallurgical Conference, Diisseldorf, Germany, 14-17 June 2015; pp. 925-938.

Miinchen, D.D.; Veit, H M. Neodymium as the main feature of permanent magnets from hard disk drives (HDDs). Waste Manag.
2017, 61, 372-376. [CrossRef] [PubMed]

Gergoric, M.; Ravaux, C.; Steenari, B.-M.; Espegren, F; Retegan, T. Leaching and Recovery of Rare-Earth Elements from
Neodymium Magnet Waste Using Organic Acids. Metals 2018, 8, 721. [CrossRef]

Reimer, M.V,; Schenk-Mathes, H.Y.; Hoffmann, M.E; Elwert, T. Recycling Decisions in 2020, 2030, and 2040—When Can Substantial
NdFeB Extraction be Expected in the EU? Metals 2018, 8, 867. [CrossRef]

Tanaka, M.; Tatsuya, O.; Kazuya, K.; Hirokazu, N.; Tetsuo, O. Recycling of rare earths from scrap. In Handbook on the Physics and
Chemistry of Rare Earths; Elsevier B.V.: Amsterdam, The Netherlands, 2013; Volume 43, pp. 159-211.

Hoogerstraete, T.V.; Blanpain, B.; Van Gerven, T.; Binnemans, K. From NdFeB magnets towards the rare-earth oxides: A recycling
process consuming Only oxalic acid. RSC Adv. 2014, 4, 64099-64111. [CrossRef]

Reisdorfer, G.; Bertuol, D.; Tanabe, E.H. Recovery of neodymium from the magnets of hard disk drives using organic acids. Miner.
Eng. 2019, 143, 105938. [CrossRef]


http://doi.org/10.1016/j.jhazmat.2008.09.043
http://doi.org/10.1016/j.seppur.2016.01.014
http://doi.org/10.1007/s11661-013-1924-3
http://doi.org/10.1007/s11356-018-2136-6
http://doi.org/10.1016/j.wasman.2018.01.033
http://doi.org/10.1016/j.cep.2020.107831
http://doi.org/10.1002/jctb.6739
http://doi.org/10.1007/s10163-012-0105-6
http://doi.org/10.1016/j.jre.2017.12.003
http://doi.org/10.1016/j.hydromet.2019.02.003
http://doi.org/10.1016/j.hydromet.2020.105264
http://doi.org/10.1016/j.jre.2020.04.020
http://doi.org/10.1016/S0921-5093(99)00107-0
http://doi.org/10.1016/j.actamat.2003.08.011
http://doi.org/10.1021/es305007w
http://doi.org/10.1039/C5GC00155B
http://doi.org/10.1007/s10163-014-0347-6
http://doi.org/10.1016/j.wasman.2017.01.032
http://www.ncbi.nlm.nih.gov/pubmed/28161335
http://doi.org/10.3390/met8090721
http://doi.org/10.3390/met8110867
http://doi.org/10.1039/C4RA13787F
http://doi.org/10.1016/j.mineng.2019.105938

	Introduction 
	Materials and Methods 
	Leaching NdFeB Magnets with Organic Acids 
	Microwave-Assisted Leaching 
	Ultrasound-Assisted Leaching and Conventional Leaching 


	Results and Discussion 
	NdFeB Magnets/Mobile Phones Ratio 
	Demagnetisation and Grinding of NdFeB Magnets 
	Chemical Composition of NdFeB Magnets Used in Mobile Phones 
	Leaching of REE with Organic Acids 
	Microwave Leaching 
	Ultrasound and Conventional Leaching 
	Ultrasound Leaching 
	Conventional Leaching 


	Conclusions 
	References

