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Abstract In recent decades, rare-earth elements (REEs)
have seen a considerable increase in usage in modern
technologies and the so-called green energy sources. The
REEs are currently regarded to be among the most critical
elements by the European Union (EU) and the United
States (USA). Large investments are made in the research
of recycling of the REEs from end-of-life products and
E-scrap. One potential source for recycling of larger
amounts of neodymium and dysprosium are end-of-life
neodymium magnets. In this work, the selective extraction
of REEs from a sulfuric media leachate (containing Nd,
Dy, Pr, Gd, Co, and B) obtained by selective roasting of
NdFeB waste and leaching was investigated. The extract-
ing agent D2EHPA (di-(2-ethylhexyl) phosphoric acid)
diluted in Solvent 70, hexane, octane, cyclohexanone,
chloroform, 1-octanol, and toluene was used for the
investigation of the effects of using different diluents on
the extraction of REEs and the separation between the light
and the heavy REEs. The concentrations of D2ZEHPA in the
used diluents were 0.3, 0.6, 0.9, and 1.2 M. The highest
separation factors between the heavy and the light REEs
were achieved using 0.3 M D2EHPA in hexane, while no B
or Co extraction was measurable. The REEs were com-
pletely extracted as a group using 0O9M or 1.2 M
D2EHPA in either octane or hexane, also with no B or Co
extraction. The aliphatic nonpolar diluents showed better
properties than the aromatic and polar ones. The complete
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stripping of REEs from the loaded organic phases was
proven to be efficient using hydrochloric acid at concen-
trations of 2 M or higher.

Keywords Neodymium magnets - Recycling - Solvent
extraction - D2EHPA - Diluents - Heavy and light rare-
earth elements

Introduction

Rare-earth elements (REEs) are a group of 17 elements,
consisting of the 15 lanthanides plus scandium and yttrium.
REEs are used in a wide range of products, such as fluo-
rescent lamps, magnets, superconductors, lasers, ceramics,
semiconductors, catalysts, and thermal neutron absorbents
[1]. Many of these applications are important for the
development of environmentally friendly technologies for
transport, lighting, energy storage, and the manufacturing
of chemicals. The demand for REEs is therefore increasing.
Since they are mined in only a few countries and their
prices have varied in recent years, their availability is
considered critical by both the EU and the USA [2]. The
REEs are considered the most critical based on their eco-
nomic importance and supply risk, as stated in the EU
report on critical elements from 2013 [3].

Due to the uncertainty in the supply of virgin REEs, the
possibilities of recovering and reusing them from spent
products are presently being investigated [2, 4-6]. Some
products are rich in materials containing significant
amounts of REEs. One such material is neodymium—iron—
boron (NdFeB) magnet scrap, which could be a source of
neodymium and dysprosium, added to increase the Curie
temperature of the magnet, and some other REEs,
depending on the type of magnet. The material is
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essentially an iron alloy, meaning that two-thirds of the
material is made up of iron, which poses the greatest
challenge in further recycling, since iron is not currently a
critical metal and is rather cheap [7]. Apart from the REEs
and iron, the most common element present in the magnets
is cobalt [8]. Cobalt itself is a valuable element and is
worth recycling [9].

Recycling of discarded magnets requires removal of the
magnet from the device where it has been in use, demag-
netization, size reduction, and a hydrometallurgical
(leaching and separation from the liquid phase) or
pyrometallurgical (high-temperature processes and sepa-
ration in molten salts) separation of the constituent ele-
ments [2, 6, 10].

Solvent extraction, or liquid-liquid extraction, is a
commonly used hydrometallurgical method for the recov-
ery and removal of metal ions from aqueous solutions [10].
The aqueous phase, i.e., the leachate obtained by acid
dissolution of the waste, in this case containing dissolved
REEs along with cobalt and other contaminating metals, is
mixed with an organic phase containing ligand molecules
(“extractants”) designed to transfer selectively the chosen
ions to the organic phase. The combination of solvent and
ligand can be varied in order to optimize the properties of
the organic phase for a certain separation process. In some
cases, a third component, called a modifier, can be added in
order to modify an important property of the organic phase
[11]. However, it is difficult to separate the REEs from
each other due to their chemical similarity [2, 10].

The separation of groups of related REEs from other
groups of REEs has been shown to be technically more
feasible, and this approach was chosen in the present work.
Di-(2-ethylhexyl) phosphoric acid (D2EHPA) has shown
good versatility as an extractant for the separation of REEs
due to its chemical stability, good kinetics in extraction,
good loading and stripping properties, and availability in
commercial quantities [12]. Therefore, D2EHPA was
chosen as the extractant in this work. The aim of the pre-
sent work was to study the effects of modifications in the
composition of the organic phase in the separation of light
REEs (LREEs) from heavy REEs (HREESs) resulting from
sulfuric acid leaching of end-of-life neodymium magnets.

Background

The recovery and recycling of REEs and other metals from
magnets can be performed by hydrometallurgical methods.
This approach includes leaching of these elements with
mineral acids followed by solvent extraction for isolation
and separation of the metals of interest [6].

In 2013, Lee et al. [13] reported the leaching of NdFeB
magnet scrap with HCI, HNO3, H,SO4, or NaOH. The
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processes were optimized with regard to temperature,
leaching time, concentration of leaching reagent, and solid-
to-liquid ratios. HC1 and H,SO, showed the best perfor-
mance. Neodymium was successfully recovered from an
optimized H,SO, leaching solution with 75.41% yield by
precipitation. The optimal conditions were a solid-to-liquid
ratio (S:L) of 20 g/L, 15 min leaching time, and 3 M
hydrochloric acid or 1.5 M sulphuric acid. In 2014, Yoon
et al. [14] carried out a similar investigation and reported
that increasing the leaching temperature gave an increased
leaching effect of H,SO, when leaching the NdFeB mag-
netic scrap. The optimal leaching conditions were deter-
mined to be 4 h leaching time at 70 °C using 3 M H,SO,.
The main obstacle in leaching of the NdFeB magnet scrap
is leaching the iron, which usually makes up around two-
thirds of the NdFeB magnet, into the solution. The idea of
selectively precipitating the REEs and as little as possible
the other constituent materials except for iron was the
research focus of much interest [2]. Results obtained by
Onal and co-workers [15] showed that powdered NdFeB
magnets can be selectively leached, with iron remaining in
the solid residue. The powdered samples were transformed
into a sulfate mixture by mixing the powder with sulfuric
acid in alumina crucibles with the acid:magnet ratios (g/g)
of 2.15 (12M), 3.2 (13.5M), 43 (145 M), and 8.6
(16 M). The mixtures obtained were then dried in a muffle
furnace at 110 °C for 6-24 h. The dried samples were then
treated at 650-800 °C for 15-120 min, resulting in a
selective roasting process. The obtained calcines were later
leached with demineralized water for 15 min to 24 h at
225 rpm on a shaker. This process led to 95-100%
extraction efficiencies for Nd, Pr, Dy, and Gd, while Fe
remained in the residue after leaching. The leachate can be
used later on in other hydrometallurgical processes and was
used in this investigation as the aqueous phase in solvent
extraction, as a follow-up process.

As already mentioned, REEs are challenging to separate
from each other in complex mixtures and natural occurring
ores. Separating the REEs can be done in various ways,
such as by chemical separations, fractional crystallization,
ion-exchange methods, and solvent extraction. Solvent
extraction has been proven to be the best method for sep-
arating REEs from chemically complex waste streams [16],
and it is the only method used on a commercial scale today.
It can give materials of up to 99.99% purity [17].

The REEs are usually divided into two groups, known as
the light rare-earth elements (LREEs), i.e., lanthanum
through gadolinium; and the heavy rare-earth elements
(HREEj), i.e., terbium through lutetium plus yttrium [18].
The common property of the LREEs is the increasing
number of unpaired electrons from 0 to 7, while the HREEs
have the increasing number of paired electrons from 8§ to
14. Their specific electronic configuration, where the 4f
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orbitals are ‘hidden’ behind the 4d and 5d orbitals, in
which the REEs have the same number of electrons, results
in similar characteristics of the elements in this group. One
example is that the stability constants of metal ion com-
plexes with a particular ligand show only slight differences
[17]. This means that the tendency of the formed com-
plexes to be dissolved in the organic phase in a solvent
extraction will be similar for all the REEs. Separating the
LREEs from the HREEs is a more feasible approach than
separating the closely related REEs, since the farther away
they are in a chemical period, the bigger the difference
between the properties of the complexes formed are
expected to be. Separating the LREEs from the HREEs
could especially be of economic importance since the
HREEs are considered the most critical, with their prices
being significantly higher than those of the LREEs [3]. In
order to achieve a good separation of the REEs, it is
therefore necessary to choose a proper, and as selective as
possible, complexing agent [19]. In the separation of the
REEs, organophosphorous extractants are commonly used.
As already mentioned, di(2-ethylhexyl)-phosphoric acid
(D2EHPA), an acidic extractant, is commonly used on a
larger industrial scale [20]. The selectivity order for
extracting rare earths from 0.5 M HCI solution with
0.75 M D2EHPA in toluene was found by Peppard and co-
workers to be Lu > Yb > Tm > Tb > Eu > Pm > Pr > -
Ce > La, with the log of the distribution coefficient
increasing linearly with the atomic number of the rare earth
[21].

D2EHPA has also been used to separate Sm, Eu, and Gd
from the other rare earths in a mixed nitrate—chloride lea-
chate from monazite, with the general formula (Ce,La)PO,
[22]. Furthermore, in many studies [23], it was shown that
a typical separation factor between adjacent REEs using
the D2EHPA extractant is in the region of 2.5. The sepa-
rations of neodymium and dysprosium ions in solution
have been achieved with organophosphorous extractants,
such as PC-88A by Tanaka and co-workers [6]. A sepa-
ration factor of 525 was obtained at pH 1.1. Scrubbing of
the neodymium ions that are extracted alongside dyspro-
sium ions is carried out with dysprosium chloride or dilute
hydrochloric acid solutions [6].

In solvent extraction, the solvent, or organic phase, is
made up of an extractant dissolved in a diluent. In some
cases, pure extractant is used, but it is more common to use
a diluent since many extractants are viscous in their undi-
luted form. A third component, a modifier, may be added to
the organic phase to prevent the third phase formation.
Chemical energy is spent in transferring the metal from the
aqueous phase, and it would seem advantageous to use the
extractant in a highly concentrated form, but practical
problems have led to 10-40% extractant often being con-
sidered optimal [11]. Some common diluents used in

solvent extraction are kerosene, n-hexane, n-octane, ben-
zene, cyclohexanone, and toluene. The type of diluent in
the organic phase plays a significant role in the formation
of the complexes, and can thus affect the distribution ratios
of the metals in the leachate that are of interest. The
properties of the diluents can significantly affect the effi-
ciency of extraction. The ability of the diluent to form
hydrogen bonds can affect the solubility of the extractants
in the organic phase. The polarity of the diluent can also
significantly affect the extraction process since the solu-
bility of the neutral complex in the organic phase is
inversely proportional to the polarity of the organic diluent
[24, 25]. In this work, various diluents were applied in
order to investigate the dependence of the separation factor
for the individual REEs on the organic phase composition.

Theory

The distribution ratio (D) is the most important parameter
involved in the solvent extraction along with the separation
factor (o). These are determined using Eqgs. 1 and 2,
respectively:

o [A}org
A AL, W
XA/B = 3—27 (2)

where [A]oe and [A],q are the equilibrium concentrations
of the metal of interest in all its existing species in the
organic and aqueous phases, respectively. Consequently,
the separation factor is the ratio between the distribution
ratios of the metal 1 and 2 that are of interest. The sepa-
ration factor represents the selectivity between these two
metals in the extraction [26].

Many authors [26, 27] have reported that the extraction
of the REEs with organophosphorous extractants (here
called HR) occurs according to the reaction path described
in Eq. 3:

M3** + m(HR), = MR3(HR);;m_3 + 3 H* (3)

where M7 is the lanthanide ion in the solution; and HR is
the organophosphorous extractant in the organic phase
occurring as a dimer (HR), and as MR3(HR),,,_3 in the
complex formed, soluble only in the organic phase. Fol-
lowing the Le Chatelier’s principle, looking at Eq. 3, it is
possible to conclude that a decrease in the pH of the lea-
chate will consequently lead to lower distribution ratios for
the metals extracted. The change in pH may therefore be
used to steer the selectivity of extraction between the ele-
ments of interest.

@ Springer
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Experimental

The neodymium magnet leachate was produced by Onal
et al. through sulfation, selective roasting, and water
leaching [15]. The neodymium magnet leachate composi-
tion was measured using inductively coupled plasma (ICP-
OES) by diluting the sampled leachate with 0.5 M HNO;
(65%, suprapur®, Merck) and then performing the mea-
surement. Experiments were carried out in triplicate. The
pH value of the solution was measured using the Meter-
Lab™ PHM 240 pH/ion Meter pH electrode. The sulfate
ion concentration needed to be determined was performed
by the precipitation of BaSO, using BaCl, (99.999% trace
metal basis, Sigma-Aldrich) dissolved in MQ water. The
obtained precipitate was filtered through a polypropylene
filter paper (0.45 pm, VWR), washed with 20 mL MQ
water, and then finally dried for 48 h in the fume hood
under normal ventilation conditions at a temperature of
25 &£ 1 °C. The mass difference between the dried filter
paper containing the precipitate and the mass of filter paper
before filtration was used as the mass of BaSO,.

Investigation of the Kinetics, the Effect
of the Concentration of D2EHPA, and the Effect
of Diluent on Solvent Extraction

In the investigation of the extraction kinetics, the effect of
D2EHPA concentration, and the effect of the diluent, the
following organic phases were used: D2EHPA (97%,
Sigma-Aldrich) diluted in Solvent 70 (hydrocarbons C11-
Cl14, <aromatics, Statoil, Sweden), hexane (95%, anhy-
drous, Sigma-Aldrich), octane (98%, reagent grade),
toluene (99.8%, anhydrous, Sigma-Aldrich), cyclohex-
anone (>99%, ACS reagent, Sigma-Aldrich), 1-octanol
(=99%, ACS reagent, Sigma-Aldrich), and chloroform
(299.9%, containing amylenes as stabilizer, Sigma-
Aldrich). All the organic phases were pre-equilibrated with
an equal amount of MQ water. The aqueous phase used
was the obtained leachate. An Ika Vibrax Vxr basic shak-
ing machine (shaking speed of 1750 vibrations/min),
equipped with an adjacent thermostatic water bath, was
used for the shaking experiments. The experiments were
performed in 3.5 mL glass vials at 25 &+ 1 °C, and an
aqueous-to-organic phase ratio, @ = 1. All the experi-
ments were performed in triplicates. In all the cases, the
error bars on the graphs were omitted due to lack of graph
clarity and insufficient scientific meaning for this specific
case. The vials before each sampling were centrifuged at a
rotation speed of 2000 rpm for 1 min. The sampled aque-
ous phases, as well as the aqueous phases before extraction,
were diluted with 0.5 M HNO; and analyzed using ICP-
OES. The distribution ratios were calculated as the mass
balance of these measurements.

@ Springer

The concentration of 0.6 M D2EHPA in the aforemen-
tioned diluents was used. It was determined that the time
needed for reaching the required distribution ratios for the
REEs (Nd, Pr, Gd, and Dy) to establish the equilibrium
between the organic and aqueous phases was less than
3 min in Solvent 70, hexane, octane, toluene, and 1-oc-
tanol, while in cyclohexanone and chloroform, it took
5 min for the equilibrium to be reached. No cobalt what-
soever was extracted under any of the conditions, which
shows that REEs can be extracted selectively without any
cobalt transfer into the organic phase. Boron distribution
ratios reach a mere 0.1 in Solvent 70 after 5 min, with
some minor extraction in 1-octanol, but no other extraction
was realized in other diluents. Further experiments were
performed according to these results.

The effects of the concentration of D2EHPA and diluent
on the solvent extraction of the REEs out of the leachate
were investigated in order to determine the optimal organic
phase composition for the solvent extraction process.

The extractant D2EHPA was used in the concentrations
of 0.3, 0.6, 0.9, and 1.2 M diluted in Solvent 70, hexane,
octane, toluene, cyclohexanone, 1-octanol, and chloroform.
All the organic phases used in this work were pre-equili-
brated with MQ water before performing the experiments.

Investigation of pH Effect on Extraction

Extraction with D2EHPA is pH dependent [10]. The pH of
the leachate was varied in order to determine the effect of
pH on the extraction of the metals out of the aqueous
phase, and to determine the possibilities of achieving
higher selectivity among the elements present. The organic
phase used was 0.3 M D2EHPA in Solvent 70. The equi-
librium pH after extraction with no modification was 1.1.
The pH of the aqueous phase was adjusted by adding small
amounts of 0.1 or 3 M NaOH to increase the pH or conc.
H,SO, to lower the pH. A specific amount of the organic
phase was added to the extraction system, which corre-
sponded to the amount of the NaOH,, or conc. H,SO4
added. The equilibration was performed for 20 min by
manual shaking before sampling to ensure re-equilibration.
The sampled aqueous phases were diluted with 0.5 M
HNO; and analyzed using ICP-OES.

Stripping

After determining the optimal extraction conditions, the
metals needed to be stripped into the new aqueous phase
for further reprocessing.

Stripping was performed by making the organic phase
after extraction come into contact with 0.5, 1, 1.5, 2, 2.5,
and 3 M hydrochloric acid (HCl; 37%, puriss, Sigma-
Aldrich). The organic phase after the extraction was
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separated from the metal-depleted aqueous phase and made
to come into contact with the stripping aqueous phase. A
volume of 5 mL of each of the phases was added into a
20-mL vial and shaken manually for 20 min at a temperature
of 25 £ 1 °C and @ = 1. After the stripping process, the
stripping aqueous phases were sampled and diluted with
0.5 M HNOj; before carrying out analysis using ICP-OES.

Results and Discussion
Determination of the Composition of the Leachate

The measurable/detectable concentrations of Nd, Dy, Pr,
Gd, Co, and B in the leachate are shown in Table 1.

No Fe was detected with the measuring technique used.
The pH value of the solution was measured using a
MeterLab™ PHM 240 pH/Ion Meter pH electrode and was
determined to be 5.2. The concentration of the sulfate ion
was kept constant throughout this research and was deter-
mined, after the precipitation of the sulfate ion using a
BaCl, solution, to be [SO427] =23+ 1 mM.

Effects of the Concentration of D2EHPA
and the Diluent on Solvent Extraction

Figure 1 shows the influence of D2EHPA concentrations
on the extraction of Nd, Pr, Gd, and Dy in various diluents.

The distribution ratios of the REEs increase with the
increasing concentration of D2EHPA in all the diluents.
The extractant clearly shows the higher distribution ratios
for the HREEs (Dy and Gd) than the LREEs (Nd and Pr) in
all the diluents. Similar trends were previously observed in
a study by Mohammadi et al. [28]. The extraction effi-
ciency is higher in the aliphatic diluents (hexane, octane,
and Solvent 70), followed by toluene, and lowest in the
polar diluents (cyclohexanone, 1-octanol, and chloroform).

Table 1 Concentrations of the metals of interest in the leachate
measured using ICP-OES

Element Concentration (mM)
Nd 9.1 +£0.9

Dy 2.7+ 0.6

Pr 32+ 04

Gd 0.69 £+ 0.16

Co 0.17 £+ 0.09

B 0.55 £ 0.14

Other® Below detection limit

The measurement was performed using ICP-OES after diluting the
obtained leachate with 0.5 M HNO;

4 Other constituent elements of the neodymium magnets like Fe, Ni,
Al etc.

Cobalt was not extracted under any of the investigated
conditions, and the distribution ratios remained around 0.
The distribution ratios for B were low at all concentrations
and diluents. B was extracted up to 10% in cyclohexanone
and 1-octanol. This can be attributed to the presence of
carbonyl group in cyclohexanone and the hydroxyl group
in 1-octanol, which could allow the diluent molecules to
form complexes with B that are soluble in the organic
phase. It was observed that 100% of all the REEs were
transferred to the organic phase at 0.9 and 1.2 M D2EHPA
in hexane and octane, while no Co or B was extracted.

As previously mentioned, the distribution ratios, and
thus the extraction, are higher for the HREEs than those for
the LREEs, which correspond to the decreasing ionic radii
of these elements. The ionic radii of hydrolyzed Pr3+,
Nd**, Gd*", and Dy’ are accordingly 0.99, 0.983, 0.938,
and 0.912 A, respectively [29]. The outcome will corre-
spondingly be the increased charge density with the
decreasing ion radius. The smaller ion can contribute to the
REE’" binding to the D2EHPA molecule, governed by a
cation-exchange mechanism, favoring the extraction of the
HREE:s in preference over the LREEs. According to the
HSAB theory, which divides the acids and bases into hard
and soft [30], Co?" is a borderline acid, meaning it can act
as a soft or hard acid, and it is difficult to predict its
behavior since it can be influenced by various factors, like
removal of hydrate water, steric effects, etc. In this case,
Co?" acts as a soft acid that did not form a complex with
the D2EHPA from the organic phase.

To obtain a clearer picture of how diluents affect the
extraction of different REEs, a graph was drawn to show
the distribution ratios of Nd in 0.9 M D2EHPA versus the
dielectric constants (¢) of the diluent (Fig. 2).

The distribution ratios of Nd in 0.9 M D2EHPA diluted
in various solvents are summarized in Fig. 2. The distri-
bution ratios of Nd show a regular trend, decreasing with
the polarity of the diluent in the following order: Solvent
70 > octane > hexane > toluene > cyclohexanone > 1-
octanol > chloroform. The distribution ratios are one
order higher in the aliphatic nonpolar diluents (Solvent
70, hexane, and octane) than in the aromatic and polar
ones (toluene, cyclohexanone, l-octanol, and chloro-
form). The fact that D2EHPA is a relatively nonpolar
molecule, due to its 2-ethylhexyl chains, could explain
the good solubility of the D2EHPA extractant in the
aliphatic nonpolar diluents, thus leading to less aggre-
gation of the extractant molecules and consequently
resulting in higher distribution ratios for Nd. This
explanation does not apply for D2EHPA diluted with
cyclohexanone, which gives distribution ratios for Nd
higher than other polar diluents (1-octanol and chloro-
form) even though it has the largest dielectric constant
(18.3). Nonetheless, this extraction-enhancing
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Fig. 1 The influences of D2EHPA concentrations on the extractions
of a Nd, b Pr, ¢ Gd, and d Dy from the aqueous phase consisting of
9.11 mm Nd, 2.71 mM Dy, 3.16 mm Pr, 0.69 mM Gd, 0.17 mM Co,
and 0.55 mM B, using different concentrations of 0.3, 0.6, 0.9, and

phenomenon was expected, since cyclohexanone is a
molecule with a donor atom, oxygen, for hydrogen
bonding, but no active hydrogen atoms. This could cause
it to form complexes with the REE ions in the solution,
which could then be transferred to the organic phase
[31]. This phenomenon could also explain the extraction
of boron into the organic phase.

Investigation of pH Effect on Extraction

As expected, an increase of pH (lower proton concentration)
led to higher metal extraction. This is a typical behavior for
acidic extractants such as D2ZEHPA, and it can also be seen in
Eq. 3 that lower pH values will shift the equilibrium to the
left. On the other hand, the increase in proton concentration
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1.2 M D2EHPA, respectively, in Solvent 70, hexane, octane, toluene,
cyclohexanone, chloroform, and 1-octanol. The temperature was kept
at25 + 1 °C, and the organic-to-aqueous phase ratio was & = 1. The
error bars represent the standard deviation of a triplicate test

will favor the stripping reaction. It was observed that by
increasing the pH values, Dy and Gd were extracted first,
followed by Nd and Pr. At around 0.1 M H™ concentration,
no extractions of Co and B whatsoever could be observed,
while, when the pH value was increased to 1.9, around 10%
of B is extracted and around 20% of Co is extracted; hence, to
avoid the co-extraction of the exogenes with the lanthanides
as much as possible, the equilibrium pH should be kept at or
below a value of 1. The results also show that the light lan-
thanides (Nd and Pr) will be co-extracted with the heavy
lanthanides in the first step of any method used with ratios of
around 100%:50% (heavy:light). Increasing the equilibrium
pH to 2 will lead to complete extraction of the lanthanides in
the solution into the organic phase, but with the disadvantage
of the increased co-extraction of Co and B in minor
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Fig. 2 Distribution ratios of Nd (logarithmic value) plotted as a
function of the dielectric constants of the diluents. The organic phase
used was 0.9 M D2EHPA diluted in Solvent 70, hexane, octane,
toluene, cyclohexanone, chloroform, and 1-octanol. The aqueous
phase consisted of 9.11 mm Nd, 2.71 mM Dy, 3.16 mm Pr, 0.69 mM
Gd, 0.17 mM Co, and 0.55 mM B. The extraction conditions were
25+ 1°Cand © =1
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Fig. 3 Percentages of extraction of Nd, Pr, Dy, Gd, Co, and B from
the neodymium magnet leachate consisting of 9.11 mm Nd, 2.71 mM
Dy, 3.16 mm Pr, 0.69 mM Gd, 0.17 mM Co, and 0.55 mM B with
varied equilibrium pH values. The extraction conditions were
25 £ 1 °C and © = 1. The organic phase used was 0.3 M D2EHPA
in solvent 70

quantities. This could lead to more extraction stages in, for
example, a mixer—settler (Fig. 3).

Separation Factors Between the HREEs
and the LREEs

To further investigate the selectivity between the LREEs
and the HREEs of these extractions, the separation factors
were calculated. The calculated separation factors are
shown numerically in Table 2.

The highest separation factors between Dy and Nd were
achieved at 0.3% D2EHPA in hexane. Under these condi-
tions, around 50% of Nd and Pr were extracted, and around
99% of Dy and Gd extractions were realized. The «Dy/(Nd &
Pr) kept decreasing with the increasing concentration of
D2EHPA for the Solvent 70, while it remained below 10 for
other concentrations of D2EHPA for all the other diluents.
As for Gd/Nd and Gd/Pr, the best separation factor was also
found to be in 0.3 M hexane. It can also be noted that the
separation factors between Dy and other LREEs are one
order lower than those of Gd and other LREEs. Even though
it is expected that Dy and Gd should have similar distribution
ratios, as seen from Table 1, the concentration of Dy is four
times higher than that of Gd in the leachate. This concen-
tration difference might have led to the much higher distri-
bution ratios for Gd than those for Dy, leading consequently
to these results. Since Dy is present in a much higher con-
centration and its current price is around 10 times higher than
that of Gd, the organic phase consisting of 0.3 M D2EHPA
diluted in hexane was chosen as the best organic phase for the
separations of Dy and Gd from the other LREEs, especially
considering the small amounts of B and Co being extracted.
Future work on the scale-up process in a mixer—settler is
proposed.

Stripping

The stripping experiments were conducted for the aqueous
phases after extraction with 0.3 M D2EHPA in hexane and

Table 2 Separation factors between the HREEs and the LREEs after extraction

[D2EHPA)/M %Dy/Nd ODy/Pr 0lGd/Nd AGd/pr
Solvent 70 0.3 6.55 £ 3.2 5.85 + 3.1 277+ 1.2 24.8 + 0.9
0.6 5.34 £ 0.7 543 £ 05 13.7 £ 0.2 14.0 £ 0.3
0.9 7.3 £ 0.1 74 £0.2 6.1 £ 0.6 6.2 +0.2
1.2 46 £04 3.8 £05 58 £05 47 +£04
Hexane 0.3 6.8 £ 0.6 7.6 £0.8 377+ 1.2 424 + 1.6
0.6 6.3+ 0.7 727 £ 04 20.6 = 0.9 237+ 1.2
0.9 53+£0.6 5.94 + 0.3 10.5 £ 0.7 119 £ 0.5
1.2 5.1+03 4.28 £ 0.6 109 £ 0.5 92+04
Octane 0.3 5.8+0.2 6.1 £ 04 331+ 1.2 38.3 + 0.9

@ Springer



608

J. Sustain. Metall. (2017) 3:601-610

Table 2 continued

[D2EHPA]/M ApyNd
0.6 6.5+04
0.9 48 £0.3
1.2 50+03
Toluene 0.3 6.5+ 0.7
0.6 20+ 04
0.9 1.94+0.3
1.2 6.7+ 04
Cyclohexanone 0.3 59+£03
0.6 254+04
0.9 27+02
1.2 9.0 £ 0.6
Chloroform 0.3 52405
0.6 35+ 04
0.9 1.5+ 0.1
1.2 09+03
1-Octanol 0.3 49 £ 0.6
0.6 39+ 04
0.9 27+03
1.2 85+09

ODy/Pr OGd/Nd %Gd/pr
7.6 £03 157 £ 0.9 18.5 £ 0.7
54 +£0.7 7.9 £ 0.6 89 £ 05
42+ 0.6 102 £ 0.9 8.6 £ 04
4.8 £ 0.9 36.8 + 0.9 345 +£ 0.7
2.1+£0.1 279 £ 0.6 293 £ 0.5
21+£03 26.7 £ 0.9 295 +£ 0.5
55+£08 14.8 + 0.6 122 £ 0.7
49 +£03 17.0 £ 0.9 143 £ 0.7
2.6 £0.1 25.1 £ 0.7 258 £ 0.2
3.0+03 227 £ 0.2 244 4+ 04
6.3 £ 0.5 148 £ 1.2 104 £+ 0.9
6.0 £ 0.1 250 £ 0.2 26.8 + 0.4
27+£05 26.2 £ 0.9 205 £ 04
14 +£03 26.1 = 0.6 24.1 £ 0.5
0.9 £ 0.1 17.0 £ 0.3 172 £ 0.3
51+£08 29.0 £ 1.2 269 + 0.8
33+0.1 16.3 + 0.7 14.0 £ 0.9
2.5+ 0.6 159 £ 0.5 14.8 £ 0.8
58 £0.8 109 £ 1.0 7.34 £ 0.9

The concentrations of D2EHPA were 0.3, 0.6, 0.9, and 1.2 mol/L in Solvent 70, hexane, octane, toluene, cyclohexanone, chloroform, and
1-octanol. The aqueous phase consisted of 9.11 mm Nd, 2.71 mM Dy, 3.16 mM Pr, 0.69 mM Gd, 0.17 mM Co, and 0.55 mM B. The
temperature was kept at 25 £ 1 °C and the organic-to-aqueous phase ratio was @ = 1

1.2 M D2EHPA in octane. At 0.3 M D2EHPA in hexane,
the highest separation factors between the HREEs and the
LREEs were achieved, and at 1.2 M D2EHPA, the REEs
were completely extracted out of the leachate as a group,
leaving the exogenous metals (Co, B) in the solution; so
these two cases were found to be the most interesting for
future process developments, if needed. The elements were
stripped back into the new aqueous phase using
hydrochloric acid at the concentrations of 0.5, 1, 1.5, 2, 2.5,
and 3 M for 5 min. The organic phase after extraction was
made to come into contact with hydrochloric acid at the
aforementioned concentrations and shaken using an Ika
Vibrax Vxr shaking machine at a temperature of
25 £ 1 °C with an O:A = 1:1. The results of the stripping
are shown in Fig. 4.

The metals are stripped at 100% efficiency at 2 M HCI
or higher, which is in accordance with Eq. 3. This means
that increasing the concentration of H" ions in the aqueous
solution will shift the reaction to the left.

Conclusions
This work was focused on the extractions of the HREEs
and the LREEs from a real leachate acquired from a neo-

dymium magnet leachate in sulfuric acid media, and to find
the most suitable separation conditions between these. The

@ Springer

general extraction order is HREEs > LREEs, which was
expected. The distribution ratios, and consequently the
extraction efficiencies, increased as the D2EHPA concen-
tration increased and the acidity decreased. The kinetics of
the extraction were monitored for 0.6 M D2EHPA in
Solvent 70, hexane, octane, chloroform, cyclohexanone,
1-octanol, and toluene. It was shown that the equilibrium is
reached within 3 min for all diluents except for cyclohex-
anone and 1-octanol, in which cases, the equilibrium is
reached within 5 min.

It was concluded that the most suitable diluents for the
solvent extraction of REEs with D2EHPA (where ali-
phatic diluents were used) were hexane, octane, and
Solvent 70. The slightly polar diluents, i.e., cyclohex-
anone, chloroform, and 1-octanol, showed the lowest
distribution ratios for the extracted REEs. Toluene was
found to be somewhere between the two groups previ-
ously mentioned, according to the obtained distribution
ratios for the REEs.

It has also been demonstrated that at 0.9 M and 1.2 M
D2EHPA concentrations in hexane and octane, the REEs
are completely extracted out of the leachate solution as a
group, leaving the exogenes (Co and B) within the solution.

Concerning the separation between the HREEs and the
LREEs, the best separation factors were obtained when
extracting with 0.3 M D2EHPA in hexane. Under such
conditions, almost all the Dy and Gd were extracted from



J. Sustain. Metall. (2017) 3:601-610

609

(a) Stripping from 0.3 M D2EHPA/Hexane
100 ® % =
<
&
80
k-l
2
% 60 S © % Nd
2 =%Pr
8 o]
g 40 X% Dy
X 0% Gd
20 <
&
0
0 0.5 1 1.5 2 2.5 3 35
¢ (Hcl) / mol/L
(b) Stripping from 1.2 M D2EHPA /Octane
100 <1 8 8
<
80 é
o
2
£ o e
E % © % Nd
L] =%Pr
Q
£ 40 X % Dy
= % Gd
o Oo%
20
0
0 0.5 1 15 2 2.5 3 35
¢ (HCl) / mol/L

Fig. 4 The back stripping results of the REEs in the aqueous solution
from a 0.3 M D2EHPA in Solvent 70 and b 1.2 M D2EHPA in octane
after extraction. The stripping agents used were aqueous solutions of
0.5, 1, 1.5, 2, 2.5, and 3 M hydrochloric acid, and the plotted values
on the graph represent the initial values of the HCI concentration. The
stripping conditions were a temperature of 25 & 1 °C and an organic-
to-aqueous phase ratio of ® = 1. Shaking time was 20 min

the solution, while around half of the amount (50%) of the
LREEs present were extracted.

The stripping studies were performed using the organic
phases after the extraction with 0.3 M D2EHPA in hexane
and 1.2 M D2EHPA in octane. It has been shown that the
complete stripping of the elements back into the aqueous
phase is achieved at 2 M HCI or higher.

These were, however, the observations made on a small
scale (3.5 mL), and for further developing the process,
larger amounts of the leachate are required, and mixer—
settler studies are recommended with 0.3 M D2EHPA in
Solvent 70 and 1.2 M of D2EHPA in octane to develop a
large-scale process in the future.
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