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Recovery of critical metals from waste is becoming very important to bridge the gap between the limited

natural resources available and their ever-increasing demand. One such vital metal is neodymium (Nd),

which plays an essential role in advancing sustainable clean energy technologies. Therefore, in this work,

the key parameters to selectively recover Nd over iron (Fe) from their oxides, as model systems were investi-

gated. By investigating the effect of key parameters, we aim to understand the underpinning science prin-

ciples necessary for the safe and efficient recovery of critical metals from secondary sources. A series of

deep eutectic solvents, consisting of a hydrogen bond donor (HBD), lactic acid or acetic acid, and hydrogen

bond acceptor (HBA), guanidine hydrochloride (GUC), have been investigated in HBA–HBD combinations,

and individually in the presence of water to determine the role of the HBD and HBA towards Nd and Fe

leaching efficiency and selectivity. The combination of GUC with HBDs was less beneficial for the leaching

of Nd2O3, with a maximum value of 78% in comparison with the individual systems, in the absence of GUC,

which demonstrated a maximum dissolution of 95%. Among the different combinations, the acetic acid

aqueous solution led to the highest dissolution efficiency and selectivity, probably due to the high basicity

and strong stability constants for Nd-acetate complexes. Other parameters, such as the impact of the molar

ratio Nd2O3 : Fe2O3 were also explored, and a synergetic effect that promotes Nd2O3 solubility at 1 : 1

Nd : Fe weight ratio is observed across the samples. However, when increasing the amount of Fe2O3 in the

mixture to simulate realistic ratios present in spent magnets, selectivity is strongly affected, and only the

acetic acid solution is capable of selectively dissolving Nd2O3 with a separation factor of up to 5038, which

is higher than the current state of the art (1608). Finally, the acetic acid concentration was also studied as a

factor to assess its effect on selectivity while also reducing cost.

1. Introduction

Rare earth elements (REEs), especially neodymium (Nd), are
essential for a wide array of applications due to their unique
magnetic, catalytic and optical properties.1,2 However, there are

environmental issues with REE extraction from mined ore bodies
as current methods are energy intensive, require large volumes of
kerosene and typically produce large amounts of highly acidic
and radioactive waste.1,3 More recently there have also been
increasing concerns around the guaranteed supply of REEs, with
China controlling 70% of their primary production.1,3,4 An ever-
increasing demand for REEs in clean energy technologies, in
conjunction with these issues related to primary extraction has
triggered the urgent need to extract and recover such critical
metals from secondary waste resources.1,3

REEs find applications in a wide range of fields, including
permanent magnets, catalysts, defence technologies, medical
equipment, rechargeable batteries, and water treatment
technologies.5 In the context of the green energy economy, one
of the most significant applications of REEs is in permanent
magnets. These magnets are a crucial part of wind turbines,
electric vehicles and advanced electronics due to their strong
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magnetic properties.6–8 The Nd-based permanent magnets
consist of approximately 30 wt% Nd and 65 wt% iron (Fe) and
a small amount of other metals ranging from Pr, Dy, Al, Fe,
Co, Ni, Cu, B.6–8 It is estimated that the demand for REEs will
increase 40-fold from 2015 to 2030 just to meet the need for
magnets in wind turbines.9,10 Therefore, there is a need to
recycle the vast amount of waste magnets to avert a REE
supply crisis.

To date, different approaches have been used to recover
REEs from waste NdFeB magnets, including pyrometallurgy,11

hydrometallurgy,12–14 biohydrometallurgy,15 liquid metal extrac-
tion,16 hydrogen decrepitation,17 and chemical vapour transport
techniques.18,19 These methods consume large amounts of
energy, operate at high pressure or use volatile solvents such as
kerosene and strong acids such as sulfuric, nitric, and hydro-
chloric acids, which cause detrimental environmental issues by
generating a large amount of secondary aqueous waste. Thus,
from an environmental perspective it is important to develop
green solvents for recovering REEs while maintaining the leach-
ing efficiency. An emerging family of solvents known as deep
eutectic solvents (DESs), which have an abnormally deep
melting point depression at the eutectic composition, was first
introduced by Abbott et al. in 2001.20,21 These systems contain a
hydrogen bond acceptor (HBA) and a hydrogen bond donor
(HBD), with a commonly used example being choline chloride
(HBA) with urea (HBD). However, we would like to highlight
that DES-like systems have also been reported in the literature
as mixtures of HBAs and HBDs without investigating the impact
on the mixture’s melting point and thus their use is not limited
to the eutectic composition.

Generally due to their low cost, safety and ease of manufac-
ture, DES-like systems have gained significant attention in a
variety of fields, including electrodeposition, organic extrac-
tion or metal oxide dissolution.22–25 Lately, DESs have shown
efficiency in safe and effective selective leaching of REEs from
used magnets.26–30 Among those used, DESs based on organic
acids have been effective in enhancing metal dissolution due
to increased acidity, as well as coordination by HBA and HBD
ligands.26,28 Riaño et al.26 dissolved NdFeB magnets in a DES
consisting of choline chloride and lactic acid with a molar
ratio of 1 : 2. All metals present (e.g. Fe, Nd and other REEs) in
the magnet were dissolved in the DES with more than 90% dis-
solution efficiency under the leaching conditions of a 1 : 50
solid-to-liquid ratio at 70 °C for 12 h. The high leaching ability
of this DES was attributed to the protons present in lactic acid,
together with the coordination abilities of lactate and chloride
anions. However, subsequent steps involving an organic extrac-
tion were required to separate the metals in the leachate with
an additional economic cost.

More recently, Liu et al.28 developed a family of DESs con-
taining guanidine hydrochloride and found that a DES com-
posed of guanidine hydrochloride–lactic acid (GUC–lactic acid)
in a 1 : 2 molar ratio could achieve selective leaching of Nd
versus Fe. In this work, Nd and Fe oxides were initially studied,
to mimic the composition of a roasted NdFeB magnet and
were dissolved in the DES at 50 °C for 24 h with a 1 : 50 solid-

to-liquid ratio, resulting in the selective leaching of Nd (solubi-
lity of 86.2% for Nd and 1.4% for Fe). After determining the
optimal leaching conditions with the model oxides, a roasted
magnet was leached in the 1 : 2 solution of GUC–lactic acid
with a 1 : 10 solid-to-liquid ratio at 40 °C for 6 h and reached
an even higher solubility for Nd (95.0%) while also showing
low solubility for Fe (1.0%). The reason behind the improved
efficiency and selectivity of Nd2O3 in the 1 : 2 GUC–lactic acid
for the magnet material as compared to the model oxide mix-
tures was not unravelled in this work. Comparing both these
research works, from Riaño and Liu, is interesting that a differ-
ence in selectivity is observed by changing the HBA from ChCl
to GUC; however, it is important to highlight that apart from
the nature of the HBA, the experimental leaching conditions
also differ between the reported research works and these can
also play a major role on leaching efficiency. Although these
results are encouraging there is still a need for an in depth
understanding of key chemical features of the electrolyte com-
position and process conditions that enable efficient and
selective recovery of Nd from other metals.

Thus, due to their selective leaching efficiency determined
in recent studies, we have prepared GUC-based systems, con-
sisting of GUC paired with the organic acids, lactic acid and
acetic acid, in line with the principles of green chemistry (e.g.
less hazardous reagents) and guided by and guided by these
recent results. Based on the literature,31 an alkaline baking
process has been demonstrated to convert magnets into Nd2O3

and Fe2O3, removing B as sodium borate and with the other
elements present in very minor amounts that are unlikely to
affect selective dissolution of Nd and Fe. Therefore, our study
is designed to explore the mechanisms underlying the dis-
solution behaviour of Nd2O3 and Fe2O3, which could be
applied after such a baking process. We explored the dis-
solution characteristics of individual neodymium oxide
(Nd2O3) and iron(III) oxide (Fe2O3), and mixtures of these metal
oxides in different mass ratios.

To investigate the fundamental factors influencing leaching
and selectivity for these systems, a mixture of HBA and HBD
was employed as a dissolution agent, along with the individual
constituents of HBA and HBD as control systems. This
approach holds value for enhancing the understanding of the
broader chemistry pertaining to rare earth materials and their
recovery.

Herein, it is proposed that by controlling the solvent acidity
and metal complexation in the solvent, the selective leaching of
Nd2O3 over Fe2O3 could be achieved due to their different basi-
city. This systematic study solely focuses on the selective dis-
solution of Nd2O3 and Fe2O3 using safe and affordable solvents.

2. Results and discussion
2.1. Leaching behaviour of Nd2O3 and Fe2O3 separately in
different solvent mixtures

Nd2O3 and Fe2O3 are the main components in spent magnets
after demagnetisation, calcination, and alkaline baking, as

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 2740–2749 | 2741

Pu
bl

is
he

d 
on

 2
6 

Ja
nu

ar
y 

20
24

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 2
:0

5:
33

 A
M

. 
View Article Online

https://doi.org/10.1039/d3gc04800d


reported in the literature,10,31 so it is crucial to understand
their distinct dissolution properties in the mixtures of HBA–
HBD. Therefore, a series of HBA–HBDs composed of guani-
dine hydrochloride (GUC), as a hydrogen bond acceptor (HBA)
and lactic acid or acetic acid as hydrogen bond donors (HBDs)
were prepared (Table 1). We hypothesized that the HBA and
HBD combinations may be more acidic than the individual
systems, which would increase their capacity to break the
metal–oxide (M–O) bond, as reported in the literature.32

To explore the dissolution properties of individual Nd2O3

and Fe2O3 in the mixtures of HBA–HBD, 10 mg of Nd2O3 or
Fe2O3 was dissolved in 1.5 mL of solvent at 50 °C for 24 h
while stirring (500 rpm). Fig. 1a exhibits the solubility of Nd
and Fe from the individual, separate oxides in the mixtures of
HBA–HBD – GUC–lactic acid and GUC–acetic acid – with
molar ratios of 1 : 6, respectively. The amount of organic acid
in the mixtures was higher in this work than in the literature28

to favour metal oxide dissolution.
Comparing the two DES-like systems, the highest dis-

solution of Nd2O3 (4.48 × 103 ppm, 78.3%) was obtained in
GUC–lactic acid (1 : 6), and the values are comparable to
recently published studies.26,28 Liu et al. has investigated a
series of DESs by varying the nature of the HBAs and HBDs
and found that GUC–lactic acid (1 : 2) showed the highest dis-
solution amongst their DES series. When tested at 50 °C for
24 h in a shaking bath with a solid-to-liquid ratio of 1 : 50 the
GUC–lactic acid (1 : 2) dissolved 86.2% Nd2O3, while only

0.85% of Fe2O3 was dissolved.28 Notably, in our work, while
GUC–lactic acid (1 : 6) also showed a low dissolution of Fe2O3

(0.65 × 103 ppm, 14.5%), this is higher than the work from Liu
et al. (0.85%).28 This could possibly be due to a different solid-
to-liquid ratio, stirring method and the ratio of HBA–HBD mix-
tures. However, in Liu’s study both metal oxides were present
at the same time in the leaching dissolution.

When comparing the DES-like systems studied here it can
be seen that similar amounts of Fe2O3 (∼0.64 × 103 ppm,
14.3%) were dissolved while Nd2O3 was more soluble in GUC–
lactic acid (1 : 6) (4.48 × 103 ppm, 78.3%) than in GUC–acetic
acid (1 : 6) (3.58 × 103 ppm, 62.6%). Overall, both DES-like sol-
vents dissolved high amounts of Nd2O3 but to different
degrees while dissolving significantly less Fe2O3. Therefore,
the role of the individual HBA and HBDs on the dissolution of
individual Nd2O3 and Fe2O3 were further investigated, by com-
bining each component with water; HBA–water (1 : 6) and
HBDs–water (6 : 1), respectively. Thus, this study will provide
detailed information of the DES performance versus the indi-
vidual components.

The molar ratio of the mixtures was chosen in accordance
with the molar ratio of the mixtures of HBA–HBD in this work.
Fig. 1b shows the solubilities of the individual Nd2O3 and
Fe2O3 in GUC–water (1 : 6), lactic acid–water (6 : 1), and acetic
acid–water (6 : 1), respectively. GUC–water (1 : 6) only dissolved
0.02 × 103 ppm of Nd2O3 and 0.09 × 103 ppm of Fe2O3, which
is less than 2.0% of the metal oxides. These results are similar

Table 1 Chemical structures of the HBA and HBDs used in this study

Fig. 1 Dissolution of 10 mg Nd2O3 or Fe2O3 in 1.5 mL of reagents composed of (a) HBAs and HBDs with the molar ratio of (1 : 6), (b) HBA and water
(1 : 6); and HBDs and water (6 : 1) at 50 °C for 24 h. Blue and orange dashed lines indicate the initial concentration of Nd (5.71 × 103 ppm) and Fe
(4.48 × 103 ppm) oxides, respectively, before the leaching experiments.
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to the previous study published by Liu et al.28 in which GUC
dissolved less than 1.0% of Nd2O3 and Fe2O3. The reason for
its poor dissolving ability can be due to GUC being a weak
Brønsted acid that cannot break these M–O bonds.28

In contrast, both lactic acid–water (6 : 1) and acetic acid–
water (6 : 1) dissolved a greater amount of Nd2O3 (lactic acid–
water (6 : 1): 4.76 × 103 ppm, 83.3% and acetic acid–water
(6 : 1): 5.43 × 103 ppm, 95.0%) than both the GUC–acid mix-
tures and the GUC–water mixture. Interestingly, both mixtures
also showed very low dissolution for Fe2O3 (lactic acid–water
(6 : 1): 0.44 × 103 ppm, 10.0% and acetic acid–water (6 : 1): 0.13
× 103 ppm, 2.9%). While effective leaching of both Nd and Fe
from spent NdFeB magnets with high solubilities (more than
99.0%) has been reported using 1.0 M acetic acid, no selecti-
vity was observed in the dissolution of Nd over Fe.33 This
means that an additional separation process is required to sep-
arate Nd from Fe. However, according to Yoon et al. grinding
and roasting the magnet between 400–500 °C led to the gene-
ration of only Nd2O3 and Fe2O3 and under these conditions
94.2% of Nd, which is between our results, was selectively
recovered from Fe (∼1.0%).34

Our results indicate that although lactic and acetic acid are
both weak acids, they are strong enough to break the Nd–O
bond in Nd2O3. It is interesting to note that by changing the
HBA GUC to water, the leaching ability of Nd2O3 is increased
by a magnitude up to 1.5 for acetic acid and the dissolution
values of the lactic acid–water (6 : 1) are much greater than the
ones from the literature, where only 18% leaching efficiency
was obtained.28 This could be of interest for commercial appli-
cations as it has the potential to reduce both the cost as well
as the environmental impact of the process.

The dissolution of Nd2O3 should require the breaking of
the M–O bond, driven by the pKa values of the acid, leading to
the solvation of Nd3+ in solution. However, in a second stage
the complexation of the Nd3+ will take place in the bulk of the
solution. Thus, the improved solubilities observed in the
water-based systems in comparison with the GUC-based
systems could possibly be due to the nature and stability of the
subsequent Nd complex formed. For instance, the removal of
chloride from the system will change the ligand of Nd from
chloride to acetate or lactate, which could lead to more stable
and hence soluble species.35 It has been found that the solvent
nature affects the formation of metal complexes, resulting in
different coordination numbers and ligands.35–38 For instance,
Amphlett et al.35 recently reported the effect of HBDs (e.g.
ethylene glycol, urea, and lactic acid) in choline chloride-based
DESs on the coordination environment of lanthanides (Ln),
including Nd, using different spectroscopic techniques. The
interaction between HBD and HBA in the DES affects the
coordination of Nd which resulted in different complex types
forming. It is well known that the most stable complexes of
lanthanides is through the coordination of an oxygen;36

however as reported by Amphlett et al., other coordination
chemistries are also possible. For instance, they found that Ln
were coordinated by the –OH group of the ethylene glycol in
ChCl–ethylene glycol, by the carbonyl group (CvO) in ChCl–

urea, and interestingly through the Cl− in the case of ChCl–
lactic acid, instead of through the carboxyl group (COOH) of
the lactic acid. The latter was attributed to the repulsion
between the choline and lactic acid moieties, and hence
forming the [LnClx]

3−x complex.28 This could be translated to
our system where [NdClx]

3−x complexes are more likely to form
in the GUC-based systems, while Nd(CH3CHOHCOO)x and Nd
(CH3COO)x complexes, for lactic and acetic acid respectively,
are more energetically favourable to form in the absence of Cl−

in the water systems. To justify this hypothesis, it is important
to discuss complex stability.

There is a direct relationship between Gibbs free energy of
formation (ΔfG°) and the complex stability constant (Kf ) as
shown in eqn (1):

ΔfG° ¼ �RT ln K f ð1Þ

The stability constants of the Nd–lactate complex for one to
three ligands (log Kf1, 2, 3) are 4.0, 2.3, and 1.7, while for Nd–
acetate these complex constants are 2.6, 2.1, and 1.9 39 and
these are all considerably higher than that of the Nd–chloride
complex (log Kf1 = 0.06).40 From the Kf1 perspective (coordi-
nation with only 1 ligand), the values for lactate are larger
than those for acetate because of a chelation effect of the extra
OH group in lactic acid, while acetate coordinate acts as a
monodentate. However, Nd has a coordination number of
8–9 41,42 therefore more than one ligand is required to fill the
Nd coordination sphere. Therefore, attention must be paid to
Kf2 and Kf3 which are similar or even slightly more stable in
the case of acetate.

On the other hand, the solubility of Fe2O3 in lactic acid–
water (6 : 1) was found to be 0.44 × 103 ppm, (10.0%) which is
about three times higher than that in acetic acid–water (6 : 1)
(0.13 × 103 ppm, 2.9%). The poor solubility of Fe in the
organic acid solutions may be due to the Fe–O bond strength
in Fe2O3, which requires higher energy to break than Nd2O3.
However, there is also a possibility that the oxide dissociates
in the acid solutions and the resulting Fe(CH3COO)3 or Fe
(CH3CHOHCOO)3 complexes formed precipitate out of the
solution. XRD measurements were performed on the Fe2O3

samples before and after leaching in acetic acid–water (6 : 1) to
determine the composition of the solid Fe compound filtered
out of the leachate (Fig. 2). There was no noticeable change in
the XRD patterns of Fe2O3 before and after leaching, indicating
that acetic acid–water (6 : 1) is unable to break the Fe–O bond
in Fe2O3. Both samples are also closely matched to the peaks
of Fe2O3 from the standard (JCPDS no. 04-022-0741).

Although replacing GUC with water improved the leaching
efficiency of Nd2O3, that is not the case for Fe2O3 with its solu-
bility decreasing from 14.5% in the DES-like mixtures to 10.0%
in the lactic acid–water (6 : 1) and to 2.9% in acetic acid–water
(6 : 1).

Overall, for these separate oxide leaching experiments,
Nd2O3 was consistently dissolved at high levels between ∼63%
to 95% (e.g. GUC–acetic acid (1 : 6): 62.6%, GUC–lactic acid
(1 : 6): 78.3%, lactic acid–water (6 : 1): 83.3%, and acetic acid–
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water (6 : 1): 95.0%), whereas the solubilities of Fe2O3 exhibited
poor solubilities from ∼3% to 14% (GUC–lactic acid (1 : 6):
14.5%, GUC–acetic acid (1 : 6): 14.3%, lactic acid–water (6 : 1):
9.3%, and acetic acid–water (6 : 1): 2.9%). Only the GUC–water
(1 : 6) mixture dissolves either of Nd2O3 or Fe2O3 in a very
small percentage (∼2%).

The greater solubility of Nd2O3 than Fe2O3 is likely due to
the following reasons: (i) Nd exhibits a lower electronegativity
than Fe (1.14 vs. 1.83) and a less stable lone pair, which
increases its basicity28,43 and (ii) the Fe–O bond is stronger
than Nd–O due to its smaller atomic radius (atomic radius of
Fe is 126 pm and Nd is 229 pm, respectively) and stronger
lattice energy (Nd2O3 – 12 736 kJ mol−1, Fe2O3 – 14309 kJ
mol−1).28,43

Solubilities may change in a mixture of metals compared to
their individual dissolution properties. Thus, understanding
the change in solubility patterns of the mixed oxides is an

important step to achieve selective and effective Nd leaching
from used permanent magnets, considering that both Nd and
Fe will be present.

2.2 Dissolution of the Nd2O3 and Fe2O3 (1 : 1 wt%) mixture
in different solvent mixtures

This set of experiments was conducted to comprehend the dis-
solution properties of Nd2O3 and Fe2O3 mixtures in the sol-
vents used in the previous section. Also, any possible synergis-
tic effect on the dissolution properties of having a mixture of
Nd2O3 and Fe2O3 present is explored, which, to the best of our
knowledge, has not yet been investigated. Mixtures of Nd2O3

and Fe2O3 with a 1 : 1 weight ratio (5 mg : 5 mg) in 1.5 mL of
the solvent mixtures were prepared to maintain the same total
solid-to-liquid ratio as in the previous experiments. Fig. 3
shows the dissolution results for these mixed oxides in the
DES-like systems (Fig. 3a) and the separate DES components

Fig. 2 XRD patterns of Fe2O3 before (black) and after (red) leaching, and α-Fe2O3 standard (JCPDS no. 04-022-0741) (blue).

Fig. 3 Dissolution of Nd2O3 (5 mg) and Fe2O3 (5 mg) with a 1 : 1 wt ratio in 1.5 mL of solvents composed of (a) HBAs and HBDs with the molar ratio
of 1 : 6, (b) HBA and water (1 : 6) and HBDs and water (6 : 1) at 50 °C for 24 h. Blue and orange dashed lines indicate the initial concentration of Nd
(2.86 × 103 ppm) and Fe (2.24 × 103 ppm) used for the leaching experiments.
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mixed with water (Fig. 3b). When both oxides were present in
solution, the mixtures containing GUC presented an enhance-
ment of leaching efficiency in different degrees. GUC–acetic
acid (1 : 6) showed a solubility of 83.8% (2.53 × 103 ppm) for
Nd2O3, which is greater than when Nd2O3 was the only oxide in
the same solvent (62.6% in GUC–acetic acid (1 : 6)). This
suggests that the presence of Fe2O3 may enhance the dis-
solution of Nd2O3. Similarly, for GUC–water (1 : 6) the dis-
solution of Nd2O3 improves significantly for the mixed oxides
(0.74 × 103 ppm, 26.0%), compared to when Fe2O3 is absent
from the mixture (0.02 × 103 ppm, <2.0%), showing again a
possible synergistic effect of Fe in the dissolution of Nd. In the
case of GUC–lactic acid (1 : 6) there is a very small increase in
Nd leaching efficiency from 78.3% to 79.1% when adding Fe2O3

to the mixture, which could be related to experimental error.
The dissolution of Nd2O3 in the water based solutions

remained almost the same in the presence or absence of Fe2O3

in the mixture (2.40 × 103 ppm, 83.8% in lactic acid–water
(6 : 1), and 2.69 × 103 ppm, 94.0% in acetic acid–water (6 : 1),
Fig. 1 and 3) and all maintained lower Fe2O3 solubility. This
could be due to the different concentration of the metal oxides
(5 mg for mixed metal oxides vs. 10 mg in the case of individ-
ual metal oxides) in solution which could affect the dis-
solution mechanism or the joint effect of both metal oxides in
the mixture. Since the increase in solubility is not extended
across the different mixtures under study, we can confirm that
such synergistic effect seen for GUC based systems is not just
due to a lower effective solid-to-liquid ratio for the Nd oxide in
these mixed oxide experiments.

To confirm if the enhanced solubility of Nd2O3 is due to the
presence of another metal oxide or Fe2O3 in particular, the iron
oxide was replaced by cobalt(II,III) oxide (Co3O4), which has
similar basicity, while maintaining the other experimental con-
ditions. The GUC–acetic acid (6 : 1) and GUC–water (1 : 6) solvents
were chosen because Nd solubility increased more significantly
in those solvents in the presence of Fe2O3. One of the other sol-
vents, acetic acid–water (6 : 1), in which Nd solubility was not
affected by the presence of Fe2O3 was chosen for comparison.

We can observe that the presence of Co3O4 together with
Nd2O3 in both GUC-based solutions lead to lower solubility of
Nd in comparison with that observed with Fe2O3, being more
drastic for the GUC–water solution (Fig. 4). This result demon-
strates that Fe2O3 has an active role in the solubility of Nd2O3.

In the GUC–acetic acid (6 : 1), when either Fe2O3 or Co3O4

was present in solution with Nd2O3, Nd solubility was
increased by 1.4 (Nd2O3 : Fe2O3 mixture: 2.53 × 103 ppm,
83.8% and Nd2O3 : Co3O4 mixture: 2.27 × 103 ppm, 79.4%) in
comparison to Nd solubility from the separate Nd2O3 solution
(3.58 × 103 ppm, 62.6%). On the other hand, in GUC–water
(1 : 6), Nd2O3 did not dissolve in the presence of Co3O4 (not
detected by ICP-MS), which is comparable to the low Nd solu-
bility (0.02 × 103 ppm of Nd2O3, 0.3%) from separate Nd2O3

and lower than Nd solubility (0.74 × 103 ppm of Nd2O3, 26.0%)
from the solution with Nd2O3 and Fe2O3 present. Those results
show that the enhancement in solubility is due to the nature
of the metal oxide present in the mixture. Both Fe2O3 and

Co3O4 are known catalysts, for example in the case of the
oxygen reduction reaction;44,45 however in this case it seems
likely that Fe2O3 has a more pronounced effect.

Interestingly, acetic acid–water (6 : 1) dissolved almost the
same amount of Nd from the three samples (93.0–95.1%).
These findings are significant because they demonstrate that
the Nd solubility can be tuned by the presence of less soluble
metal oxides together with Nd2O3 and the chemical compo-
sition of the solvent. This is of interest in the recycling of per-
manent magnets or other end of life devices where selective
dissolution of valuable metals is highly sought.

The solubility of Fe2O3 in the mixture with Nd2O3 exhibited
the following trend: GUC–water (1 : 6) (not detected) < acetic
acid–water (6 : 1): 0.05 × 103 ppm, 2.0% < GUC–lactic acid
(1 : 6): 0.27 × 103 ppm, 12.1% < GUC–acetic acid (1 : 6): 0.36 ×
103 ppm, 16.3% < lactic acid–water (6 : 1): 0.67 × 103 ppm,
29.9%. This lower solubility of Fe2O3 could be attributed to its
basicity and Fe–O strength as mentioned previously.

Overall, the selective dissolution can be demonstrated by
the separation factors of Nd when dissolved in mixtures with
Fe, as shown in Table 2. A similar selective dissolution was
present in GUC–lactic acid (1 : 6) and GUC–acetic acid (1 : 6)
(SF of 27.5 and 26.6, respectively), but some selectivity is lost
when lactic acid–water (6 : 1) is used (SF = 12.1). Nonetheless,

Fig. 4 The dissolution efficiency of Nd2O3 from separate Nd2O3 leach-
ing (grey), 1 : 1 (wt%) Nd2O3 : Fe2O3 mixture (blue), and 1 : 1 (wt%)
Nd2O3 : Co3O4 mixture (green) in GUC–acetic acid (1 : 6), GUC–water
(1 : 6), and acetic acid–water (6 : 1). A 10 mg of oxide sample was dis-
solved in a 1.5 mL of solvent at 50 °C for 24 h with a stirring speed of
500 rpm.

Table 2 Leaching efficiency (L%) of Nd and Fe and separation factors
(SFNd/Fe) between Nd and Fe in Nd2O3 : Fe2O3 mixtures (1 : 1 wt%),
respectively, using different solvent mixtures

Solvent mixture LNd % LFe % SFNd/Fe

GUC–lactic acid (1 : 6) 79.1 12.1 27.5
GUC–acetic acid (1 : 6) 83.8 16.3 26.6
GUC–water (1 : 6) 26.0 N.D.a —
Lactic acid–water (6 : 1) 83.8 29.9 12.1
Acetic acid–water (6 : 1) 94.0 2.0 767.7

aN.D. = not detected.
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this system showed lower Nd selectivity compared to another
GUC : lactic acid system reported in the literature (1 : 2 molar
ratio) (SF = 440), however as mentioned before the working
conditions are different.28 The best system for selective Nd dis-
solution was acetic acid–water (6 : 1), which had a significantly
higher SF of 767.7, one order of magnitude larger compared to
all other solvent mixtures. The selectivity for GUC–water (1 : 6)
cannot be calculated accurately as no Fe was detected by ICP.

The results exhibited that, except for GUC–water (1 : 6),
both HBD–HBA mixtures and acid–water (6 : 1) mixtures could
effectively dissolve Nd2O3 from both individual oxides and
mixtures. It is noteworthy that both excellent selectivity
(SFNd/Fe: 767.7) and efficiency of Nd2O3 solubility (94.0%) were
achieved in acetic acid–water (6 : 1).

2.3 Dissolution of the Nd2O3 and Fe2O3 (1 : 7 wt%) mixture

Although the dissolution properties of a Nd2O3 and Fe2O3

mixture were investigated in the previous section, the ratio of
metal oxides should be consistent with a chemical compo-
sition of NdFeB magnets to implement this process on waste
magnets and fully explore the selectivity of acetic acid. For this
purpose, a mixture of Nd2O3 (1.25 mg) and Fe2O3 (8.75 mg)
with the ratio of 1 : 7 wt% (based on the permanent magnet
delivered to us) was dissolved in the DES-like mixtures; GUC–
lactic acid (1 : 6), GUC–acetic acid (1 : 6), and also in the acetic
acid–water (6 : 1) mixture due to its promising results. The
experimental conditions were maintained from the previous
leaching experiments.

As shown in Fig. 5, all three solvents dissolved Nd2O3 effec-
tively, with values ranging from 68.0–96.2% (e.g. 0.52 × 103

ppm (72.7%) in GUC–lactic acid (1 : 6), 0.49 × 103 ppm (68.0%)
in GUC–acetic acid (1 : 6), and 0.46 × 103 ppm (96.2%) in acetic

acid–water (6 : 1)). Compared to the 1 : 1 oxide mixture, the
solubilities of Nd2O3 when increasing the amount of Fe2O3 in
the mixture are less favourable, particularly in the case of the
GUC-based mixtures. This decrease in the catalytic effect of
Fe2O3 previously discussed could be explained since normally
small amounts of catalyst are required, therefore increasing its
amount will not be translated into better dissolution efficien-
cies. In the acetic acid–water (6 : 1) as previously observed, no
significant changes are observed based on the presence or
absence of metal oxides as well as their concentrations.

The solubilities of Fe2O3 in GUC–lactic acid (1 : 6) and
GUC–acetic acid (1 : 6), while maintaining a similar low per-
centage dissolved as for the 1 : 1 experiment, showed a higher
overall level of Fe present in terms of ppm (0.53 × 103 ppm,
13.4% and 0.82 × 103 ppm, 20.9% respectively). From Fig. 5
and Table 3 we can see that the separation factors of Nd from
Fe using the GUC–lactic acid (1 : 6) and GUC–acetic acid (1 : 6)
systems were lower in this ratio. Curiously, the selectivity
Nd : Fe has been markedly increased in the acetic acid–water
(6 : 1) system (SF of 5038, from 768 in a 1 : 1 wt% metal
mixture, Tables 2 and 3), further corroborating the potential of
this system for selective Nd dissolution, the highest dis-
solution efficiency in this experimental series (96.2%).

These results indicate that the solvent mixture of acetic
acid–water (6 : 1) is a promising candidate for selectively dissol-
ving Nd2O3 due to the difference in the dissolution abilities of
Fe2O3 and Nd2O3. Among previous studies that have used
acetic acid solution to dissolve NdFeB magnets, Yoon et al.
achieved selective recovery of Nd (SFNd/Fe: 1608) from the
magnet after roasting,34 which is lower than our results.

Other researchers were unable to achieve a selective dis-
solution, with Fe dissolved in a range between 21–38%,
which required additional separation.10,33,46–48 The differ-
ence in Nd selectivity may be due to the different compo-
sition, chemistries and phases of the Nd and Fe in the
spent NdFeB magnets due to different pre-treatments. The
most favourable scenario is for Fe and Nd to be in their
oxide form (Fe2O3 and Nd2O3) so leaching and selectivity of
Nd may be maximised.

2.4 Dissolution of Nd2O3 in acetic acid solutions with
different concentrations

The current concentration of the acetic acid–water (6 : 1) (16.5
M) mixture studied in this work is higher than both the stoi-
chiometry ratio of acid to metal oxide (6 mol CH3COOH per
1 mol Nd2O3, Nd2O3 + 6CH3COOH = 2Nd(CH3COO)3 + 3H2O)
and the concentration of acetic acid solutions used in previous

Fig. 5 Dissolution of Nd2O3 and Fe2O3 with ratio of 1 : 7 wt% ratio in
1.5 mL of GUC–lactic acid and GUC–acetic acid with molar ratio of 1 : 6,
acetic acid–water (6 : 1) at 50 °C for 24 h. Blue line indicates the initial
concentration of Nd (0.71 × 103 ppm) used for the leaching experiments.
The initial concentration of Fe was 3.92 × 103 ppm, and therefore not
included in the graph for increased clarity.

Table 3 Leaching efficiency (L%) of Nd and Fe and separation factors
(SFNd/Fe) between Nd and Fe in Nd2O3 : Fe2O3 mixtures (1 : 7 wt%),
respectively, using different solvent mixtures

Solvent mixture LNd % LFe % SFNd/Fe

GUC–lactic acid (1 : 6) 72.7 13.4 17.2
GUC–acetic acid (1 : 6) 68.0 20.9 8.0
Acetic acid–water (6 : 1) 96.2 0.5 5037.8
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studies10,33,34,46–50 which are in the range 0.4–3.0 M. Fig. 6
shows the Nd leaching efficiencies reported in the previous
studies from the literature that used acetic acid for dissolving
Nd from NdFeB magnets and metal oxides in different leach-
ing conditions.10,33,34,46–49 In our study leaching experiments
for Fe2O3 and Nd2O3 in a weight ratio of 1 : 7 in acetic acid–
water ranging in concentration from 16.5 M to 0.1 M were con-
ducted under the same experimental conditions (Fig. 6). Just a
note that the initial molar ratio of acetic acid–water (6 : 1) was
chosen according to the ratios of HBA and HBD in this work.
The Nd2O3 over Fe2O3 weight ratios in this study were chosen
based on the highest dissolution and selectivity observed in
our study for the acetic acid : water mixture.

It was observed that the solubility of Nd2O3 decreased
from 96.7 to 65.8% when the acetic acid concentration
reduced from 16.5 to 0.1 M. However, a leaching efficiency as
high as 95.5% is maintained when acid concentration is
reduced to 2.0 M. Therefore, it is shown that under these
leaching conditions (solid : liquid ratio: 1 : 150, T = 50 °C,
24 h, 500 rpm), acetic acid concentration could be reduced to
2.0 M without significantly affecting the Nd2O3 leaching
efficiency. Note that the selectivity of Nd2O3 was improved
with the reduced concentration of acetic acid solutions
(0.1–2.0 M), by dissolving smaller and smaller amount of
Fe2O3 which were beyond the detection limit for the ICP-MS
(<0.5% of Fe2O3, Fig. 6).

Previous studies attained Nd dissolution efficiencies
ranging from 99.99% to 50% in acetic acid solutions by
varying the concentration from 3.0 to 0.4 M. Interestingly, by
using low concentrations of acetic acid (0.4–1.6 M) higher Nd
solubilities (>90.0%)10,33,34,46–49 were achieved (Fig. 6), whereas
the lower Nd efficiency (50%) was achieved when using the
higher concentration of acetic acid (3 M). Nevertheless, the
different leaching efficiencies can be attributed to their

respective leaching conditions, including phase composition
of the NdFeB spent magnets attained from the pre-treatment,
leaching temperature, time, solid-to-liquid ratio and stirring
speed. Due to the differences in experimental conditions, it is
difficult to draw too many conclusions from the effect of acid
concentration.

Here, we achieved a solubility of 95.5% (0.68 × 103 ppm)
for Nd2O3 in 2.0 M acetic acid with a high Nd selectivity
(Fe2O3 solubility < 0.5%, SF > 4223) (process temperature
50 °C) from a model mixed oxide solution, whereas Yoon
et al.34 attained high solubility (94.2%) and also selectivity
(Fe solubility: 1.0%, SF of 1608) of Nd from NdFeB magnet
scraps after grinding and roasting to their oxides using a 1.0
M acetic acid solution (process temperature 90 °C). The
results showed that under these moderate leaching con-
ditions, acetic acid could be diluted to 2.0 M or lower without
affecting the leaching efficiency of Nd2O3 while maintaining
high selectivity.

2.5 Alignment with green chemistry principles

Throughout our manuscript, we have addressed several green
chemistry principles, as outlined in the ACS“12 Principles of
Green Chemistry”,51 including waste prevention, designing
safer chemicals (minimizing toxicity and maintaining function
and efficiency) and design for energy efficiency. In this section
we will conclude and summarise the main points that are
aligned with the 12 principles of Green Chemistry.

Our new system (diluted acetic acid (2.0 M)) demonstrates
selectivity specific to Nd without requiring additional steps for
metal separation. This exemplifies the green advantage of our
approach by minimizing the quantity of chemicals used and
thereby reducing waste generation through prevention.
Additionally, while in our study we initially considered some
of the DES components reported in the literature (e.g. lactic
acid and guanidine hydrochloride), acetic acid was also
included as a hydrogen bond donor system in the mixture.

Such a simple, economical and green system as diluted
acetic acid (designing safer chemicals) has shown an ability to
selectively dissolve Nd over Fe with a leaching efficiency of
95.5% and a separation factor (SF) of 4223. This value is con-
siderably higher than those reported in the literature (SF:
1608)34 and therefore aligned with the principle of Green
Chemistry; design for energy efficiency. Our use of acetic acid in
the separation of Nd and Fe is certainly greener than the use
of versatic acid to separate Nd and Fe after the alkaline baking
method31 given the preparative method used for versatic
acid.52

Finally, to further enhance the green contribution of this
manuscript, we also observed the beneficial and synergetic
effect of iron oxide in the mixtures to improve the dissolution
of Nd (design for energy efficiency and prevention). This is
quite exciting as this means that common impurities present
in for instance, magnets, could be beneficial for selective Nd
dissolution but also minimise the need of additional chemi-
cals to enable a purification and separation process to elimin-
ate Fe completely from the starting material.

Fig. 6 Dissolution efficiency of Nd and Fe from the mixture of Nd2O3

and Fe2O3 (13 wt%–87 wt%) using acetic acid with different concen-
trations at 50 °C for 24 h. Blue and orange squares indicate Nd and Fe
dissolution ratios in this work. Blue circles indicate Nd dissolution ratio
from the literature.
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3. Conclusions

The dissolution properties of individual Nd2O3 and Fe2O3 and
their metal oxide mixtures with different weight ratios were
explored using a series of hydrogen bond acceptor (HBA) and
hydrogen bond donors (HBD) with molar ratios of 1 : 6 com-
posed of guanidine hydrochloride (GUC) as HBA and lactic
acid, and acetic acid as HBDs, as well as the individual HBDs
and HBA in water. In summary, the leaching ability of Nd2O3

was increased by a factor 1.5 times in water-based systems
compared to GUC-based systems. We concluded that the pres-
ence of chloride in the GUC-based mixtures led to the for-
mation of the chloride complex ([NdClx]

3−x) which is less
stable (log Kf1 = 0.06) than the acetate Nd(CH3CHOHCOO)x or
lactate Nd(CH3COO)x complexes, which result in more stable
(log Kf1, 2, 3 = 4.0, 2.3, and 1.7 and log Kf1, 2, 3 = 2.6, 2.1, and
1.9, respectively) and soluble species.

Overall, it was found that metal-complexation and metal
oxide basicity were the determining factors in the leaching
efficiency. Nd2O3 was found more soluble in weaker acids than
Fe2O3 due to its basicity and weaker lattice energy (Nd2O3 –

12 736 kJ mol−1, Fe2O3 – 14309 kJ mol−1) and the mixture
acetic acid : water (6 : 1) led to best leaching and selectivity of
Nd2O3 over Fe2O3.

In mixed oxide systems composed of Nd2O3 and Fe2O3,
some significant differences were observed in comparison
with the individual metal oxide dissolution pattern. It was also
found that the presence of the Fe2O3 in the mixture enhanced
the dissolution of Nd2O3, depending on the amount of Fe2O3,
especially in the case of GUC-based systems which was attribu-
ted to the Fe2O3 catalytic effect with a separation factor up to
5038.

However, for acetic acid : water (6 : 1) the presence or
absence of other metal oxides (Fe2O3 and Co3O4) did not affect
the leaching efficiency of Nd2O3 and led to the highest
efficiency and selectivity values of the systems studied. Finally,
the concentration of acetic acid was varied and with diluted
acetic acid (2.0 M), it was found that Nd leaching efficiency
(95.5%) could be maintained at a similar level to that achieved
in concentrated acetic acid, while maintaining high Nd selecti-
vity (separation factor > 4223).

Therefore, by modifying the chemical composition of the
mixtures (e.g. HBD, HBA, water, metal oxide) it is possible to
tune the dissolution efficiency and selectivity of metal oxides.
This systematic study is of great interest for the selective dis-
solution of valuable and critical metals from model systems
using less hazardous reagents and we anticipate scope to
apply the knowledge reported in this work (i.e., metal specia-
tion, electrolyte design) to procedures for other critical metals
(notably Co, Ni, Li).
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