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Recycling rare-earth elements (REEs) from Nd-Fe-B magnet waste is an
important step towards building a sustainable REE supply chain. In this
study, two different processes were systematically investigated and compared.
In the leaching stage, the effect of increasing H2SO4 or HCl concentrations
were studied and it was determined that, although both can successfully
promote REEs, B, Fe and Co leaching, HCl solutions extracted a wider range
of metals. After leaching, the oxalate and double-sulfate precipitation methods
were utilized to separate REEs from either HCl or H2SO4 leachates. Results
suggest that, although> 99% REEs precipitation rates could be achieved with
oxalate, the purity of REE-containing products is significantly affected by
impurities like Fe and Co. In contrast, REE double-sulfate precipitation re-
sulted in a product purity of> 99%; however, high levels of Na2SO4 (8 times
the stoichiometric amount) were needed to achieve > 98% of REE precipita-
tion.

INTRODUCTION

Neodymium–iron–boron (Nd-Fe-B) permanent
magnets are the strongest permanent magnetic
materials known and are utilized in everyday life
in a variety of essential high-tech applications, like
the electrical motors found in, e.g., cars, elevators
and wind power generators.1 Nevertheless, these
magnets contain a large quantity of rare earth
elements (REEs) such as neodymium (Nd), classi-
fied as critical raw material by the European Union,
and smaller quantities of praseodymium (Pr) and
dysprosium (Dy).2

REEs are found in a number of different minerals
like monazite, xenotime and bastnaesite, and are
relatively common elements within the Earth’s
crust.3 In fact, a majority of REEs are not excep-
tionally scarce; for example, cerium, neodymium
(Nd), lanthanum (La) and yttrium (Yt) are more
abundant than lead (Pb), and generally all REEs,
with the exception of radioactive promethium (Pm),
are more available than cadmium (Cd) in the
asthenosphere.4 Despite this relative abundance,
REEs are often only found in dilute concentrations

in ores, make them costly and difficult to process
chemically. Nonetheless, several secondary waste
streams like those related to NiMH batteries and
Nd-Fe-B permanent magnets are rich in REEs.3

However, until recently a majority of the REEs in
such wastes have been lost into different unrecov-
erable fractions.5 Consequently, it is evident that
current industrial processes treating permanent
magnet waste need to be improved in order to
ensure the more sustainable use of scarce valuable
metals, like REEs, that have a limited availability.

Current Nd-Fe-B magnet recycling methods often
make use of sulfuric acid and hydrochloric acid as
the lixiviant.6 Additionally, in order to avoid the
generation of toxic gases and achieve the concurrent
selective separation of REEs from the waste mate-
rial, processing is often preceded by an oxidative
roasting treatment that forms solid phases such as
Fe2O3 and REE2O3 which have a different reactivity
towards the selected lixiviant.7 Other aspects, like
the effect of particle size (< 80 lm and < 400 lm)
on the oxidation of REEs and Fe in spent Nd-Fe-B
magnets have been studied; however, due to an
absence of particle size distribution data, it is not
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possible to draw any conclusions related to the
influence of dominative particle size.8 In the present
study, the effect of particle size classes during the
roasting step was studied, as diffusion has previ-
ously been found to be a limiting factor in oxida-
tion.9 Experiments on well-defined particle size
classes with TGA (thermo-gravimetrical analysis)
revealed that diffusion limitations have practical
constraints on the maximum particle size that can
be oxidized within a reasonable timeframe. Through
optimization of the oxidation–roasting process,it is
possible to avoid both unnecessary energy consump-
tion and the formation of insoluble phases like REE-
ferrate.

The roasting experiments were followed by com-
parative leaching experiments. As Nd-Fe-B mag-
nets are primarily composed of Fe (> 50 wt.%),6 it is
imperative that Fe dissolution is avoided in order to
reduce the reagent consumption and valueless
waste generation. Hematite and REE2O3 have
significantly different dissolution pH ranges, and
this fact has previously been exploited for the
selective recovery of REEs.10 There have been
several studies6–10 where selective leaching of Nd-
Fe-B magnets after oxidative roasting has been
investigated; however, these studies often fail to
explore the effects of oxidative roasting on the REEs
recovery from spent magnets. In addition, the
effects of different lixiviants (e.g., HCl and H2SO4)
on the leaching kinetics of the main metals (REEs,
B, Co and Fe) have also rarely been reported in the
open literature.

After leaching, REEs are typically recovered
either as oxalates (from HCl leachate) or double-
sulfates (H2SO4 leachate), although there are a few
studies about the effects of these different leaching
media on the subsequent REEs recovery processes.
In the case of double-sulfates, the challenges may
relate to the precipitation of the heavier REEs, like
Dy and Gd, as their solubility is significantly higher
than that of lighter REEs, such as Pr and Nd.11 As a
result of these contrasting solubilities, different
recovery strategies for heavy and light REEs in
sulfate media could be required. Conversely, even
though REE-oxalates tend to be insoluble,12 oxalate
ions may also complex strongly with dissolved
iron,13 causing inefficient precipitant utilization
and low-purity REEs products. As a consequence,
the selection of REE precipitation methods should
be investigated from the perspective of recovery
efficiencies, costs and final product purity.

Based on the current status of Nd-Fe-B recovery
methods, a systematic study of oxidative roasting
was initially carried out. This was then followed by
in-depth investigations into the leaching kinetics of
valuable metals with two different acid leaching
systems, H2SO4 and HCl, and their effect on the
purity of the subsequent products was compared.
These results provide more informative data related
to process selection and enhancement for industrial
Nd-Fe-B recycling.

EXPERIMENTAL

Pretreatment and Characterization

The spent Nd-Fe-B magnets, originally manufac-
tured by sintering, were cleaned prior to demagne-
tization at 500�C for 2 h under atmospheric air,
before being sequentially comminuted by a jaw
crusher (MN 931; Wedage, Germany) and then a
ring mill (Pulverisette 9; Fritsch, Germany). After
60–75 s of ring milling, the particles were processed
by a sieving machine (AS 30; Retsch, Germany) with
fraction intervals of 25 lm, 63 lm, 180 lm, 355 lm,
and 450 lm, and separate samples were taken from
each particle size class. The overflow was then re-
milled for a further 60 s in order to achieve a
particle size of less than 200 lm for the whole
sample. The fine powder obtained was then sub-
jected to particle size distribution (PSD) determina-
tion by laser diffraction (Mastersizer 3000; Malvern,
UK) using an input feed air pressure of 3–4 bar and
the results were analyzed using a Fraunhofer
diffraction model.

After mechanical pre-treatment, the raw material
was chemically characterized by ICP-OES (induc-
tively coupled plasma–optical emission spec-
troscopy; Optima DV7100; Perkin Elmer, USA)
with all the primary elements commonly found
within Nd-Fe-B magnets analyzed, including Fe,
Nd, Dy, Pr, Gd, Co and B.

Roasting

Roasting experiments were performed in two
different furnaces, and, in all cases, the degree of
oxidation was determined based on mass change,
with samples being weighed before and after the
experiments. In addition, TGA was performed
under temperature control with a vertical furnace
(THV12/80/610-2408CP; Elite Thermal Systems,
UK) (see supplementary Fig. S-1). Samples of 1 g
were evenly distributed within an Al2O3 crucible to
a depth of ca. 1 cm, before being placed in the
furnace hot zone with aluchrome S wire. The
temperature difference within the hot zone was
determined to be ± 2�C and was measured with a
calibrated S-type thermocouple (Pt/90% Pt—10%
Rh; Johnson-Matthey, UK), connected to an auto-
mated logging set-up (Data logger; Keithley, USA
combined with LabVIEW (National Instruments,
USA). Changes in sample weight during roasting
were measured in situ using an analytical balance
(AB204-S; Mettler-Toledo, USA) and airflow speed
was calculated based on the lift experienced by the
crucible inside the furnace. In total, four different
temperatures were investigated: 500�C, 600�C,
700�C, and 800�C, and additional experiments using
the different particle size samples were performed
at 800�C. The main mineral phases within the
samples before and after roasting were identified by
x-ray diffraction (XRD; PANalytical X’Pert Pro
Powder; Almelo, Netherlands) using a CoKa
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radiation source with a 40-kV acceleration potential
and current of 40 mA, and the resultant XRD
diffractograms were analyzed using HighScore 4.0
Plus software.

Based on the results of the TGA experiments,
temperatures of 700�C and 800�C were selected for
further investigation using a previously described
horizontal furnace set-up.14 Within the furnace, the
flow of oxidant—technical air (20.9 vol.% O2,
79.1 vol.% N2; AGA, Finland)—was carefully con-
trolled and different flow rates and durations were
applied (see supplementary Table S-I). Samples
were inserted into the cold furnace within an
Al2O3 crucible and heated at 200�C/h under a
protective argon (99.999 vol.%) atmosphere to the
desired target temperature, after which the gas feed
was instantaneously switched from argon to air to
initiate the experiment. Once the required experi-
mental duration was achieved, the atmosphere was
changed back to argon and the furnace was cooled at
200�C/h. After the roasting was complete and the
crucible sufficiently cool, the samples were weighed.

Leaching

The leaching experiments were performed in a
300-mL cylindrical reactor with mechanical stirring
(300 rpm), and the temperature (80�C) was con-
trolled by a water bath (DC10, Thermo Haake�;
USA). Prior to each run, 200 mL of either sulfuric or
hydrochloric acid solution was placed in the reactor
vessel and then heated to a preset temperature,
before the addition of the previously roasted spent
Nd-Fe-B magnets to a known initial liquid to solid
ratio (L/S, mL/g). After a predetermined experimen-
tal time, the resultant slurry was filtered to obtain a
cake and a filtrate. The filter cake was subsequently
rinsed with deionized water to obtain the leach
residue, and the volume of the leachate and wash
water were accurately recorded. Solution concen-
trations of REEs, Fe, Co and B were measured using
ICP-OES. The extraction of REEs, Fe, Co and B was
determined as a function of leaching time (10–
240 min) and acid concentration (0.5–4 mol/L) at an
L/S of 10.

REEs Precipitation

In the sulfuric acid leaching system, the alkali
double-sulfate precipitation method was carried out
to recover the REEs. In contrast, the oxalate
precipitation method was used to recover the REEs
in the hydrochloric acid leaching system. These
precipitation experiments were performed by add-
ing 100 mL of the resulting leachate into a 250-mL
conical flask, which was then heated to either 70�C
(double-salt precipitation) or 50�C (oxalate precipi-
tation) for 1 h with magnetic stirring (200 rpm) and
precipitants, Na2SO4 or H2C2O4, were added to the
solution in order to recover the REEs. After a known
time interval, the resultant precipitate was filtered,
washed with distilled water, and then dried at

100�C for 12 h. The volume of the leachate and
wash water were also recorded. The theoretical
amounts of sodium sulfate and oxalic acid required
for precipitation were deduced from Eqs. 1 and 2:

REE2 SO4ð Þ3þNa2SO4 þ 2nH2O
! 2NaREE SO4ð Þ2�nH2O # ð1Þ

2REECl3 þ 3H2C2O4 þ nH2O
! REE2 C2O4ð Þ3�nH2O # þ6HCl ð2Þ

The precipitation of REEs (%P) was calculated as
follows:

%P ¼ 1 � ðV1 � C1 þ V2 � C2Þ=ðV0 � C0ð Þ½ � � 100%

ð3Þ

where C0 and C1 represent the initial and final
concentration of REEs before and after the precip-
itation procedure, V0 and V1, the volume of solution
before and after precipitation, C2 represents the
concentration of REEs in washing water, and V2 the
volume of associated washing water.

RESULTS AND DISCUSSION

Pre-treatment and Roasting

TGA analyses were initially performed on the
different particle size classes at 800�C, with the
selected temperature chosen based on literature; at
this temperature, it possible to obtain the desired
oxides at a higher rate, as demonstrated by the
extensive thermal oxidation investigation of Nd-Fe-
B particles performed previously by Firdaus et al.7

Six different experiments, based on the different
particle sizes produced by sieving, were carried out
for 4 h and the results are presented in Fig. 1a and
b. It is evident that, for particle size classes> 180
lm, diffusion becomes a significant limiting factor
even at 800�C, which is considered to be the upper
limit for the roasting; consequently, for the subse-
quent experiments, the raw material was processed
down to a size of 200 lm or less.

Once the raw materials were milled and sieved to
a size< 200 lm, the particle size distribution of the
raw material was measured and a significant quan-
tity of the particles with sizes of less than 200 lm
were identified: D(0.5) = 83.7 lm and D(0.8) = 161 lm
(supplementary Fig. S-2). Following the PSD anal-
ysis, a number of additional TGA experiments were
performed as a function of temperature, and the
collated results are presented in Fig. 1c. It can be
clearly seen that, in the initial stages, a number of
reactions occur within each sample, as indicated by
rapid mass increases; however, the duration of this
reactive stage depends on available thermal energy,
i.e., temperature. It is known that several different
mixed oxides may form during thermal treatment of
Nd-Fe-B permanent magnet materials, which leads
to phase changes occurring in the magnet materials,
as highlighted by Firdaus et al.7,9 In addition,
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investigations by Jakobsson et al. show that differ-
ent possible phases include several oxides and
mixed oxides of Fe, Nd and B.15 The results also
demonstrate that the temperature can drastically
increase the rate and degree of oxidation,and that
temperatures below 700�C are not sufficient to
achieve the complete oxidation of the raw materials
in the present study. Therefore, 800�C was selected
at the temperature for the oxidative roasting of the
Nd-Fe-B magnets. XRD results (supplementary
Fig. S-3) from samples treated at different temper-
atures showed that the main phases of the spent
magnets after roasting were Nd2O3 and Fe2O3,
further indicating that the optimal temperature was
800�C. Conversely, treatment of Nd-Fe-B at an
excessive oxidation temperature will result in the
formation of Nd-Fe oxide complexes like NdFeO3,
which can significantly suppress the leaching of
REEs.

Based on the TGA analyses, a horizontal furnace
where the flow of technical air could be carefully

controlled was employed for the roasting experi-
ments, and the related results are presented in
Fig. 1d. It can be clearly seen that the oxygen
partial pressure plays a key role in the roasting
process, as highlighted by the noticeable difference
between experiments at 800�C with 0.5 L/min and
1 L/min of airflow. In contrast to a rotary kiln where
this kind of roasting process would typically be
performed, the crucible-based methodology used
here requires the diffusion of oxygen through an
oxidized layer, which leads to lower oxidation rates
and a less efficient process. Moreover, after each of
these experiments, it was observed that the parti-
cles had become sintered, which is something that
would also be prevented by use rotary kiln.

From Fig. 1d, it can be determined that the most
suitable conditions for the roasting of spent magnet
powder are an airflow of 1 L/min, a temperature of
800�C, and a total roasting time of 2 h. The changes
in the content of REEs, Fe and other main elements
of interest found in the spent magnet powder before

Fig. 1. Influence of (a, b) particle size (T = 800�C, airflow = 1.0 L/min); (c) temperature (particle size< 200 lm, airflow = 1 L/min); (d) airflow
(particle size< 200 lm, T = 700�C and 800�C, t = 30 and 60 min) on the roasting of spent Nd-Fe-B magnet powder.
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and after roasting at 800�C are shown in Table I,
from which it can be seen, the relative amount of Fe
in the material decreased from 62.7% to 46.4%
before and after roasting—equal to a net mass gain
for the sample of 35%—which indicates that the
process successfully oxidizes the Nd-Fe-B powder.
The post-roast analysis of Nd, Pr, Dy, Gd and Ho
also highlights the significant differences in total
elemental content of these REEs (25.8%) when
compared to B and Co (both > 0.6%). It should also
be noted that, due to the exothermic nature of the
oxidation process, the temperature in the preheated
sample was found to increase above the set temper-
ature by ca. 30�C.

Leaching of Roasted Magnet Wastes

Following the roasting of Nd-Fe-B powder in a
horizontal furnace, the roasted powder was subject
to acid leaching in order to determine whether the
material was sufficiently oxidized, so that the
complete dissolution of iron and the related effects
of leached ferrous ions on final product purity as
well as hydrogen gas formation could be avoided.
Two of the most commonly used leaching systems,
based on sulfuric and hydrochloric acid leaching,
were selected for the recovery of REEs, Co, B and Fe
from roasted Nd-Fe-B material for investigation,
and the results were compared.

Sulfuric Acid Leaching

The effect of sulfuric acid concentration (0.5–
4 mol/L) on the leaching of REEs, Fe, Co and B from
roasted demagnetized sample was investigated at
80�C with an L/S = 10, and the results are displayed
in Fig. 2a, b, c, and d. It was found that the leaching
of REEs (Fig. 2a) increased with increasing sulfuric
acid concentration until a maximum extraction rate
of 99.4% was reached at 3 mol/L. Further increase
in the sulfuric acid concentration to 4 mol/L was
observed to cause a decrease in the REEs leaching
efficiency,due to the decrease in the solubility of
REE sulfates with the increase of sulfate ion
concentrations.16,17 This was confirmed by XRD
results of the leach residues, which found the
presence of REE sulfates at the highest sulfuric
acid concentration (supplementary Fig. S-4).

Figure 2a highlights how an increase in sulfuric
acid concentration can enhance the leaching kinet-
ics of REEs,as shown by the decrease in optimum
leaching time from 180 min to 60 min as the
sulfuric acid concentration is changed from

0.5 mol/L to 3 mol/L. In contrast, Fig. 2b clearly
illustrates that, after roasting, Fe leaching kinetics
are much slower than either REEs, B or Co.
Although the leaching is seen to increase somewhat
with higher sulfuric acid concentrations and pro-
longed reaction times, the maximum leaching of
iron attained was only � 50% after 240 min with
4 mol/L. Moreover, at the lowest H2SO4 concentra-
tion (0.5 mol/L), the dissolution of iron was found to
increase for the first 60 min of leaching time, before
steadily decreasing for the remainder of the exper-
iment to ca. 12% after 240 min. The main reason for
this observation is that the dissolved Fe can be
hydrolyzed to form an Fe(OH)3 precipitate, due to
sulfuric acid consumption, and ends up in the leach
residue. These results highlight the possibility that
low acid concentrations can achieve the selective
separation of REEs and Fe during leaching.

When compared with the leaching behaviors of
REEs and Fe, the leaching of boron with 0.5 mol/L
H2SO4 can achieve levels of > 85% within 60 min
(Fig. 2c). Further increases in sulfuric acid concen-
tration to 4 mol/L results in over 95% of B being
leached within 40 min; however, the findings show
that prolongation of leaching time beyond 60 min
results in only a modest enhancement. Cobalt, on
the other hand, is unable to be effectively leached
under low acid conditions, with only 50% of Co
found in solution after 240 min with 0.5 mol/L
H2SO4 (Fig. 2d), and this may be due to the low
solubility of CoFe2O4 or Co3O4 formed during
roasting at 800�C.18–20 Nevertheless, the level of
Co leaching was seen to improve from 50% to 95%
when the sulfuric acid concentration increased from
0.5 mol/L to 4 mol/L.

Hydrochloric Acid Leaching

In order to compare the different behaviors of the
investigated metals between the hydrochloric and
sulfuric acid leaching systems, the effects of HCl
concentration (0.5–4 mol/L) on Nd-Fe-B leaching
were examined under equivalent experimental con-
ditions (L/S = 10, T = 80�C). The results for REEs,
Fe, Co and B leaching with HCl are shown in
Fig. 3a, b, c, and d).

Figure 3a, c, and d all show that the respective
leaching equilibrium times of REEs, B and Co all
reduce as the hydrochloric acid concentration is
increased from 0.5 mol/L to 4 mol/L; for example,
> 99% REEs are leached within 40 min using
4 mol/L HCl. Furthermore, it was also found that

Table I. Chemical composition of spent Nd-Fe-B magnet powder before and after roasting

Elements Fe Nd Pr Dy Gd Ho B Co

Before (wt.%) 62.7 25.8 6.1 1.8 0.19 0.84 0.96 0.87
After (wt.%) 46.4 19.2 4.6 1.3 0.14 0.62 0.71 0.64
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1 mol/L HCl is sufficient to achieve almost complete
REEs leaching after only 100 min so that, when
compared to sulfuric acid leaching, demonstrates
the leaching of REEs with hydrochloric acid solution
is more facile. Figure 3c highlights that a similar
behavior is also found for boron, which shows higher
levels of leaching with 0.5 mol/L HCl after 60 min
than the equivalent concentration of H2SO4 (> 95%
cf. 85%; Fig. 2c). Further increases in the HCl
concentration were also found to enhance the
leaching kinetics of B to a level of 99% within
20 min at 4 mol/L HCl.

As was the case with the sulfuric acid solution,
leaching of cobalt with hydrochloric acid is more
difficult than boron and REEs in low acid concen-
trations due to the presence of CoFe2O4 or Co3O4

formed during roasting.19,20 For example, Co leach-
ing only reached 20% after 240 min with 0.5 mol/L
HCl (Fig. 3d); however, when the results from

1 mol/L HCl are compared to sulfuric acid with the
equivalent H+ ion concentration (0.5 mol/L H2SO4;
Fig. 2d), the leaching of cobalt with hydrochloric
acid is almost 20% greater due to a redox reduction
reaction between the cobalt oxides and chloride
ions.21 On the other hand, the leaching of iron was
found to increase substantially when the initial HCl
concentration was > 1 mol/L, with nearly 45% Fe
leached within 240 min for 4 mol/L HCl (Fig. 3b).
Nonetheless, as was also observed for sulfuric acid,
at the lowest HCl acid concentration (0.5 mol/L)
investigated the leaching of iron decreases gradu-
ally after 60 min, due primarily to the hydrolysis of
iron at pH> 2, such that only 1% of iron is leached
after 240 min.

REEs Recovery from Leachate

After processing of roasted spent magnets in HCl
or H2SO4 media, the conventional

Fig. 2. Kinetics of (a) REEs, (b) Fe, (c) B and (d) Co leaching from roasted Nd-Fe-B powder in different sulfuric acid solution concentrations
(T = 80�C, L/S = 10).
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hydrometallurgical process for the recovery of REEs
mainly include: (1) double-sulfate salts (NaREE
(SO4)2ÆnH2O) precipitation, and (2) REE oxalates
(REE2(C2O4)3ÆnH2O) precipitation. Typically, dou-
ble-sulfate precipitation methods are used to
recover the REEs in sulfuric acid leach solution
due to the large amounts of sulfate ions present,
whereas oxalic acid is preferable for the recovery of
REEs from hydrochloric acid solution, as a very high
excess of sodium and sulfate ions are not required.

When the recovery of REEs and the subsequent
leachate purification and separation steps are taken
into account, initial acid concentrations of 1 mol/L
for both HCl and H2SO4 were selected as being
optimal. In addition to the results, the most suit-
able leaching time for sulfuric acid leaching and
hydrochloric acid leaching were determined to be
150 min and 100 min, respectively. The main

composition of the leachates achieved based on
these parameters are shown in Table II.

REEs Recovery Using Double Salt Precipitation
for PLS1

The effect of sodium sulfate concentration was
studied by varying the amount of Na2SO4 added to
the PLS1 solution between 1 and 8 times the
stoichiometric quantity required, as indicated by
Eq. 1. All the experiments were performed at a
temperature of 70�C for 60 min, and the results are
shown in Fig. 4. As can be seen, under these
experimental conditions, the light RREs (Pr and
Nd) were found to precipitate more readily than the
heavy RREs (Gd, Dy and Ho).

In terms of Nd and Pr, it was found that
approximately 99% could be recovered when a
Na2SO4 stoichiometric ratio of 2 was utilized, and

Fig. 3. Kinetics of (a) REEs, (b) Fe, (c) B and (d) Co leaching from roasted Nd-Fe-B powder in different hydrochloric acid solution concentrations
(T = 80�C, L/S = 10).

Liu, Porvali, Halli, Wilson, and Lundström812



that only very minor increases occurred with fur-
ther Na2SO4 additions. In contrast, with the same
amount of sodium sulfate, the precipitation efficien-
cies for Gd, Dy and Ho all were less than 60%, due to
the fact that heavy REE double-sulfate salts exhibit
higher solubility when compared with the equiva-
lent light and medium REE double-sulfate salts.11 A
recovery level of> 98% for the heavy REEs could be
achieved with a stoichiometric ratio of 8 (Na2SO4 to
REEs); however, overall, the total amount of REEs
recovered only increased from 97.4% to 99.4%.
Consequently, with these solutions, high levels of
sodium sulfate should only be added if the recovery
of heavy RREs like Gd, Dy and Ho is desired or the
level of REEs needs to be reduced due to environ-
mental concerns. Solution concentrations of Pr, Nd,
Gd, Dy and Ho decreased to a level of < 50 mg/L
measured after precipitation with 8 times the
stoichiometric amount of Na2SO4. XRD (supplemen-
tary Fig. S-5a) and SEM (supplementary Fig. S-6a-
b) analysis of the main phases present within the
precipitate shows that structures comprise NaR-
EE(SO4)2ÆnH2O with a hexagonal crystal configura-
tion. After the double-sulfate precipitation, the REE
products obtained were converted to their respective
hydroxides, REE(OH)3, by treatment with a 1.1
times the stoichiometric amount of NaOH at 70�C
(supplementary Fig. S-5b). The resultant particles
of the mixed REE hydroxides were found to have a

tetrahedron configuration and a size ranging from
1 lm to 2 lm (supplementary Fig. S-6c-d). The main
metal content in the REEs double-sulfate salts and
REE hydroxides were determined by chemical anal-
ysis, and the results showed that impurities like Co
and Fe are less than 0.01%, which demonstrates
that the double-salt precipitation method can pro-
duce high-purity REE materials (Table III). In
addition, the obtained sodium sulfate products after
REE hydroxide conversion can be reused again for
REEs precipitation from sulfuric acid leachate.22

REEs Recovery Using Oxalate Precipitation
for PLS2

The solution obtained after hydrochloric acid
leaching (PLS2) was treated by the oxalate precip-
itation process to recover the REEs, and the effect of
oxalic acid additions at 50�C with 60-min reaction
time on the rate of precipitation and purity of the
final products was investigated. Figure 5a shows
that the precipitation of REEs increased signifi-
cantly as the level of oxalic acid in the system
increased. The precipitation of Nd, Pr, Dy, Gd and
Ho all reached ca. 99% with only 1.8 times the
stoichiometric amount of oxalic acid. At the same
time, however, the Fe and Co content increased to
1.28% and 0.24%, respectively, leading to a reduc-
tion in the final product purity (Fig. 5b). Subse-
quent XRD analysis (supplementary Fig. S-7a)
showed that the main phases found in the products
were hydrated REE oxalates, REE2(C2O4)3ÆnH2O,
which had an excellent crystallinity and a particle
size within the range of 1–5 lm (supplementary
Fig. S-8a-b). The REE oxalates obtained were
further treated by roasting at 800�C for 120 min
in order to produce mixed oxides of Nd, Pr, Dy, Gd
and Ho, as confirmed by subsequent XRD analysis
(supplementary Fig. S-7b). These yellow-green REE
oxides were found to be rectangular in shape and
have a size range of 2–5 lm (supplementary Fig. S-
8c-d).

It has been previously reported that the presence
of Fe(II) in oxalate solutions can have a negative
impact on the purity of the final REE products.23

From chemical analysis, it was determined that
approximately 40% of the iron dissolved in the
hydrochloric acid leach solution was in the form of
Fe(II); therefore, in order to produce high-purity
REEs products from HCl-based leaching, the

Table II. Composition of the sulfuric acid leachate (PLS1) and hydrochloric acid leachate (PLS2)

No. Concentration (g/L)

Fe Co B Nd Pr Gd Dy Ho REEs

PLS1 12.3 0.48 0.67 19.1 4.5 0.14 1.3 0.60 25.7
PLS2 6.3 0.50 0.69 19.0 4.4 0.13 1.3 0.61 25.5
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Fig. 4. Effect of Na2SO4 additions on the precipitation of REEs
concentrations (T = 70�C, t = 60 min).
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oxidation of Fe(II) is required. The drawback,
however, is that the presence of ferric ions, rather
than ferrous, will result in a substantial increase in
oxalic acid consumption due to the strong complex-
ation that occurs between the oxalate anions with
the ferric cations. Consequently, the ability to
produce a low-cost and high-purity REE product
with oxalate precipitation from a solution with a
relatively high concentration of iron is currently not
achievable with this technique. Furthermore, effec-
tive methods for the recovery of oxalic acid from
high ferric ion waste solutions that result from this
type of procedure also remain a challenge.

CONCLUSION

1. During the roasting process, both the particle
size and temperature have a significant effect on
the product composition. An insufficient level of
roasting results in poor selectivity due to
enhanced levels of Fe2+ dissolution, so 800�C
was selected as suitable roasting temperature.

2. Increasing acidity in sulfuric and hydrochloric
solution media can both improve the leaching
kinetics of REEs, Co, Fe and B from Nd-Fe-B
materials. Nevertheless, with sulfuric acid
leaching, REE solution enrichment to high
concentrations is not possible due to the rela-
tively low solubility of REE sulfates. In contrast,
the leaching of REEs, boron and cobalt were all
found to be more facile in hydrochloric acid

solution. Generally, in both H2SO4 and HCl
leaching systems, low acid concentrations were
more conducive to selective separation of REEs
over Fe.

3. For REE-enriched sulfate solutions, the double-
sulfate precipitation method can achieve an
effective separation of REEs, and their subse-
quent recovery is less affected by the presence of
impurities like iron and cobalt. However, in
order to achieve the total separation of all REEs,
in particular the so-called heavy REEs,> 8
times stoichiometric amount of Na2SO4 additive
is required. In the case of REEs in hydrochloric
acid solution, the presence of ferrous and cobalt
ions have a relatively adverse effect on the
purity of the final products and the oxidation of
Fe(II) to ferric ion Fe(III), resulting in a higher
consumption [n(oxalic acid)/n(REEs) > 3] of
oxalic acid during the precipitation process.

4. After REE double-sulfate precipitation, the cir-
culation of sodium sulfate can reduce the pro-
duction cost for REEs recovery in sulfuric acid
solution. For oxalate precipitation, the oxalic
acid recovery from high ferric solutions is a
challenge because the strong complexing ability
of iron and oxalic acid. Moreover, the oxalate
ions are unable be recovered after calcination.
In addition, regardless of the leaching system,
the treatment of boron-containing wastewater is
a necessity for sustainable recycling of perma-
nent magnets.

Table III. Chemical composition of double-sulfate salt and REE hydroxides (wt.%)

Elements REEs Co B Na Fe SO4
22

NaRE(SO4)2ÆnnH2O 38.05 < 0.01 < 0.01 6.82 < 0.01 51.21
RE(OH)3 73.25 < 0.01 < 0.01 0.14 < 0.01 0.86
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Fig. 5. (a) The effect of oxalic acid amounts on the REEs precipitation and (b) the related of Fe and Co content in the resultant REEs-oxalate
products (T = 50�C, t = 60 min).
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