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Tailoring the Use of 8-Hydroxyquinolines for the Facile
Separation of Iron, Dysprosium and Neodymium

Matteo Melegari,”) Martina Neri,”” Alex Falco,” Matteo Tegoni,”’ Monica Maffini,”

Fabio Fornari,”’ Claudio Mucchino,” Flavia Artizzu,'” Angela Serpe,

Luciano Marchio*®

Permanent magnets (PMs) containing rare earth elements
(REEs) can generate energy in a sustainable manner. With an
anticipated tenfold increase in REEs demand by 2050, one of
the crucial strategies to meet the demand is developing of
efficient recycling methods. NdFeB PMs are the most widely
employed, however, the similar chemical properties of Nd (20-
30%wt.) and Dy (0-10%wt.) make their recycling challenging,
but possible using appropriate ligands. In this work, we
investigated commercially available 8-hydroxyquinolines (HQs)
as potential Fe/Nd/Dy complexing agents enabling metal
separation by selective precipitation playing on specific struc-
ture/property (solubility) relationship. Specifically, test ethanolic

Introduction

Developing and adopting sustainable technological processes
to extend product life cycles and reduce waste, in line with the
objectives of a circular economy model, is a major challenge of
our time.? Neodymium-iron-boron (NdFeB) permanent mag-
nets (PMs) are among the most efficient and widely used
magnets on the market. They usually contain Fe (64-69 %), Nd
(29-32%), Dy (1%) and small amounts of other metals. Their
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solutions of nitrate salts, prepared to mimic the main
components of a PM leachate, were treated with functionalized
HQs. We demonstrated that Fe’>" can be separated as insoluble
[Fe(Qg,)s] from soluble [REE(Q),]~ complexes (Qc,: 5-Cl-7-1-8-
hydoxyquinolinate). Following that, Q. (5-Cl-8-hydroxyquinoli-
nate) formed insoluble [Nd;(Qc)s] and soluble (Bu,N)[Dy(Qc).l.
The process ultimately gave a solution phase containing Dy
with only traces of Nd. In a preliminary attempt to assess the
potentiality of a low environmental impact process, REEs were
recovered as oxalates, while the ligands as well as Bu,N* ions,
were regenerated and internally reused, thus contributing to
the sustainability of a possible metal recovery process.

applications are strictly related to the global project referred to
as the Ecological Transition since their applications range from
hybrid and electric vehicles to wind turbines and solar panels.”!
However, the primary extraction and production of rare earth
elements (REEs), pose significant environmental concerns.”
China dominates global REE production and export, with 44
million metric tons (MT) of reserves, followed by the United
States and Australia.”! However, China’s REEs export restrictions
in 2010 caused price spikes of REOs and disrupted the global
supply chain. As demand for REEs is expected to increase
tenfold by 2050 due to the spread of green technologies (as
reported by the European Commission forecast), further exacer-
bating the disparity between the market demand of those
critical raw materials and the natural resources of REEs known
to be economically feasible for extraction using current
technologies.”® For these reasons, the urban mining and
recycling of REEs from end-of-life appliances, and in particular
PMs, are considered among the most appealing potential
solutions that the scientific community is being urged to
research.?” Direct re-use through application stands as the
most favourable way of extending the life span of PMs,
mitigating both raw material consumption as well as economic
and environmental costs for both new production and treat-
ment of end-of-life PMs. Nevertheless, due to technological
constrains, this practice is primarily limited to certain cases,
notably large magnets. When the compositions of REE-contain-
ing magnets used by different manufacturers are very similar,
such as in computer hard disk drives (HDDs), direct utilization
through powder processing or by recycling into REE master
alloys is feasible.®® Otherwise, the common approach involves
separating REEs from transition metals and other elements,
such as boron. Recycled REEs mixtures are typically converted

© 2024 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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into rare earth oxides (REOs), then into new REE alloys for
magnet production or other applications. However, industrial
recycling of REEs from end-of-life PMs remains significantly low
due to the lack of suitable and cost-effective processes. Hence,
extensive research efforts have been dedicated to develop new,
economically viable and versatile methods for metal separation
and recovery from REE-based PMs. A variety of methods have
been suggested for recycling REEs from PMs, including
hydro-"%(solvo—)""""®! metallurgical and/or pyrometallurgical
routes,' molten slag methods,"*'® liquid-liquid"** and gas-
phase extraction,”®*® and more.””~** The typical hydrometallur-
gical approach for recovering materials from Nd,Fe;,B alloys
involves the use of strong mineral acids such as HNO;, HCl, and
H,SO,, which behave as nonselective leaching agents for
pristine alloys as well as thermally oxidized materials.***" The
precipitation of iron from acidic leachate by the addition of
bases®®*? is a common practice for separating metals from
REEs, however, co-precipitation of REEs is often observed. Other
strategies rely on the precipitation of REEs from acidic
solutions.*>>® An alternative approach involves the selective
leaching of desired REEs while leaving iron in the residual
material.®’*? The chemical behaviours of iron and REE can be
leveraged to effectively separate them from an acidic leachate
through selective leaching and/or precipitation methods. How-
ever, the separation of neodymium from other REE, such as
dysprosium, presents a more challenging task due to their
closely resembling chemical properties within the 4f-block of
elements.

In industrial settings, conventional liquid—liquid extraction
is the most prevalent technique used for this purpose.'??
However, these methods require numerous steps to achieve
efficient extraction, high consumption of reagents, generation
of significant amounts of effluents, and the utilization of
harmful and substances.**!

An emerging chemical strategy involves discriminating
between REE cations using complexation with specific ligands.
By exploiting differences in cation size within the REEs series,
complexes with varying nuclearities, hydration numbers, or
affinities to supramolecular entities can be formed, resulting in
differing solubilities.”**® Although the approach is usually
limited to the separation of light REE (LREE) cations rather than
heavy REE (HREE) cations, this method offers simplicity and
efficiency often achieving high separation factors in a single
step, usually in the 100-1000 range for light-heavy REE
separation.

In addition to identifying the ideal ligand, the definition of
the optimal conditions in terms of metal concentration,
additives, pH, solvents, and crystallization conditions are also
important for complexation-driven metal separation and
recovery.”” The preference for different coordination numbers
(CNs), such as a higher CN for light REEs cations than for heavy
REEs, as a function of the ionic radius, is a known
phenomenon.”® This behaviour plays a pivotal role in the
crystallization of REE inorganic compounds and is functional in
REE separation.”"*?

Ligands of the 8-hydroxyquinoline family have a high
affinity for metals comprising NdFeB PMs, giving rise to
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complexes characterized by different structural features.**>

Hence, in this work, we focused on commercially available 8-
hydroxyquinoline (HQs) group®” of compounds that act as
selective complexing/precipitating agents for the separation of
Fe**, Nd>* and Dy*" in a nonaqueous solvent.

Here, we show how appropriately functionalized 8-hydrox-
yquinolines in ethanol (listed among the greenest organic
solvents)® allows for sequential selective precipitation of
complexes of three M** species (Fe, Nd and Dy) from a mixed-
metal solution due to differences in the structural features of
the products. An Fe, Nd and Dy-nitrate salt solution was
selected to mimic leachate from PMs by nonselective treatment
with HNO,.*? Specifically, when the sterically hindered HQs, are
used, the coordination preferences of the three metal cations
lead to the formation of the insoluble neutral octahedral iron(lll)
quinolinolate complex, which precipitates from the solution,
against soluble species for both Nd** and Dy**. This process
accounts for an almost quantitative one-pot Fe/REE separation
under mild conditions. Furthermore, when monosubstituted
HQq was used, Dy>* and Nd** formed complexes of different
nuclearities as a function of the base employed for the reaction.
Indeed, soluble [Dy(Q),]~ and neutral and almost insoluble
[Nd;(Qq)s] complexes were preferentially obtained using
Me,NOH or Bu,NOH. This peculiar behaviour of the two
lanthanides was exploited for Nd/Dy separation. In particular,
accurate selection of base and ligand combination allowed us
to achieve Nd:Dy separation factors as high as 300, leading to
almost pure Dy-oxalate. On these bases, a selective two-step
procedure for separating Fe/REE (step 1) and Nd/Dy (step 2)
from a mixed-metal ethanol solution is proposed as a possible
easy route for recovering metals from waste PM. Furthermore,
for circularity considerations, a stepwise procedure allowed for
the quantitative recovery of both the HQs utilized in the process
and the base precursor for Nd:Dy separation. Overall, the
process consumed only nitric acid, oxalic acid and KOH,
ultimately affording solid Fe(OH); and REE oxalates as the final
products.

Results and Discussion

Preliminary Investigation on Iron- and REE-Hydroxyquinoline
Complexes

In the initial part of the work, starting from well-known metal
complexes already described in the literature, we investigated
the behaviour of 8-hydroxyquinoline and its halogen-substi-
tuted derivatives as chelating agents for Fe’", Nd®* and Dy**
ions. The purpose of this preliminary study was to determine
the nature of the compounds formed with each synthetic
condition and assessing the solubility of the resulting com-
plexes. The conditions that were later chosen for the separation
experiments were the ones for which two metals behaved in
different ways in terms of solubility. Four 8-hydroxyquinolines
where employed for this screening, each one with different
steric hindrances on the aromatic ring caused by the presence
of halogen functionalizations, ultimately influencing both the
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nuclearity and solubility of the complexes in a given solvent.
Three quaternary ammonium hydroxides and an aliphatic
amine were used as bases to deprotonate the ligand and
facilitate the complexation of the metals.

Moreover, when anionic complexes were formed, the
cations played an essential role in the ion-pair structure, driving
the formation of one type of complex over another and thus
further modulating the solubility of the final complex.

Figure 1a summarizes the selected functionalized ligands
and bases used in this work. To reasonably simulate the
leachate derived from a conventional non-selective hydro-
metallurgical leaching process on waste PMs, iron and REE
nitrates were selected as the inorganic precursors for the study.
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Figure 1. Functionalized 8-hydroxyquinolines and organic bases used in the
study (a). Molecular structure of the tetrakis complexes with Nd** and Dy**
(b). Molecular structures of the Fe*™ complexes (c). Molecular structure of
the trinuclear complexes with Nd** and Dy** (d).
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All the reactions were performed in EtOH (THF in the case of
HQ,, due to its poor solubility in EtOH) at 60°C, systematically
varying the hydroxyquinoline and the base for a specific
reaction condition. Figure Tb—d summarizes the types of
coordination compounds isolated in the solid state and
identified as the products of the different syntheses. Generally,
we observed the formation of the following: i) tetrakis complex
B[REE(Qgg).] (REE was neodymium or dysprosium; Qg was the
deprotonated form of the 8-hydroxyquinoline ligand; B* was
the quaternary ammonium or triethylammonium cation) with
more sterically hindered ligands and halogen substituents at
both the 5 and 7 positions of the hydroxyquinoline structure
(HQ¢, HQ,)); ii) insoluble trinuclear complexes [REE;(Qgg)s] and
[REE;(Qgz)s(NO3)l, which were formed when unsubstituted and
monosubstituted 8-hydroxyquinolines at the 5 position were
used (HQ, HQ); and iii) insoluble neutral octahedral [Fe(Qgg)l
complexes for all synthetic conditions.®*%”

Tetrakis-type complexes were consistently isolated with
both HQ(,, and HQ,,, with no evidence of a behaviour difference
for Nd** and Dy*" since they gave rise to the same type of
B[REE(Qgr)s] complex under all the conditions explored. In
Figure 2, the isolated REE complexes and their solubility in the
reaction environment are reported for all the tested conditions.
Indeed, it is reasonable to assume that the steric hindrance
provided by bulky halogen atoms in position 5 and, even more,
in position 7 of the ligands could be the main factor driving the
formation of tetrakis complexes with respect to the more
crowded trinuclear species. CHN analyses of the resulting
compounds generally matched the 4:1 ratio of HQgz:REE (see
Experimental Section and Tables S4 and S5). In all the cases,
mass spectrometry confirmed the presence of tetrakis species
(Figures S2-59), and further confirmation of the formation of
B[REE(Qgg)s] could be obtained by single-crystal structural
analysis (see Supporting Information). Given the differences in
the behaviour of REE and Fe** using HQ,, HQ,), it was assumed

BnMe,NOH

Et,N Me ,NOH
Mo Fulee Al L (e AL
Pt

® ¢|o ¢|o ¢|le® @

o} [}
E S =
zZ ) LY, LW
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g_
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Figure 2. Visual representation of the synthetic conditions used for the
preparation of REE-complexes (hydroxyquinoline in row, base in column)
and corresponding isolated complexes (@ = tetrakis complex for REEs;
@-@®-@ —trinuclear complex). White and light red backgrounds highlight
the conditions in which the complexes are soluble or not completely soluble,
respectively, in the reaction environment. For syntheses performed with the
same ligand and base, the reactions were performed with the same
concentration of Nd** and Dy** (range 5-25 mM). Cyan, Nd; Yellow, Dy.
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that the separation of REE and Fe*" in those conditions was
reasonable and was thus explored (see below).

At the other extreme, when the less hindered HQ and HQ(
were employed in the synthesis of the complexes, insoluble
trinuclear species, namely, [REE;(Qgr)s] and [REE;(Qgg)s(NOs)],
were typically formed (see Experimental Section and Tables S4
and S5) nevertheless with important exceptions. Indeed, while
Nd** always gave the trinuclear system, the Dy cation formed
the tetrakis species [Dy(Qgg)s]™ When using HQ, with Me,NOH
or Bu,NOH, whereas with HQ and Bu,NOH, it resulted in a
mixture of (Bu,N)[Dy(Q),] (90%) and [Dy;Q,] (approximately
10%). The clear formation of different complexes between Dy**
and Nd** with HQ. and Bu,NOH or Me,NOH, correlated to the
extreme solubility differences of the (B)[Dy(Q),] (soluble) and
[Nd;(Qg)s] (mostly insoluble) complexes, which had important
consequences for a possible pathway for REE separation.

Finally, thanks to the high solubilities of the tetrakis
complexes, many of the isolated REE-compounds were charac-
terized by single crystal X-ray diffraction. Given the very similar
and preserved metal geometries, the structures can be grouped
by their different packing motifs and topologies as a function of
both the cation and the substituents at the 5 and 7 positions of
the hydroxyquinoline moiety (Figure 3). A detailed description
of the molecular structures and X-ray data for the complexes
reported in this work is provided in the Supporting Information.

Metal Separation from Fe/REE Multimetal Solutions
Selective Iron/REEs Separation

The composition of Nd(Dy)FeB magnets evolves with time by
reducing the required amount of Dy in the final functional
material.® However, the major component in these magnets is
iron (approx. 65% by weight), which needs to be separated
from the other two elements before attempting intra-series
separation. The bulkier hydroxyquinolines HQ., and HQ,
formed the tetrakis [REE(Qc),]~ or [REE(Q,),]” anionic species
under all the conditions investigated, whereas iron invariably
formed the neutral [Fe(Qgg)s] complex, which was insoluble in
most solvents. Simple reasoning related to the different charges
of the two systems drove the separation of iron on one side
and Nd/Dy on the other. On the other hand, the lighter
quinolines HQ, and HQ were not employed for the Fe/REE
separation studies because they formed insoluble complexes
with one or both REEs, which would likely co-precipitate with
the iron complex. We initially determined which of the bases
would perform best for this purpose by quantifying the metal
content in the supernatant (through ICP-OES) when mixing
HQc, and Nd** or Fe’* in the presence of different bases. HQ,
was used first as it was soluble in EtOH. Furthermore, only Nd**
was used in those experiments, as the behaviour of Dy** was
presumed to be the same under these conditions. The M:L
ratios for these preliminary experiments considered the stoi-
chiometric formation of the [Fe(Qg)s] and [Nd(Q)),]~ com-
plexes.

ChemSusChem 2024, 17, €202400286 (4 of 10)
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Figure 3. Representation of the different motives in the crystal packings of
[Dy(Qgg)s]~ complexes with different cations. Two cations are shown for
every [Dy(Qgg),]” structure, even though the anion:cation ratio in the solid
state is 1:1. (Me,N)[Dy(Qc),]-2H,0 (top left) (BusN)[Dy(Qc)4]-H,0-2EtOH
(bottom left), (Et;NH)[Dy(Qc,),)-EtOH (top right) and (BnMe;N)[Dy-
(Q,)4]-0.25THF (bottom right). The coordination around the Dy** ion is
highlighted for the structure of (Bu,N)[Dy(Qc),]-H,0-2EtOH. Hydrogen bonds
between Et;NH, EtOH and the complex in the structure of (Et;NH)[Dy-
(Qqy)4)-EtOH are shown as dotted lines. Atom colors: O, red; N, blue; C, grey
(complex)/light blue (cation)/pink (solvent); Dy, yellow; Cl, green; |, purple.

As a result, Et;N provided the largest difference in solubility
between iron and neodymium (Table S6). Et;N was identified as
the best base for use in these experiments because Me,NOH,
Bu,NOH and BnMe;NOH led to partial precipitation of the Nd
complexes at the same concentration. Once the base was
chosen, we then investigated the separation between iron and
REEs (one at a time) using HQg,. The amount of ligand used
was based on the assumption that (Et;NH)[REE(Qg),] and
[Fe(Q,)s] were the species that formed. During the separation
experiments under these reaction conditions, a dark precipitate
and a yellow solution were formed for the Fe/Nd and Fe/Dy
mixtures. According to the SEM-EDS experiments shown in

© 2024 The Author(s). ChemSusChem published by Wiley-VCH GmbH

85U80]7 SUOWILIOD BAIER.D 8|l [dde aLp Aq peusenob ae S9le YO 8sn JO Sa|NnJ 10} A%eud1 78Ul U0 A8]1M UO (SUORIPUOO-PUE-SWLBY /W0 A8 | 1M ARIq 1 BuIUO//SANY) SUORIPUOD pue SWe 1 8y} 89S ' [G202/T0/62] U0 A%iq1Tauliuo A8]IM ‘WeLO sloweld ea AisieAlun Aq 982001202 9559/200T 0T/10p/wod"Ae i A.q1jpuljuo adoune-Aisiweyo;/sdny wouy papeojumod ‘Tz ‘7§02 ‘X9598T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202400286

Figure 4a-d, the dark solid corresponded to insoluble iron
species, whereas the solution contained soluble REE products.
According to ICP-OES (inductively coupled plasma optical
emission spectroscopy) performed on both the solid and
solution phases (2.5:2.5:2.5:27.5:27.5 mM of
Fe:Nd:Dy:HQ,:NEt;) all of the iron was precipitated, leaving
only the REE complexes in the solution phase. The solid phase
showed the presence of a minimal amount of Dy and Nd (5%
and 4% of the total amount of the metals, respectively) most
likely due to a concomitant precipitation of REE complexes
together with the iron complex. The separation factors between
Fe and Nd and between Fe and Dy were >1800 and > 1400,
respectively (Table 1).
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Figure 4. EDS spectra obtained from the precipitated solid (a) and from the
dried supernatant (b) in EtOH when using HQ/Et;N and a 1:1 mixture of
Fe(NO;);-9H,0 and Nd(NO,),-6H,0. EDS spectra obtained from the precipi-
tated solid (c) and from the dried supernatant (d) in EtOH when using HQ,/
Et;N and a 1:1 mixture of Fe(NOs);-9H,0 and Dy(NO,);-6H,0. ICP-OES
analysis performed on the solution and solid phases for the systems
comprising a 1:1:1 mixture of Fe(NO,);-9H,0 and Nd(NO;);-6H,0 and
Dy(NO3);-6H,0 in presence of HQ/Et;N (EtOH as solvent) (e) and HQ, /Et;N
(THF as solvent) (f); results are reported as mean =+ standard deviation.

For the sake of completeness, we performed the same type
of experiments with the bulkier and more lipophilic HQ,, ligand,
even though the solvent needed for the separation was
nongreen THF due to the poor solubility of the ligand in EtOH.
From the ICP-OES data, it was evident that the complex
[Fe(Q,);] was partly soluble under the investigated conditions,
and a significant amount of iron was found in the solution
phase together with the [REE(Q,),]” species (approximately
30% of the starting iron).

Hence, we identified HQ, in the presence of Et;N as the
ideal condition for separating iron from a Nd/Dy mixture from a
1:1:1 metal mixture.

Iron can be recovered from an [Fe(Q,);] ethanol mixture by
adding KOH. After drying and neutralization of the supernatant
with 1M HNO;, insoluble Fe(OH); and pure HQg, were
obtained.® (Et;NH)[REE(Qc),] were then treated with nitric acid
in water, leading to the formation of soluble REE-nitrates and
HQ,, which can then be separated by centrifugation due to
their low solubility in aqueous media. The recovery of HQ,
from the Fe complex and from the REE complexes was 85%
and quantitative, respectively, leading to an overall recovery
yield of 93 %, thus increasing the sustainability of the process.
Ultimately, the separation provided REE(NO;); as a product that
can be used as the starting point for the second separation
step; conversely, common methods of iron/REE separation lead
to REE oxalates as products, necessitating an intermediate
calcination step.®?

Selective Nd/Dy Separation

A more challenging task was to achieve efficient separation
between Nd** and Dy*". Hence, we chose HQ, which was able
to provide the best differential solubility for Nd** and Dy**
complexes. According to the experimental observations derived
from the structural analysis, different Nd*™ and Dy*" systems
characterized by different solubilities in ethanol were expected
when using HQ(,. As in the previous separation experiments, we
used metal nitrates at a 1:1 ratio (10 mM) in ethanol. The
stoichiometric M:L ratio was based on the assumption that
[Dy(Q¢).]~ and [Nd;(Qg),] were preferentially formed on account
of the structural analysis described above. All four bases were
tested in these preliminary experiments even though Me,NOH
and Bu,NOH were the only bases that provided different
solubilities to the Nd and Dy complexes in the single-metal
experiments reported above. The physical separation between
the solid and the solution phase was performed after 1 h of

standard deviation value was not reported.

Table 1. Separation coefficients (S) and enrichment factors (EFs) for the separations of iron and REEs. The results are reported as the mean =+ standard
deviation, rounded at one significant digit. For the experiments in which the concentration of one of the metals was <LOQ (limit of quantification), the

HQg Base EFfe/nd solid EFfe/py,solid EF g supernatant EF by supernatant Stend Skerny
HQ, Et;N 27 (£5) 20 (£10) >70 >70 >1800 > 1400
HQ, Et;N >190 > 240 3.2 (£0.6) 3.0 (£04) >610 >720

EFyiim2 = Nwi/Nize Where n is the number of moles; Syima = EFyimasoia® EFma/mn supernatant.
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mixing the reagents at 60 °C. Initially, we roughly assessed the
metal composition of the precipitate (wt.%) using SEM-EDS
(Figure 5). The four organic bases had an important influence
on the outcome of the precipitation. Unsurprisingly, in the
presence of Et;N and BnMe;NOH, there was no selective
precipitation of one of the two metals, whereas in the presence
of Me,NOH and Bu,NOH, the solid was significantly enriched in
Nd, consequently concentrating the solution in Dy. The two

a
N BnMie,NOH
3 Nd 51% = | Nd519
£ - Dyasn £ k-
2 o = {1_Dy 49%
] "o H € ] 1 v
2 | i g \) I “i ] (.
£ i .I‘. i I ; : : = “ ‘u" “I‘ il\l |‘. |‘|‘ | !
| [ [ ol e | Lt
e i - i L L
0 2 4 8 10
Energy (KeV) Energy (KeV)
c d

Me,NOH Nd81%

Bu,NOH

Nd 86%

Intensity (a.u.)

m
-
=
B
L =
N
Intensity (a.u.)

T m——————

’ z En‘:ergy (K:V-) ¢ * g E E:ergy (K:V) &
e Me,NOH f Bu,NOH
60°C RT 60°C RT
Eso % 7 g
£ é K
| %
ol =% B 0N

solid sup.

solid sup.

Figure 5. EDX spectra obtained from the precipitated solid in EtOH when
using HQ/Et;N (a), HQ/BnMe;NOH (b), HQ¢/Me,NOH (c) and HQ¢/Bu,NOH
(d), and a 1:1 mixture of Nd(NO,);-6H,0 and Dy(NO,);-6H,0. ICP-OES
analysis performed on the solution and solid phases for the systems
comprising a 1:1 mixture of Nd(NO,);-6H,0 and Dy(NO,);-6H,0 in EtOH, in
presence of HQ¢/Me,NOH (e) and HQ¢/Bu,NOH (f), at 60°C or at room
temperature; results are reported as mean 4 standard deviation.

metal cations in the presence of HQ, and Me,NOH or Bu,NOH
were then quantified via ICP—OES analysis (Table 2). In general,
when starting from a 1:1 Nd**/Dy’* mixture, the solid
precipitate contained most of the Nd initially used and a
variable amount of Dy ranging from 15 to 40% with respect to
the initial quantity.

Most importantly, the solution phase was almost pure in Dy
(purity ca. 99% for the experiment with Bu,NOH). The S and EF
parameters are reported in Table 2 (all conditions reported in
the Supporting Information). Additional experiments were also
performed to test the less promising HQ. Not surprisingly, the
metals behaved in similar ways, resulting in unsatisfactory
enrichment and separation factors (Table $10).

Finally, to better simulate a real NdFeB system, separation
experiments with HQ, were performed using different Nd:Dy
ratios (4:1, 9:1 and 30:1, ratio found in permanent magnets),
maintaining a 10 mM concentration of Nd**. Under all tested
conditions, Bu,NOH performed better than Me,NOH, leading to
greater separation factors. This can be explained by the greater
surface area of the Bu,N* cation with respect to that of the
Me,N* cation, which leads to greater interactions with the
negatively charged tetrakis complex. With Bu,NOH, the Syyp,
values were 180 (Nd:Dy 1:1), 120 (Nd:Dy 4:1), 70 (Nd:Dy 9:1)
and 130 (Nd:Dy 30:1), indicating that the procedure can
potentially be applied to a real PM sample while retaining a
high separation factor. Additional experiments were performed
with a higher percentage of Dy** than Nd** to simulate a
possible second treatment of the separation leachate, which
was rich in Dy’”. To do so, we used starting ratios of Nd:Dy of
1:4 and 1:9. For the former experiment, an efficient separation
was retained (S=100); however, for the latter experiment, the
small amount of Nd*' prevented the precipitation of the
complex, leading to unsuccessful separation.

At the end of the separation trials, HQ, was recovered from
both the isolated (Bu,N)[Dy(Q),] and [Nd;(Qc),] after treatment
with oxalic acid in water at 60°C, leading to the formation of
insoluble REE,(C,0,); octa/nonahydrate®® and partially soluble
[H,Qcl,[oxalate] - 2H,O, which was dissolved in ethanol and
separated from the metal salts. The ligand was recovered from
the supernatant and treated with the minimum amount of
potassium hydroxide in water (0.1 M) up to a pH of 6, leading

Table 2. Separation coefficients and enrichment factors for the intra-series separations of neodymium and dysprosium under the indicated conditions. The
two best conditions for the separation are reported in bold. The results are reported as the mean + standard deviation, rounded at one significant digit

(replicate).
Base Nd:Dy ratio EFnd solia EF by, supernatant Snd/oy % Recovery of Dy % Purity of Dy
Me,NOH 1:1 6.7 (£0.6) 14 (£2) 90 (£10) 86 (+£7) 93.3
Bu,NOH 1:1 2.6 (£0.3) 70 (£10) 180 (+40) 63 (£5) 98.6
4:1 7.1 (£0.3) 17 (+4) 120 (+30) 45 (+1) 94.4
9:1 9.0 (+£0.4) >8.1 >70 18.8 (+0.6) 89.0
30:1 33(+£2) 4(£1) 130 (+£40) 12.3(+0.1) 80.0
1:4 7(1) 14 (£5) 100 (+40) 97 (£7) 93.3
KOH + Bu,NOH 1:1 3(£2) 130 (£ 30) 300 (+100) 76 (£5) 99.2

n Dy, supernatant/(n Dy,supernatant +n Nd,supematam) -100.

EFy; = nyi/Ny, Where n is the number of moles; Sy vz = EFyimz, solia® EFmami, supernatants % recovery of Dy =n o, qpematant (FOUNA)/N by, sianing* 100; % purity of Dy =
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to the precipitation of pure HQ,. The total recovery efficiency of
HQ was >95 % (Figure 6).

The recovery of the Bu,N* cation in the form of (Bu,N)NO,
was achieved after drying the aqueous supernatant phase of
the HQ( recovery experiments from the Dy’* complex and
washing it with the minimal amount of EtOH.

As a proof of concept, separation of the 1:1 system was
also attempted using KOH as the base (6 equivalents) and
Bu,NOH (1 equivalent) as the quaternary ammonium ion source.
The results of the separation experiments proved to be
outstanding, with a final separation factor of 300 and a Dy**
purity of 99.2% in the supernatant. Additional experiments
carried out using KOH (7 equivalents) and (Bu,N)NO; (1
equivalent) proved to be less effective; nonetheless, these
materials retained a good separation factor of 70. These final
experiments showed that the role of tetrabutylammonium salt/
hydroxide is mainly to provide Bu,N* cations for the stabiliza-
tion of the tetrakis Dy** complex.

Reagent
Fe(NO,), Product
REE(NO,),
EtOH —_— Treatment
Et;N mmmm) Reuse
5
<
© Fe/REE
%
] (Et;NH)[REE(Qg )],
g (Et;NH)NO,
s v
[Fe(Qg,)sl(EtOH) Drying
l A
Treatment Treatment
KOH (aq) HNO3 (aq)
=
(7]
3
& | Fe(OH), KQg, REE(NO,),
e (Et;NH)NO,
g
I
Waste Neutraliz I #HQG,,
KNO, HNO; () —_—

# recovery yield 93 %

*For Dy recovery, solid material after EtOH extraction
*For Nd recovery, KNO; and K,C,0, in water solution
** recovery yield 95 %

*** recovery yield 85 %

Preliminary Considerations about the Potential Application and
Environmental Impact

To preliminarily investigate the potential appeal of the
proposed method for practical application, we considered
several hazards related to the use of the selected reagents and
solvents as well as the “greenness” of the chemical
approach.”®*”? Specifically, Figure S38 summarizes the hazard
indications for the reagents and solvents used in this work.
Although further efforts are required to validate an applicative
model based on the proposed method, a potentially suitable
configuration for sequential metal recovery was designed by
considering both the safety perspective and the high efficiency
of separation (Figure 6). As shown, the recovery process
involved only ethanol and water as solvents, avoiding the use
of solvents with a penalty higher than 2. The ligand used for
REE separation, HQ, is a non-hazardous, commercially avail-
able, and economically affordable reagent that can be recov-
ered in up to 95wt.% yield. On the other hand, the best
selectivity for Fe/REE separation was obtained with HQ(, which

REE(NO;),
EtOH, KOH
5 ¢
0
g Nd/Dy (BuyN)[DY(Qcy)al
a Separation KNO,
®
>
a
b
=
[Nd5(Qc)el Drying
Treatment Treatment
H;C,0; (aq) H2C204 (agy
=
Q
=
8
& \ VAC,00.)
= l_dz(C204)3 KNO, Eyz(czods
a (H2Qq)2C20, (HyQg),C.0,— — —
3 (Bu,N)NO,
> Neutraliz. Neutraliz.
5 KOH KOH (aq)
o
0
)
I a. )
o *%
g | ~Hag e, KN
KNO, K,C,0
*** Bu,N NO D24
K,C,0, ( El‘tlz)l-)l (BuN)NO,
o=
z 8
=3 EtOH
= H
Qo Extraction

Figure 6. General scheme describing the steps for the sequential separation of the metals from a 1:1:1 Fe’*/Nd®*/Dy*" mixture using HQ¢,/Et;N (left) and
the separation of Nd>*/Dy*" from a 1:1 mixture using HQ./KOH/Bu,NOH (right) together with the HQ.,, HQ and Bu,;N* recovery percentages.

ChemSusChem 2024, 17, €202400286 (7 of 10)

© 2024 The Author(s). ChemSusChem published by Wiley-VCH GmbH

35U9017 SLOIWIOD SAIIR.D 3|qed ! dde 8Ly Aq pausenob a2 P ILe WO SN JO S3INI 10} Akeudl1 U1 UO AS]IA UO (SUOIIPUOD-PUB-SWLBIWOY"AB| 1M ARIq) 1 BUIUO//:SANY) SUONIPUOD PUe SWIS 1 3U) 39S *[G202/T0/62] U0 Akl auliuo A3]IM ‘UL aluoweld A AiseAlun Aq 982001202 95S9/200T 0T/10p/w0d" A8 | i Afeiq 1 jputjuo adoune-As iweyo;/sdny woiy papeojumod ‘T2 ‘V§0e ‘X95r98T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202400286

is currently used under the name Clioquinol as an antifungal
agent for topical application.”” Due to the high degree of
recyclability of the reagents and solvents, the process con-
sumed only oxalic acid, nitric acid, KOH, and NEt; as it was
possible to recover both ligands and (Bu,N)NO; after Nd/Dy
separation. We were able to recover Fe and REEs in high yield
and good purity by exploiting two one-pot and straightforward
separation steps (Figure S37). Bu,NOH was the best choice
compared to Me,NOH, both from a safety perspective (Fig-
ure S38 and Table S25) and from the efficiency of the separation
process. Based on the process scheme and detailed experimen-
tal data, the most representative green chemistry metrics for
the specific system were estimated and are summarized in
Table S26.

Important information was provided by the mass productiv-
ity (MP), which highlighted the percentage of valorised material
in the leaching process. The use of a nonwatery medium heavily
affected the MP. Notably, EtOH is an environmentally sustain-
able solvent (listed among the most sustainable green solvents)
and is fully recyclable, mitigating wastewater production. On
the other hand, the E factor (EF) may represent a good
connection between the laboratory and the industrial scale.
Indeed, the EF correlates the amount of desired products with
that of generated waste.

The reported EF values for the Fe separation indicated that
this step made the most significant contributions to waste
production in the designed process. According to the effective
mass yield (EMY) parameter, Fe separation and recovery also
represented the least safe phase of the process due to the use
of an acute toxicity reagent.

Although more quantitative information can be obtained
from a life cycle assessment on a consolidated process scheme,
we can preliminarily state that the separation of iron did not
seem as green as the intra-series Nd/Dy separation, as both the
hydroxyquinolines and the base used are associated with a
higher hazard degree, and the metrics are less favourable. For
this reason, despite the interesting and very selective behaviour
shown by HQ, for Fe/REE separation, other more sustainable
reagents may be used for this purpose. In contrast, Nd/Dy
separation under the reported conditions seemed particularly
appealing because of the high level of separation in just one
pot achieved by using eco-friendly reagents under mild
conditions (60°C, 1 h) and because of the almost quantitative
recycling of ethanol, ligands and cation sources. The only
reagents that are consumed in the Nd/Dy separation process
are KOH, HNO; and H,C,0,, which are all widely available and
inexpensive (a detailed description of the process is reported in
Figure S37).

Conclusions

In recent years, the demand for REEs has grown significantly,
and efforts have been directed toward the development of
environmentally friendly methods for their recovery from
electronic waste. Today, the amount of recovered REEs
corresponds to only 5% by weight of the total industry

ChemSusChem 2024, 17, €202400286 (8 of 10)

demand. It is therefore important to increase the percentage of
recycling and REEs recovery from waste, possibly generating
high-value products. In this work, we used nitrate solutions of
iron and REEs (Nd and Dy) as starting material for the separation
trials. We investigated stepwise methods that allowed the
separation or enrichment of singular metals starting from Fe/
Nd/Dy mixtures using known and commercially available
systems such as hydroxyquinolines and quaternary ammonium
hydroxides or triethylamine. The use of negatively charged
ligands and their bidentate nature led to different stoichiome-
tries and therefore different net charges for the iron and REE
complexes owing to their different coordination preferences.
Indeed, this separation was straightforward, with a minimal
quantity of Fe left in solution (<1%). The ligand can be
recovered from the iron complex, whereas REE complexes can
regenerate the ligand by direct treatment with nitric acid in
water. The REE nitrate could then be considered as the primary
materials for subsequent processing aimed at addressing the
Nd/Dy separation. The ligand HQ, preferentially formed neutral
trinuclear complexes with Nd but charged mononuclear
complexes with Dy, using certain bases, thanks to the minimal
but significant difference in their ionic radii. In particular,
Bu,NOH gave a separation factor of approximately 180. Even
though the solid phase was enriched with Nd but with a
consistent amount of Dy, the solution phase contained almost
exclusively Dy. HQ¢ could be completely recovered by treat-
ment with oxalic acid, providing REE oxalate, which could
eventually be thermally decomposed to the corresponding
oxides.®*¥”72 The Bu,N* cation could also be recovered from
the Dy-enriched supernatant as (Bu,N)NO,. Finally, the use of
KOH together with Bu,NOH gave an outstandingly high
separation factor of 300 with a final Dy purity of 99.2%. The
method described provides insights into the factors governing
the separation and recovery of metals using low-denticity
ligands via a green chemistry approach, with high sustainability
potential due to the recovery of most valuable reagents.

Supporting Information

List of the abbreviations; statistical analysis on CCDC structures;
Experimental Section; Separation studies; Description of the X-
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