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Abstract

Due to the increasing demands and supply shortages for rare earth elements (REEs), the recovery of REEs from discarded
NdFeB with high REE content has become extremely important. In this paper, a hydrometallurgical coupling process involv-
ing mechanical activation and selective acid leaching was proposed for the recovery of REEs from discarded NdFeB magnets.
The effects of ball milling activation speed, hydrochloric acid concentration, and solid—liquid ratio on the leaching efficien-
cies of REEs in NdFeB magnets were studied. The results indicated that the ball milling activation method could enhance
the reactivity of the samples through the action of mechanical force, which promoted the leaching efficiency and leaching
speed of REEs. Under the optimum conditions (650-rpm activation speed, 0.4 M hydrochloric acid, 100 g/L solid-liquid
ratio), the leaching efficiency of REEs increased up to 99% with low hydrochloric acid consumption and the leaching speed
of REEs was triple than that of without activation. The final purity of recovered rare earth oxides reached up to 99.9%. All
results demonstrated that ball milling activation coupled with selective leaching of hydrochloric acid could be an effective

and environment-friendly strategy to achieve the recovery of REEs.
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Introduction

Rare earth elements (REEs) are a kind of very important
metal elements, which are composed of scandium, yttrium,
and fifteen kinds of lanthanide elements. Due to their excel-
lent performances, they have been widely used in various
high-tech products, especially in clean products such as
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new energy vehicles, high-power fans, frequency conver-
sion compressors, and energy-saving motors (Yang et al.
2017; Firdaus et al. 2018). With the continuous break-
through of technology, the demand for REEs is expected to
significantly increased in the near future. Meanwhile, many
countries were facing supply risks due to the limited REE
reserves in the crust (Jha et al. 2016; Prodius et al. 2020;
Rademaker et al. 2013). Thus, the recovery of end-of-life
products containing REEs (electronic equipment such as
fluorescent lamps and NdFeB magnets, industrial wastes
such as bauxite residue and coarse coal refuse) was listed as
a crucial development strategy (Botelho Junior et al. 2021a,
b; Kaya et al. 2021; Zhang and Honaker 2018). More than
20% of the REEs produced globally was used to produce
NdFeB magnets, which were an indispensable part of many
high-tech devices (Lixandru et al., 2017). At the same time,
the REE content in NdFeB magnets was particularly high
(up to 30%) (Moore et al. 2015; Onal et al. 2017), so the
discarded NdFeB magnets have progressively became the
focus of recycling materials.

Several processes have been proposed to recover
REEs from NdFeB magnets, such as hydrometallurgical
approaches (Jha et al. 2016), pyrometallurgical approaches
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(Bian et al. 2016; Hua et al. 2014), gas phase extraction
(Mochizuki et al. 2013; Walton et al. 2015), ionic liquid
extraction (Dupont and Binnemans 2015), and membrane
solvent extraction (Kim et al. 2015), etc. Due to the advan-
tages of large capacity, high REE recovery efficiency,
and high purity of recycled products, hydrometallurgical
approaches still aroused the interest of scholars. However,
traditional hydrometallurgical route consumed a lot of acid
and commonly produced a large amount of wastewater,
which limited its development (Binnemans et al. 2013).
Venkatesan et al. (2018a) reported that the NdFeB magnets
were completely dissolved with HCI, Fe (IT) was selectively
oxidized to Fe (III) by in situ electrochemical oxidation,
and rare earth ions were precipitated with oxalic acid. Fur-
thermore, Venkatesan et al. (2018b) proposed a repeated
electrolysis-dissolution—precipitation method to selectively
recover 95% of REEs with the recovered products purity
more than 99%. In the above process, the HCI was recy-
cled, which could reduce secondary pollution. In addition,
Kumari et al. (2018) recovered 98% of REEs by roasting
NdFeB magnets and leaching the rare earth oxides (REOs)
with HCI, and the oxalic acid precipitated product was cal-
cined to obtain REOs with a purity of 99%.

Some researchers achieved environment-friendly recov-
ery of resources by changing the type of leaching agents. At
the same time, sample pretreatment is an important link in
many processes, more attention should be paid to it. To our
best knowledge, mechanical activation was a very popular
pretreatment method, which had been studied in the field of
secondary resource recovery, especially in the field of waste
trichromatic phosphors treatment (Yuan et al. 2013; Ou and
Li 2014; Tan et al. 2016). Pretreatment of trichromatic phos-
phors by mechanical activation method could reduce its sta-
bility and greatly improved the leaching efficiency of REEs
than the conventional hydrometallurgical processes (Song
et al. 2017; Tan and Li 2015). It implied that if a suitable
pretreatment method is adopted, the properties of the mate-
rial might be improved, which have a favorable effect on the
recovery of REEs.

In this study, an effective strategy to recover REEs from
discarded NdFeB magnets by ball milling activation coupled
with selective leaching of hydrochloric acid was proposed.
Firstly, discarded NdFeB magnets were fully oxidized by
roasting and then activated by ball milling at different ball
milling speeds. Subsequently, the activated REEs were
selectively leached with HCI, and factors including acid con-
centration and solid-liquid ratio were explored respectively.
After that, oxalic acid was used to selectively precipitate

REEs to generate rare earth oxalates. Finally, rare earth oxa-
lates were converted into final products REOs by roasting.

Materials and methods
Materials

The NdFeB magnets used in this study were the same batch
as those used in our previous study (Liu et al. 2019). Firstly,
the magnets were heated up to 400 °C for 30 min under the
argon stream (50 mL/min) to ensure both high than the Curie
temperature and the purpose of demagnetization. After
being cooled to the room temperature, the unwanted iron
cover and organic residues on the surface could be easily
removed. Then, the NdFeB magnets were crushed to the
particle size < 150 pm with a grinder. As shown in Table 1,
the main chemical compositions of the NdFeB powder are
69.03% of Fe, 13.55% of Nd, 7.63% of Gd, and 3.45% of Pr
with other elements (such as La, Ce, Dy, Er, Al, Cu, Co, Ni,
B) less than 1%. Before mechanical activation, NdFeB mag-
net powders were roasted in order to convert the components
of NdFeB magnets into corresponding oxides. The specific
method was to lay NdFeB magnet powder (thickness is less
than 1 mm) in a corundum boat, and maintained for 120 min
in a muffle furnace. The oxidation roasting temperature was
determined by thermogravimetric curve.

Methods
Mechanical activation of oxide magnets

The mechanical activation process was carried out in plan-
etary mill (Retsch PM 100, RETSCH, Hahn, Dusseldorf,
Germany). First of all, 8 g oxidized NdFeB magnet powders
were placed in a 50-mL stainless steel ball grinding tank,
and then 12 stainless steel balls with diameter of 10 mm
were added. The ball mill was activated at 300, 500, and
650 rpm for 60 min. In order to prevent superheated pow-
der from bonding, the samples were ground for 10 min at
intervals of 10 min for 6 times. The activated samples were
sealed for subsequent leaching experiments.

Leaching of activated magnets
The leaching experiment was carried out in a 100-mL flask,

heated by a constant temperature water bath, and stirred by a
magnetic stirrer. The effects of ball milling speed (revolution

Table 1 Chemical composition
of the NdFeB magnets

Element Fe Nd Gd

Pr La Ce Dy Er Al Cu Co Ni B

Mass.%  69.03 13.55 7.63

345 014 013 006 006 092 0.19 0.07 0.01 091
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speed), hydrochloric acid concentration, and solid-liq-
uid ratio on the leaching efficiency of REEs and iron were
investigated. The leaching temperature was set to 90 ‘C, the
stirring speed of magnetic stirrer was set to 500 rpm, and
the leaching time was180 min. In the process of leaching,
2 mL samples were taken regularly with syringe at 5, 10,
20, 30, 60, 90, 120, 150, and 180 min after the beginning
of leaching, obtaining the leachate through a 0.22-pm filter.
The contents of REEs elements and iron were determined by
inductively coupled plasma optical emission spectrometry
(ICP-OES), and the leaching efficiency was calculated. The
calculation method was consistent with that used by Song
et al. (2017). After the leaching process, the sample was
cooled naturally to room temperature and then filtered.

Selective precipitation and roasting

REEs in the leaching solution were precipitated with 10 g/LL
oxalic acid solution to obtain rare earth oxalates. The dos-
age of oxalic acid was calculated according to the content of
REEs in leaching solution. Rare earth oxalates were sepa-
rated from the solution by suction and then vacuum freeze
dried. Finally, the dried rare earth oxalates were laid flat in
the corundum boat (the thickness is less than 1 mm), then
heated to 800 “C in the muffle furnace for 120 min to obtain
rare earth oxides.

Characterization

The chemical composition of the samples was analyzed by
ICP-OES (Agilent ICP 730, Agilent Technologies, Santa
Clara, CA, USA). X-ray diffraction (X pert pro M, Philips,
Almelo, Netherlands) with Cu Ka radiation was used to
analyze the phase of powder samples. The morphology of
the samples was observed by scanning electron microscopy
(Merlin S-3700 N, ZEISS, Aalen, Baden-Wiirttemberg, Ger-
many) with energy-dispersive X-ray spectroscopy (Oxford
X-Max, Oxford Instruments, Abingdon, Oxfordshire, Eng-
land). Laser particle size analyzer (MS2000, Malvern Instru-
ments, Malvern, England) was used to analyze the particle

size of powder samples from 0.02 to 2000 pm, and the dis-
persant used was ultra-pure water.

Results and discussion

Physicochemical properties change of samples
after roasting

If the REEs in NdFeB magnets are leached directly with
hydrochloric acid without oxidation roasting, a large amount
of iron elements will be leached into the solution, so that the
iron element needs to be removed by precipitation method.
However, about 30% of the REEs was lost due to co-precip-
itation (Rabatho et al. 2013). Therefore, NdFeB magnets
needed to be roasted before leaching experiments, so that
the iron element in NdFeB magnets could be converted into
stable Fe,O;. Compared with REOs, Fe,O; was less sus-
ceptible to corrosion by hydrochloric acid, so REEs could
be selectively leached by controlling the concentration of
hydrochloric acid (Jiang et al. 2013; Kumari et al. 2018).
The minimum temperature required for absolute oxidation of
the elements in the sample was obtained by thermogravimet-
ric analysis. The thermogravimetric curves drawn from the
analysis results were shown in Fig. la. It revealed that when
the temperature was heated from room temperature to about
200 °C, the mass of the sample remained almost unchanged.
Then, the sample began to gain weight continuously with
the increase of temperature. When the temperature was
about 900 °C, a weight-increasing platform region appeared.
Thereafter, the mass of the sample remained unchanged with
the increase of temperature, indicating that the sample had
been absolutely oxidized. The theoretical weight gain of
32.93% was calculated for the conversion of all elements in
the sample to the corresponding oxides. Thermogravimetric
analysis showed that the actual weight gain of the sample
was 32.50%, which was very close to the theoretical weight
gain. It was also proved that the sample had been completely
oxidized after roasting at 900 C.

Fig.1 a TGA curve of dis- 140

carded NdFeB magnets powder;
b XRD pattern of NdFeB
magnets powder before and
after roasting
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The samples before and after roasting were analyzed by
X-ray diffraction (XRD). The results were shown in Fig. 1b.
After roasting, the characteristic peaks of the Nd,Fe ,B
phase in the original NdFeB magnets disappeared, replaced
by the characteristic peaks of the Fe,O; phase and the Nd,O,
phase. Seven characteristic peaks (20=24.1°, 33.1°, 35.6°,
49.4°, 54.0°, 62.5°, 63.9°) of Fe,0; phase and five charac-
teristic peaks (20 =29.3°, 31.3°, 41.1°, 46.1°, and 58.0°)
of Nd,O; phase could be clearly observed from the XRD
pattern of NdFeB magnets, which indicated that NdFeB
magnets had been completely converted into corresponding
oxides by roasting at 900 °C for 120 min. Therefore, 900 ‘C
was chosen as the roasting temperature of NdFeB magnets.

Physicochemical properties change of samples
after mechanical activation

After ball milling activation, the color of the sample changed
from grayish brown to reddish brown. The particle size dis-
tribution of samples before and after activation at different
milling speeds was shown in Fig. 2a. It was found that the
particle size distribution of the sample without activation
was between 0.2 and 400 pm, and the particle size of the
sample after ball milling activation was less than 100 pm.
With the increase of ball milling speed, the particle size of
the sample decreased gradually. The main reason for the
decrease of particle size was that the kinetic energy pro-
duced by the collision between the balls was transferred
to the sample and transformed into the internal energy of
the sample in the process of ball milling activation. With
the increase of ball milling speed, the collision frequency
between the balls increased, and the internal energy trans-
ferred to the sample increased, resulting in the decrease of
the particle size of the sample.

The change of the particle size of the sample can cause
the change of its specific surface area. The median particle
size and the specific surface area were shown in Fig. 2b.
It could be seen from the figure that the median particle
size was 24.303 pm and the corresponding specific surface
area was only 0.54 m%/g when the sample was not activated.

After 300-rpm ball milling speed activation, the median
particle size of the sample decreased sharply to 4.416 pm,
but the specific surface area increased to 4.32 m*/g. With
the increase of ball milling speed, the median particle size
and specific surface area of the sample still decreased, but
the range of variation slowed down. When the ball milling
speed was increased to 650 rpm, the median particle size
of the sample was only 1.535 pm, while the corresponding
specific surface area was increased to 6.79 m%/g.

In the study of waste fluorescent lamp powder by Song
et al. (2017) and Tan et al. (2016), the van der Waals force
could significantly increase when the particle size decreased
to a certain extent with the increase of ball milling speed,
resulting in local plastic deformation and mutual penetra-
tion in the contact zone of adjacent particles. So, the fine
particles could be agglomerated, leading to the increase of
particle size and the decrease of specific surface area. In
this study, with the increase of ball milling speed, the parti-
cle size of the sample had been decreasing and the specific
surface area had been increasing. Even when the ball mill-
ing speed increased to 650 rpm, the trend had not changed.
This indicated that the agglomeration of NdFeB magnet did
not occur after 60-min activation at the ball milling speed
designed by the present experiment, possibly due to the dif-
ferent structure of NdFeB magnets and fluorescent lamp
powders. In fact, no agglomeration of the sample particles
was more conducive to the subsequent leaching process.

The surface morphology of samples before and after
activation at different milling speeds was observed by scan-
ning electron microscopy (SEM). The results were shown in
Fig. 3. It could be seen from Fig. 3a that before ball milling
activation, the sample was consisted of many large particles
with similar size and uniform distribution. The particle size
was mostly around 20 pm, which corresponded to the high-
est peak of the particle size distribution curve in Fig. 2a.
After 300-rpm ball milling speed activation, many fine par-
ticles could be clearly seen in the sample (Fig. 3b), which
was mainly caused by friction, shear, impact, and collision
during ball milling. However, there were still some relatively
large particles in the samples activated by ball milling. The

Fig. 2 a Particle size distribu-
tion; b specific surface area and
medium particle size of samples
activated at different ball mill-
ing speeds
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Fig.3 SEM images of samples
activated at different ball mill-
ing speeds
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Fig.4 a XRD patterns of samples activated at different ball milling
speeds and b partial enlarged image

particle size was about 10 pm, which was also consistent
with the highest peak of the corresponding curve of particle
size distribution. As the ball milling speed increased, the
damage of those effects on large particles increased, result-
ing in more fine particles. The difference between the two
samples was very difficult to distinguish after 500-rpm and
650-rpm ball milling speed activation from Fig. 3¢ and d,
which was very consistent with the results of the correspond-
ing two curves in particle size distribution.

XRD pattern of the samples before and after activation at
different ball milling speeds was shown in Fig. 4. The right
side was an enlarged image of the spectra near 26 =33.381°.
The figure showed that no new phase was formed after the
sample was activated by ball milling. However, with the
increase of ball milling speed, the peak strength of the charac-
teristic peak gradually decreased and the line width gradually

@ Springer

widened. This was the common feature of mechanical force
on material structure change. In the process of ball milling
activation, mechanical force and lattice defects changed the
crystal structure of the sample, resulting in the deterioration
of the crystallinity of the sample. The higher the ball milling
speed was, the worse the crystallinity of the sample became.
For the subsequent leaching process, the variation of crystal-
linity of samples was also beneficial to the leaching of REEs.

From the above discussion, it could be concluded that
the effect of ball milling activation on the physicochemical
properties of discarded NdFeB magnets was mainly mani-
fested in two aspects. On the one hand, ball milling led to a
decrease in the particle size of NdFeB magnets, which would
contribute to the formation of new surfaces, thus increas-
ing the specific surface area of the sample. On the other
hand, ball milling brought about considerable deformation
of the crystal structure of discarded NdFeB magnets, which
resulted in the increase of lattice defects and local reactiv-
ity. Therefore, the changes of physicochemical properties of
discarded NdFeB magnets caused by ball milling activation
would be beneficial to the leaching of REEs by hydrochloric
acid, thus improving the leaching efficiency and leaching
speed of REEs.

Leaching behavior changes of REEs from samples
after mechanical activation

The effect of ball milling activation

In the process of selective leaching with hydrochloric
acid, the effect of different milling speeds on the leaching



Environmental Science and Pollution Research (2022) 29:25532-25543

25537

efficiency of REEs in discarded NdFeB magnets was studied
at first. Four levels of 0, 300, 500, and 650 rpm were set up,
of which 0 rpm was the control group without ball milling
activation. The concentration of hydrochloric acid used was
0.8 M and the solid—liquid ratio was 60 g/L. Figure 5 showed
that the leaching efficiency of REEs increased gradually with
the prolongation of leaching time for the sample without
mechanical activation. After 180 min of leaching, the leach-
ing efficiency of REEs reached the maximum (about 98%).
After ball milling activation, the leaching efficiency of REEs
also increased with the extension of leaching time. However,
unlike the unactivated samples, the leaching efficiency of
REEs in the activated samples reached more than 99%, and
the leaching speed of REEs increased obviously with the
increase of ball milling speed. When the ball milling speed
was 300 rpm, the leaching efficiency of REEs reached more
than 99% after 150 min. When the speed was increased to
500 rpm, the time required to achieve the same efficiency
(more than 99%) was shortened to 120 min. And when the
speed continued to increase to 650 rpm, the time required
was only 60 min. The results showed that ball milling activa-
tion can strengthen the leaching of REEs and improve the
leaching efficiency and leaching speed of REEs. The higher
the ball milling speed, the higher the leaching speed of REEs
becomes. This was in line with the results obtained by Tan
et al. (2016) and Song et al. (2017) in leaching REEs from
waste fluorescent lamp powder.

At the same time, it was found that with the increase of
ball milling speed, the leaching efficiency of iron as impu-
rity also increased. According to the data shown in Fig. 5,
when the sample was not activated, the leaching efficiency of
iron only reached 10.1%. After 300-, 500-, and 650-rpm ball
milling speed activation, the maximum leaching efficiency
of iron reached 13.4%, 14.6%, and 19.3% respectively.
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Fig.5 The effect of ball milling speed on leaching efficiency of REEs
and iron

Compared with the unactivated samples, the leaching effi-
ciency of iron was increased by about twice when the ball
milling speed reached the maximum speed of 650 rpm. This
indicated that the ball milling activation method promoted
the leaching of impurity iron elements as well as the leach-
ing of REEs. However, in order to make the leaching effect
of REEs the best, 650 rpm was chosen as the best ball mill-
ing speed in the next experiment. As for the leaching of
impurity iron, we regulated other leaching conditions, so as
to reduce the impact of leaching on the recovery of REEs.

The effects of hydrochloric acid concentration

A total of 0.4, 0.8, 1.2, and 1.6 M gradients of hydrochloric
acid were set up in this group of experiments. The ball mill-
ing speed of sample pretreatment was set to 650 rpm and the
solid-liquid ratio was set to 60 g/L. The results were shown
in Fig. 6a. It could be seen from the figure that with the pro-
longation of leaching time, the leaching efficiency of REEs
reached more than 99% under different hydrochloric acid
concentration, and the leaching speed of REEs increased
with the increase of hydrochloric acid concentration. When
the concentration of hydrochloric acid was 0.4 M, the leach-
ing efficiency of REEs reached more than 99% after leaching
for 90 min. With the increase of hydrochloric acid concen-
tration, the time required for REEs leaching efficiency to
reach this level was gradually shortened. When hydrochloric
acid concentration increased to 1.6 M, this time only took
20 min. Furthermore, in addition to the 0.4 M concentration
of hydrochloric acid, the leaching efficiency of iron element
gradually increased as the concentration of hydrochloric acid
increased. Especially when the concentration of hydrochlo-
ric acid was increased to 1.2 M and 1.6 M, the maximum
leaching efficiency of iron could be as high as 43.7% and
50.6%. Obviously, the purpose of selective leaching of REEs
from NdFeB magnets might not be achieved. The leaching
of large amounts of iron element seriously affected the sub-
sequent recovery process of REEs.

However, when the concentration of hydrochloric acid
was 0.4 M, the leaching efficiency of REEs reached 99%
only after 90 min, while the leaching efficiency of impu-
rity iron was very low. Moreover, the trend of leaching effi-
ciency of iron was different when using other concentrations.
Although the leaching efficiency of iron increased to 11.8%
after 5 min, it began to decline slowly and dropped to 6.7%
after 180 min. This indicated that the concentration of iron
ion in solution increased gradually in the initial stage of
leaching, and then decreased with the extension of leaching
time. Kumari et al. (2018) also found this phenomenon in
the experiment of studying the effect of hydrochloric acid
concentration on the leaching efficiency of REEs in NdFeB
magnets. This was because when the concentration of hydro-
chloric acid was 0.4 M, the concentration of hydrogen ion
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was very low. With the leaching reaction proceeding, the
hydrogen ion was gradually consumed, the solution pH
gradually increased, and the critical pH value of iron ion
hydrolysis was gradually reached. Thus, iron ions dissolved
in the initial stage of leaching began to hydrolyze to form
Fe(OH),, which resulted in a gradual decrease in the con-
centration of iron ions in the solution.

This was also confirmed by the phenomena observed
during regular sampling with syringes. When the concen-
tration of hydrochloric acid was 0.8, 1.2, and 1.6 M, the
leachate of the sample filtered by the syringe was yellow
brown (Fig. 6b), which was the color of typical FeCl; solu-
tion. However, when the concentration of hydrochloric acid
was 0.4 M, the sample showed reddish brown instead of
yellow brown after filtration, and the color became lighter
and lighter with the prolongation of leaching time (Fig. 6c¢).
This was because the leaching efficiency of iron at 0.4 M
hydrochloric acid concentration was relatively low and FeCl,
generated was very small, so it was difficult to show brown.
The hydrolysis of iron ions was a reversible reaction. The
red-brown Fe(OH); colloid formed in the initial stage of
the reaction could not precipitate due to the reaction equi-
librium. In this experiment, with the leaching reaction pro-
ceeding, the hydrogen ions produced by hydrolysis of iron
ions could be conducive to the leaching of REEs in the sam-
ple. As a result, the hydrolysis equilibrium was broken and
Fe(OH); was gradually precipitated, so the samples taken
later became reddish brown and nearly transparent.

For this study, when the concentration of hydrochloric
acid was 0.4 M, Fe(OH); produced by hydrolysis of iron
ions could eventually precipitate in the leaching residue,
thus reducing the concentration of impurity iron ions in
the leaching solution, which was actually beneficial to our
REEs recovery process. However, when the concentration of
hydrochloric acid was 0.8, 1.2, and 1.6 M, excessive hydro-
chloric acid would lead to the leaching of large amounts of
iron elements, and those iron elements existed in the pres-
ence of iron ions in solution. At the same time, because of
the high concentration of hydrogen ions and the low pH of

@ Springer

the solution, these iron ions could not hydrolyze and pre-
cipitate, thus affecting the subsequent recovery of REEs.
In addition, using higher concentration of hydrochloric
acid meant consuming more hydrochloric acid in the whole
recovery process, thus causing higher economic costs and
more waste acid for subsequent treatment, which was not
conducive to our recovery process. So, the use of low con-
centration hydrochloric acid could not only be conducive to
the selective leaching process of REEs, but also save eco-
nomic cost and reduce environmental pollution. Therefore,
hydrochloric acid with concentration of 0.4 M was used in
the follow-up experiment.

The effects of solid-liquid ratio on REE leaching efficiency

Solid-liquid ratio also affected the leaching effect of REEs
in samples. Four gradients of solid-liquid ratio were set up
in this experiment, namely 40, 60, 80, and 100 g/L. The
ball milling speed of sample pretreatment was 650 rpm and
the concentration of hydrochloric acid was 0.4 M. It could
be seen from Fig. 7 that the leaching efficiency of REEs
reached more than 99% with the extension of leaching time
under the four solid-liquid ratio gradients. The leaching
speed of REEs decreased with the increase of solid-liquid
ratio, which was different from the variation of ball mill-
ing speed and hydrochloric acid concentration. When the
solid-liquid ratio was 40 g/L, more than 99% of REEs in
the sample could be leached into the solution by hydro-
chloric acid within 60 min. With the increase of solid-liq-
uid ratio, the time required for the leaching efficiency of
REEs to reach this level was gradually prolonged. When
the solid-liquid ratio increased to 100 g/L, it took 120 min
to leach more than 99% of the REEs in the sample. There-
fore, with the same volume of hydrochloric acid, the leach-
ing efficiency of REEs decreased as the amount of sample
added to it increased (i.e., the solid—liquid ratio increased).
This conformed to the natural law of the general leaching
reaction. The amount of treated sample increased, and the
time required increased. However, the leaching efficiency of
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Fig.7 The effect of solid-liquid ratio on leaching efficiency of REEs
and iron

REEs eventually reached more than 99%, which indicated
that increasing the solid—liquid ratio meant making full use
of hydrochloric acid, which could greatly save the amount
of hydrochloric acid used in the whole recovery process. For
example, when the solid-liquid ratio was 100 g/L, it took
twice the time to attach the maximum leaching efficiency
(more than 99%) compared with the solid-liquid ratio was
40 g/L, but the amount of sample treated by the former was
2.5 times than that of the latter. Therefore, increasing the
solid-liquid ratio could reduce the hourly consumption of
hydrochloric acid, which was economical and environment-
friendly. Of course, the solid-liquid ratio also had an upper
limit. When the amount of sample added exceeded the treat-
ment capacity of hydrochloric acid, the REEs in the excess
sample would no longer be leached, resulting in a decrease
of the leaching efficiency of REEs. After theoretical calcula-
tion, we found that under the scale of current experimental
design, the REEs in 10.3 g samples activated by ball milling
could be completely leached with 0.4 M hydrochloric acid,
i.e., the upper limit of solid—liquid ratio was 103 g/L. The

maximum solid—liquid ratio set in this study was 100 g/L,
which was just a little lower than the upper limit. That was
to say, the amount of hydrochloric acid used in the leaching
process was slightly over the theoretical value. Therefore,
100 g/L was chosen as the best solid-liquid ratio for REEs
leaching.

In addition, at the concentration of 0.4 M hydrochloric
acid, the leaching efficiency of iron in samples with different
solid—liquid ratios increased within the first 5 min, and then
decreased gradually. Moreover, when the solid—liquid ratio
increased from 40 to 100 g/L, the final leaching efficiency of
iron decreased from 7.6 to 3.2%. Therefore, with the increase
of solid-liquid ratio, the concentration of iron ion in leach-
ing solution decreased, which was more conducive to the
recovery of REEs. Therefore, 100 g/L could be used as the
best solid—liquid ratio in the selective leaching process of
hydrochloric acid.

Characterization of REE oxalates and REE oxides

Based on the above results, we chose the leaching solution
obtained under the conditions of ball milling speed 650 rpm,
hydrochloric acid concentration 0.4 M, and solid-liquid ratio
100 g/L for the subsequent REE recovery process. After
adding oxalic acid solution to the leaching solution, REEs
precipitated in the form of rare earth oxalate, while other
impurity metals remained in the leaching solution. XRD
analysis (Fig. 8a) showed that the rare earth oxalate was
Nd,(C,0,)5-10H,0, indicating that the hydrated oxalate of
rare earth was formed. The surface morphology of rare earth
oxalate hydrate was observed by SEM (Fig. 8b). It could be
seen that rare earth oxalate hydrate was a kind of granule
formed by stacking and crossing of lamellar crystals, and its
particle size was in the range of 5-20 pm. This characteristic
was very similar to that of rare earth oxalates obtained by
hydrochloric acid selective leaching of samples without ball
milling activation by Kumari et al. (Kumari et al. 2018).
There were four strong characteristic peaks of REOs at
the positions of 20=27.857°, 32.267°, 46.308°, and 54.935°,
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corresponding to (222), (400), (440), and (622) crystal
planes of Nd,O; phase, respectively (Fig. 9a). This indicated
that REOs were indeed formed after roasting of rare earth
oxalate hydrate.

The surface morphology of the obtained REOs was
observed by SEM. It could be seen from Fig. 9b that most of
the REEs were also particles formed by stacking and cross-
ing of lamellar crystals with a diameter of about 10 pm.
Unlike the experimental results of Kumari et al. (2018), the
REOs obtained in this study contained a small number of
particles formed by cross-section of columnar crystals. In
addition, EDS was used to analyze the obtained REOs, of
which only three main rare earth elements were scanned.
Figure 9¢ showed that the contents of Nd, Gd, Pr, and O in
REEs were very high, while the contents of Fe were very
low, which indicated that the purity of recovered REEs was
high. The purity of recovered REOs reached 99.9% by ICP-
OES analysis.

Implications

The hydrometallurgical process had a great advantage in
the recovery of rare earth metals from discarded NdFeB
magnets due to the availability of a single REO with a
wider range of applications (Tuncuk et al. 2012). In addi-
tion, the mixed REOs obtained by pyrometallurgical process

would eventually have to be separated by hydrometallurgi-
cal process to obtain a single REO. However, the cost and
secondary pollution of hydrometallurgical process due to
the consumption of a large number of inorganic acids and
extractants could not be ignored (Jyothi et al. 2020; Xu
et al. 2004). Therefore, in the case of giving full play to the
advantages of hydrometallurgical process, it was particu-
larly important to improve its shortcomings. In this study,
ball milling activation method was used to pretreat samples
before hydrochloric acid selective leaching process. Com-
pared with the samples without ball milling activation, the
physical properties of samples changed greatly, which was
beneficial to the subsequent leaching of REEs in the pro-
cess of selective leaching of hydrochloric acid. Therefore,
the hydrometallurgical process of NdFeB magnets was suc-
cessfully improved and innovated by ball milling activation
method, and the leaching effect of REEs was improved.
The comparison of different process for recovery of rare
earths from NdFeB magnet is given in Table 2. It showed
that the REE recovery efficiency and recovered REO purity
of mechanical activation coupled with acid leaching process
are quite good than other process, which indicated that the
proposed strategy has an excellent effect for the recovery of
REEs from discarded NdFeB magnets.

At present, for the recovery of secondary rare earth met-
als, non-salt ball milling activation was not been reported
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Table 2 The comparison of different process for recovery of rare earths from NdFeB magnet

Process Reaction conditions

Sulfation roasting followed by leaching
for1h

Leaching and selective precipitation
acid, 313 K

Chlorination roasting and water leaching

Roasting at 750°C for 1 h, leaching at 25°C

6 mol/L hydrochloric acid, 50 g/L tartaric

Roasting at 300°C for 3 h with 3 times stoi- REE recovery efficiency 98%

Efficiency References

REE recovery efficiency>95%  (Onal et al. 2015)
REO purity >98%

REE leaching 99.27% (Tian et al. 2019)

REE recovery efficiency 90.18%
REO purity 95.83%

(Kumari et al. 2021)

chiometric amount of NH,Cl, leaching at REO purity 99.2%
95°C for 1 h with 100 g/L pulp density

Mechanical activation coupled with acid
leaching
ratio

650-rpm ball milling speed, 0.4 M hydro-
chloric acid, and 100 g/L solid-liquid

REE recovery efficiency >99%
REO purity 99.9%

This study

in the field of discarded NdFeB magnets, but there were
some studies in the field of waste fluorescent lamp powder
treatment. From the perspective of rare earth leaching effi-
ciency, compared with the leaching of rare earth in waste
fluorescent lamp powder, the leaching efficiency of REEs
in discarded NdFeB magnets seemed to increased slightly
from 98 to 99% without and with ball milling activation.
This was because REEs such as neodymium, gadolinium,
praseodymium, and dysprosium in NdFeB magnets were
easier to leach than those of yttrium, europium, cerium, and
terbium in waste fluorescent lamp powders (Tan et al. 2016).
Therefore, when ball milling activation method was used
to strengthen the leaching efficiency, the growth space was
smaller. But when the leaching efficiency reached 98%, it
was a great progress to raise another percentage point. From
the perspective of the leaching speed of REEs, the speed
increased significantly when ball milling activation method
was applied to discarded NdFeB magnets. When the ball
milling speed reached the maximum speed of experiment
design, the leaching speed of REEs increased about 3 times.
The increase of REE leaching speed will greatly shorten the
time required for the whole recovery process and improve
the recovery efficiency. Compared with the leaching of
NdFeB magnets without ball milling activation by Kumari
et al. (2018), the leaching efficiency of iron after activation
in this study was higher, which indicated that ball milling
activation can also promote the leaching of iron. However,
subsequent studies found that the selective leaching of
REEs could be achieved by controlling the concentration
of hydrochloric acid and the solid-liquid ratio. Therefore,
on the basis of enhancing the leaching effect, the proposed
strategy could shorten the leaching time and reduce the acid
consumption.

In the future, the activation and leaching conditions
can be controlled more finely in order to further improve
the leaching efficiency of REEs and reduce the leaching
efficiency of iron element. In the other application of ball
milling activation methods, the co-grinding of doped

sulfur (Yuan et al. 2013; Ou and Li 2014), iron (Zhang
et al. 2016), and Al,O; (Zhang et al. 2000) particles
achieved satisfactory recovery results. Therefore, it can
be considered to dope NdFeB magnets with other material
particles to co-grind to save time and simplify the process,
or to react with iron elements to form stable compounds,
which the resulting compounds are a product with higher
application value than iron oxide. In addition, some schol-
ars have initially studied the use of mechanical activation
coupled with leaching process to recover valuable metals
(Fan et al. 2018; Fathy et al. 2021), which indicates that
the proposed strategy may be used for different types of
e-waste.

Conclusion

Ball milling activation method effectively improved the
leaching efficiency and leaching speed of REEs in discarded
NdFeB magnets during selective acid leaching. After ball
milling activation, the leaching efficiency of REEs increased
to more than 99%. Under the optimum activation speed of
650 rpm, the leaching speed of REEs was three times higher
than that of without activation. Reducing the concentration
of hydrochloric acid and increasing the solid-liquid ratio
were beneficial to reducing the leaching of iron and making
full use of hydrochloric acid, thus reducing the consumption
of hydrochloric acid and saving economic costs. The final
purity of recovered REOs reached up to 99.9% under the
conditions of 650-rpm ball milling speed, 0.4 M hydrochlo-
ric acid, and 100 g/L solid-liquid ratio. The combination of
ball milling activation and selective acid leaching could be a
favorable method in the treatment of discarded NdFeB mag-
nets, which not only realized the efficient recovery of REEs,
but also reduced the acid consumption and leaching time
of the whole hydrochloric acid selective leaching process.
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