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The rare earth elements (REEs) play an important role in many modern technologies, particularly those
relevant to clean energy. Despite their increasing importance, obtaining them in elementally pure forms
suitable for downstream applications is challenging due to their similar chemical properties. This
problem has impeded efforts to efficiently and selectively extract them from end-of-life materials and
electronic waste. Here, we report a cost-efficient acyclic picolinate-based chelator Hsaapa. The REE
stability constants (logKwm) of this chelator were measured via pH potentiometric and UV-Visible
spectrophotometric titrations, revealing it to preferably bind light over heavy REEs like many recently
reported 18-membered macrocycles. Its REE complexes were characterized by X-ray crystallography
and NMR spectroscopy, demonstrating that this chelator can attain different conformations. The unique
properties of aapa were subsequently used to separate REEs via the dissolution of insoluble REE oxalate
mixtures. This dissolution-based separation led to large separation factors, the most significant being

that for the Ce®*/Lu®* pair (38.6) at pH 4. Leveraging the strong REE binding affinity of aapa, we further

Received 4th February 2026 . . . . .
Accepted 25th March 2026 demonstrated this chelator can leach REEs from authentic end-of-life materials in the form of magnet
waste and autocatalyst smelting (autocat) slag. With this approach, exposure of these materials to

DOI: 10.1039/d6sc00975a a 20 mM solution of aapa at neutral pH generates a metal-containing solution enriched in Nd** and
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Introduction

The unique electronic, magnetic, and physical properties of rare
earth elements (REEs) make them essential components in over
200 commercial products, many of which are crucial for clean
technologies.’® With these REE-based products on the market
across different industrial sectors, the demand for these critical
minerals is projected to climb from 171300 tons in 2022 to
nearly 240 000 tons by 2030.” For example, the global need for
NdFeB magnets is expected to triple by 2035, while global
production for neodymium (Nd) will only double over this same
timeframe.*® Likewise, other light REEs like lanthanum (La),
cerium (Ce), and praseodymium (Pr) are also subject to short-
ages because of their use in battery electrodes, catalysts, and
polishing.’*** To meet these growing demands, increasing
mining and refining efforts is one option, but these processes
come at significant environmental and health costs.”®*” Alter-
natively, the implementation of recycling strategies to obtain
these critical minerals from their end-of-life materials can
contribute to a robust and sustainable supply chain.'®>°
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Dy** by 56.9 wt% and 3.0 wt%, marking a 4-fold improvement over the use of 4 M HNOx.

Currently, hydrometallurgy is the state-of-the-art method to
recover REEs from magnet and electronic waste (e-waste)
compared to pyrometallurgy because of its lower energy
demands, better efficacy at low temperatures, and scalability.®*" In
this approach, REE-bearing e-waste are dissolved using strong
acid lixiviants, like HNO;, HCl, and H,SO,, to transform the
insoluble REE-containing matrix into more soluble forms,*** or
by employing a concentrated (NH,),SO, solution to form water
soluble (NH,)RE(SO,), salts.>*** These leachates are then sub-
jected to chemical separations with either solvent extraction or
ion exchange chromatography methods to obtain individual
REEs. Despite their sufficient efficacy and cost-efficiency, these
REE-leaching solutions suffer from some drawbacks. First, these
strategies require large quantities of concentrated acid or aqueous
(NH,),S0, for the initial e-waste dissolution step, followed by the
requirement of volatile organic solvents for large-scale solvent
extraction separation. For example, 4 M HNO; or HCl and 0.5 M
(NH,4),SO, are typically required, and their use generates acidic
and ammonium-containing wastewater,”*> which are difficult
and costly to remediate. Furthermore, these agents are not
selective and leach other metals co-occurring in the matrix as well,
reducing the purity of the leached REEs. Therefore, more efficient
and environmentally friendly leaching and separation approaches
are needed.

Greener and less energy-intensive bio-metallurgical strate-
gies employ heterotrophic microorganisms to leach REEs into
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Scheme 1 The chelators discussed in this study.

solution by biosynthesizing unique mixtures of organic acids,
like gluconic, citric, and oxalic, from sugar-based carbon sour-
ces. Some engineered microorganisms like Gluconobacter oxy-
dans, Acidithiobacillus thiooxidans, and Aspergillus niger have
been successfully used to bioleach REEs from discarded LED
lamps, spent automobile catalyst, and fluid cracking
catalysts.***® The success of these efforts has highlighted the
growing interest in biologically inspired solutions for sustain-
able REE processing and have stimulated both academic and
industrial efforts aimed at developing scalable bio-based REE
recovery technologies. Although these bioleaching strategies
provide a promising path forward for the clean dissolution of
REEs from e-waste, they also often extract other metal ions at
higher concentrations,
process.

To increase the efficiency of e-waste leaching, organic
chelators have been designed to strip REEs from their ores and
secondary materials. For instance, the addition of the
commonly used chelator ethylenediamine acetic acid (EDTA,
0.005 M) to a 0.2% (NH,),SO, solution enabled the extraction of
90% of La from weathered crusts, achieving the same efficiency
as a 2.0% (NH,4),SO, solution alone.*” Similarly, 0.1 M ascorbic
acid and acetic acid were able to leach 86% and 45% of REEs,
respectively, from colloidal sediment phases.*® Furthermore,
gluconate and its metabolites (2-ketogluconate and 5-keto-
gluconate), which are the effective constituents in Gluconobacter
oxydans for REE leaching, were also investigated as biolixiviants
for extracting REEs from nickel-metal hydride (NiMH)
batteries,* leading to a leaching yield of 56.1% at pH 3. These
leaching approaches highlight how the use of chelators can
accomplish efficient REE extraction from solid waste. An ideal
chelator for this application should exhibit both strong affinity
and excellent selectivity for REEs, compared to other metal ions
present in such materials.

Chelators bearing picolinic groups have been intensively
studied and applied for REE separations. For example, the large
macrocyclic chelator macropa (Scheme 1), which has been

requiring a subsequent separation
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extensively used in the nuclear medicine realm for actinium-225
targeted alpha therapy,*>* is also promising for REE chelation
because of its good selectivity for large over small metal ions.
For example, this chelator and its variants have been used for
solvent extraction separations of REEs and actinides,****
as within precipitation-based and resin-based separations to
extract REEs in the presence of other small metal ions.*>*
Additionally, macropa can rapidly dissolve barite due to its
strong affinity for Ba®>", suggesting its use for leaching metal
ions from solid materials.”” Despite these promising applica-
tions, the macrocyclic nature of this chelator makes its large-
scale synthesis challenging and costly, providing a potential
limitation for its industrial use. Acyclic chelators, which tend to
have more facile and high-yielding syntheses, have been
investigated as alternatives by designing them to exhibit selec-
tivity for large metal ions, like macropa. Most notably, the linear
analogues of macropa, acyclopa and its amphiphilic version
octadecyl acyclopa (ODA, Scheme 1), exhibit the same unique
reverse-size selectivity properties of the parent chelator. Crys-
tallographic and extended X-ray absorption spectroscopy
(EXAFS) studies of the La** complexes of these two chelators
show that they attain pseudo-cyclic structures that are nearly
isostructural with those of macropa.*®** Another analogue
H,ampa (Scheme 1), which has two carboxamide pendent
groups, may also be promising for REE extraction because of its
ability to bind large metal ions like Pb*", Bi**, and La**.** To
optimize acyclic chelators like acyclopa, ODA and H,ampa for
REE leaching from end-of-life materials, more hydrophilic and
stronger-donor end-cap groups may improve their properties
for this application. This hypothesis is somewhat supported by
related acyclic chelators that bear anionic picolinate groups.
Octapa, for example, can form extremely stable complexes with
lanthanides under mild condition.*>** The expansion of this
acyclic chelator via the addition of a neutral oxygen donor into
its backbone generates a ligand named oxyaapa or Hynoneunpa
(Scheme 1).°*** which makes stable lanthanide complexes
across the entire series.

as well

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Inspired by the success of acyclopa for REE dissolution and
leaching,” in this study we investigated a close structural
analogue bearing anionic carboxylates in place of the neutral
alcohol donors. This new chelator, called aapa, is also similar to
related acyclic chelators octapa and oxyaapa, but contains an
additional ether oxygen donor atom to afford a donor atom set
similar to that of macropa. As shown here, the structural simi-
larity of aapa to macropa confers it with a similar reverse-size
selectivity for lanthanides, akin to the trends observed for
acylcopa and ODA. Leveraging these properties, Hjaapa was
investigated for its ability to separate REEs and extract them
from relevant waste sources. This study demonstrates how
acyclic chelators can be designed to mimic macrocycles and be
leveraged effectively for green REE separations and leaching
applications.

Results and discussion
Synthesis of Hjaapa

The chelator H,aapa was targeted because it provides a similar
donor atom set as macropa, while comprising an acyclic scaf-
fold. Likewise, the investigation of Hjaapa was also motivated
by the success of Hyampa, which was shown to be an effective
chelator for many large metal ions like Pb*", Bi**, and La**,*
and acyclopa, which can directly dissolve and separate REEs
from REE(OH); materials.”® To access Hjaapa, it was synthe-
sized from 2,2'-(ethane-1,2-diylbis(oxy))bis(ethan-1-amine) via
a reductive amination of methyl 6-formylpicolinate to install the
two picolinate methyl ester arms. The remaining secondary
amines were subsequently functionalized with methyl 2-

View Article Online
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both the carboxylate and picolinate groups were removed under
acidic conditions to afford H,aapa with an overall yield of 47.0%
(Scheme 2). This new chelator, as well as all of its synthetic
intermediates, were characterized by NMR spectroscopy,
elemental analysis (EA), and liquid chromatography-mass
spectrometry (LC-MS, Fig. S1-S9, SI). This synthetic route is
streamlined in comparison to those used to access related
bis(picolinate)-bearing acyclic chelators, which used a less
efficient sequential protection and deprotection of the amines
to prevent overalkylation.***® Additionally, Hjaapa is not
a derivative of the expensive diaza-18-crown-6 macrocyclic
precursor like analogues of macropa, and its synthesis is
therefore more cost-effective. For example, we estimate the cost
for 1 g macropa, based solely on chemical reagents and average
yields for each reaction in our lab, to be $42.70, of which diaza-
18-crown-6 contributes $35. By contrast, the reagent cost of aapa
via this synthetic route is only $11.4 per g (Tables S1 and S2).

Solution characterization of the Ln*" complexes of aapa

NMR spectroscopy (*H, **C{*H}, 2D HSQC and HMBC), HPLC,
LC-MS, and UV-Vis spectroscopy were carried out to investigate
the coordination chemistry of aapa with REEs in solution. These
studies focused on the largest and smallest lanthanide ions,
La*" and Lu®*", because they are diamagnetic, making them
amenable for characterization by NMR spectroscopy and
providing an opportunity to understand how aapa can differ-
entially bind small and large REEs. The 'H and *C{"H} NMR
spectra of a 1: 1 mixture of La®>" and aapa show the presence of
two conformers in aqueous solution at pD 8 (Fig. S10 and S11,
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Fig.1 'H NMR spectrum of the aapa complex formed with La** at a 1: 1 ratio (500 MHz, D,O, pD = 8, 25 °C). Resonances are assigned via the
numbering scheme shown in the inset. The major conformer, labeled with blue numbers, is asymmetric, whereas the minor conformer, labeled
with yellow numbers is symmetric. The peak at 4.70 ppm is from D,O. Acetoitrile, apparent as a singlet at 2.00 ppm, was added as an internal

reference.

spectroscopy using the numbering scheme shown in Fig. 1 and
$10-S15. The integration of "H resonances of each conforma-
tion shows that they are present in a 1: 3 ratio, with the major
species lacking symmetry. This lack of symmetry is revealed by
the appearance of two distinct sets of diastereotopically split
CH, resonances of the picolinate arms (H-7 and H-8 in blue)
and CH, resonances of the backbone carbon adjacent to the
tertiary nitrogen (H-1 and H-6 in blue). By contrast, the minor
species is symmetric, as reflected by the appearance of only one
set of diastereotopic CH, resonances for each type of hydrogen
(vellow labels). HPLC analysis of this mixture also reveals the
presence of two species, characterized by peaks at retention
times of 15.11 and 16.44 min, also at a ratio of 1 : 3 (Fig. S16, SI).
The presence of conformers of different symmetries for La**
complexes of related picolinate or picolinamide-based acyclic
chelators has previously been observed.*®***® Notably, the 'H
NMR spectrum of the La**~aapa complex does not vary over the
pD range of 4-10, indicating that the conformer equilibrium is
not dependent on H' concentrations (Fig. S17, SI). The mass
spectrum of La**-aapa only reveals one peak with an m/z =
670.9 (Fig. S18, SI), which matches the expected m/z value for
[La(H,aapa)]". The observation of a single peak with the ex-
pected mass for the 1:1 ligand : metal complex by mass spec-
trometry supports our interpretation that the two species
detected by NMR spectroscopy are conformers of the same
complex.

The formation of the Lu** complex of aapa was afforded from
a1:1 mixture of the metal ion and ligand at pD 8. In contrast to
that of the La*"-aapa complex, the "H NMR spectrum of the
Lu®" complex at room temperature revealed very broad reso-
nances, possibly signifying fluxionality or conformational
dynamics (Fig. 19, SI). The formation of the Lu**-aapa complex
was further confirmed by mass spectrometry, revealing a peak at
m/z = 706.9 that matches the [Lu(H,aapa)]” ion (Fig. $20, SI),

10240 | Chem. Sci., 2026, 17, 10237-10250

and by analytical HPLC, which showed a single peak with
a retention time at 14.83 min, distinct from the free ligand
(Fig. S21, SI). Under more acidic conditions, however, aapa
cannot bind Lu®" appreciably. For example, the "H NMR spectra
of 1:1 solutions of Lu®*" and aapa at pD 2 reveal that no Lu**-
aapa complex forms (Fig. S19, SI), contrasting the "H NMR
spectra for the 1:1: solution of La*" and aapa, where partial
complexation occurs at this pD value (Fig. S17, SI). These results
suggest that aapa binds more strongly and stably to the light
large La*" over the heavy small Lu®** ion, matching the proper-
ties observed for diaza 18-crown-6 macrocyclic chelators like
macropa and its analogues. Lastly, the UV-Vis spectrum of the
Lu*" complex is red-shifted (Amax = 269 nm) compared to the
free ligand (Amax = 265 nm). This shift is identical to that seen
for the La** complex (Fig. S22, SI). Collectively, these data
indicate that the acyclic aapa can form complexes with both
large and small Ln** under mild conditions, while also retain-
ing a reverse-size selectivity for light over heavy lanthanides like
macropa.

X-ray crystallographic studies

Despite extensive efforts to obtain X-ray quality crystals of
multiple different Ln*" ions, we were only successful in
accessing those of the La**-aapa complex, which were grown
from a mixture of La*" and aapa in methanol via slow evapo-
ration. The crystal structure is shown in Fig. 2, and its crystal-
lographic data collection and refinement parameters are listed
in Tables S3 and S4, SI. Within the asymmetric unit, two La*"-
aapa complexes are present, and both complexes reside on
crystallographic C, axes, conferring them with this symmetry.
An analysis of the C-O distances on the picolinate groups,
intermolecular hydrogen-bonding interactions, and residual
electron density on the difference Fourier map led us to assign

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Structures of [La(H,aapa)l* (left) and [La(aapa)]~ (right) with thermal ellipsoids drawn at the 50% probability level. Counteranions, nonacidic
hydrogen atoms, and outer-sphere solvent molecules are omitted for clarity. Grey = C, blue = N, red = O, teal = La, and white = H.

these two complexes in the asymmetric unit to be the doubly
protonated cationic [La(H,aapa)]" and the fully deprotonated
anionic [La(aapa)] . Their existence in a 1:1 ratio leads to
charge balance within the crystal. Within both the cation
[La(Hyaapa)]" and the anion [La(aapa)]~, the La** centers attain
a 10-coordinate geometry, afforded by close interactions with all
of the donor atoms available on the aapa ligand. Furthermore,
the conformations attained by both ions are identical, with the
two picolinate arms binding on opposite faces of the La**
coordination sphere, as enforced by the crystallographic C,
axes. The respective symmetries of these solid-state complexes
are consistent with the symmetric minor conformation
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Fig. 3 The Ln** stability constants (log K ,) of aapa, oxyaapa, octapa,
and macropa, versus ionic radii (CN = 6).

© 2026 The Author(s). Published by the Royal Society of Chemistry

observed by "H NMR spectroscopy. Thus, even though there is
a slight preference for the asymmetric conformer in solution, as
revealed by NMR spectroscopy, the energy difference between
these conformers is small enough to be influenced by solid-
state packing interactions, which lead to crystallization of the
less favored conformation. The La-N distances from the pico-
linate groups range from 2.737 to 2.739 A, whereas the La-N
distances from the backbone are longer, falling between 2.780
to 2.798 A (Table S4). These distances do not vary substantially
between the anion and cation within the structure. For the La-O
picolinate distances, however, these values are larger (2.619 A)
for the protonated cationic species, compared to those within
the anion (2.534 A). This result is expected given the decrease
electrostatic interaction afforded once the picolinate groups are
protonated.

Overall, the La**-aapa complex geometries are similar to
those observed in the crystal structure of the Bi*" complex of the
carboxamide analogue ampa.’® However, the conformation is
substantially different from those of the La**~ODA,., and La*'-
acyclopa complexes, where two picolinate arms binding to the
same face of La*' like macropa,"* and the DFT-optimized
structure of the La*'-ampa, which reveal a 9-coordinate geom-
etry that arises from a lack of coordination of one of the carb-
oxamide.*® We note, however, that the crystal structure of La**~
aapa does not represent the major species in solution, which is
asymmetric. The major conformer in solution may more closely
match those of the macropa and acyclopa complexes of La*",
where the picolinate arms bind with a syn orientation and lose
their symmetry equivalence. Thus, like macropa, acylcopa and
aapa may be able to attain a conformation that exhibits reverse-
size selectivity.

Chem. Sci., 2026, 17, 10237-10250 | 10241
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Solution thermodynamics

To determine the quantitative binding affinity of Hyaapa for the
lanthanide (Ln) series, the protonation constants (K;) and
stability constants of aapa with the Ln series (Ki,,) were
measured by potentiometric titrations over a pH range of 2.2—
11.3 (Fig. S23-S36). The stability constants of the light lantha-
nides (La*"-Nd*") were also verified with UV-Vis titrations over
the more acidic pH range of 1.28-2.22 (Fig. S37-S40). The
constants K; and Kin;, which are defined in eqn (S1) and (S2),
are summarized in Fig. 3 and Table 1. The log K; and log Ki 1, of
the related chelators oxyaapa, octapa, and macropa are also
provided for comparison. Similar to the acyclic oxyaapa and
octapa, five protonation constants could be determined for

complex stability and selectivity.

aapa. These constants most likely correspond to the successive
protonation of two tertiary nitrogen atoms (log K,; = 8.53 and
log K,, = 7.48), two picolinate nitrogen atoms (log K3 = 3.70
and log K,, = 2.78), and one acetate donor (log K,5 = 2.20). The
sum of these five log K; values, which corresponds to the overall
basicity of the chelator, is 24.69, comparable to those for oxy-
aapa (24.52) and octapa (22.2). This result indicates that the
additional ether oxygen atom within the linear backbone of this
chelator does not appreciably affect their basicity.

The log K1, values for aapa shows that this chelator has
a preference for binding large over small REEs. This result is
consistent with the 'H NMR data described above, which
showed the failure of Lu®*" complex formation at pH values that
led to La*" complexation. Notably, the size preference of aapa is

Table 1 Protonation constants of aapa, oxyaapa, octapa, and macropa and stability constants of their Ln®** complexes
Aapa Oxyaapa® Octapa Macropa®

PKyy 8.53(5)" 8.47 8.524, 8.58° 7.41

PKaz 7.48(5) 7.63 5.40%, 5.43° 6.85

PKas 3.70(8)" 3.66 3.65%, 3.75° 3.32

PKas 2.78(1)" 2.99 2.974, 3.05° 2.36

PKas 2.20(3)" 1.77 1.66%, 2.21° 1.69

Ln** pLn® log Ky 1, log Ky npr log Ky 1, log Ky 1, log Ky 1, log Ky npi

La* 19.2 18.21(7 )“ 2.63(5)° 19.06 20.13¢ 14.99 2.28
18.69(4)° 2.13(5)°

ce’* 19.1 18.50(8)" 2.27(6)* 15.11 2.07
18.63(6)° 2.10(3)°

pr* 19.9 18.90(8)" 2.56(5)" 14.70 2.96
19.55(4)° 2.04(5)°

Nd** 19.7 18.68(6)" 2.32(3)° 19.77 14.36 2.08
18.98(2)° 1.97(4)°

Sm** 19.8 18.75(10)° 3.00(8)" 20.20° 13.80 2.70

Eu®* 19.8 18.76(6)" 2.49(3)" 13.01 1.97

Gd** 19.5 18.50(9)" 2.23(5)° 20.50 20.23¢ 13.02 2.48

Tbh*" 19.4 18.38(5)" 2.36(6)" 11.79 2.91

Dy** 19.2 18.21(5)* 2.45(3)" 20.35° 11.72 2.42

Ho*" 18.6 17.60(3)" 2.58(2)" 10.59

Er** 18.3 17.31(3)° 2.67(5)" 21.33 10.10

Tm?** 17.4 16.44(5)" 2.95(2)" 9.59

Yb** 16.9 15.86(2)° 2.98(2)" 20.10° 8.89

Lu®t 16.3 15.28(4) 3.47(2)" 21.49 20.49¢ 8.25

“ 0.1 M KCl, results obtained from potentiometric titration (pH 2.2-11.3), this work. £ 0.1 M KCl, results obtained from UV- VlS titration (pH 1.28-

2 22), this work. The values in the parentheses are one standard deviation of the last significant figure. ¢

0.1 M KCl, ref. 54. 40.15M NaCl, ref. 52.

¢ 0.16 M KCl, ref. 607 0.1 M KCl, ref. 61. ¢ pLn = —log[Ln*']gc.. Calculated for 10 uM total ligand and 1 uM total metal at pH 7.4 and 25 °C.
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Fig.5 REE oxalate dissolution using aapa. (a) Lax(C,0O4)s was fully dissolved by aapa in 2 minutes at pH 5. (b) Photograph of dissolution of single
REE,(C,04)3 and (c) dissolution efficiencies of REE»(C,0.)s in the presence of aapa at different pH values. Conditions: [REE>*] =5 mM, [C,0427]
= 15 mM, [aapa] = 5 mM; buffer: 100 mM ammonium acetate; t = 1.5 h.

distinct from those of oxyaapa and octapa. The greater number
of oxygen donor atoms on aapa can more stably accommodate
the larger light and middle REEs, as indicated by the greater
stability constants (log Ky, > 18) for the La**-Dy*" complexes
compared to those of Ho**-Lu*" (log Ky, = 17.60-15.28). In
particular, the high stability of the La®**-Nd*" complexes
required the use of low pH UV-Vis titrations to confirm the log
Kypny, values (Table 1). The titration data was best fit by including
an equilibrium for the protonated MHL species (Table 1). This
type of species is consistent with the X-ray crystal structure,
which shows that [La(aapa)]™ can exist in a protonated form. In
comparing the Ln*" stability constant trend between these three
acyclic chelators, the reverse-size selectivity of aapa is driven by
a decrease in affinity for heavy REEs compared to light REEs.
For example, the Alog K7 ,;, between oxyaapa and aapa is —0.85,
whereas the AlogKj,; between oxyaapa and aapa is —6.21
(Fig. 4). By contrast, the Alog K, between octapa and oxyaapa
are generally much smaller, as reflected by values of —1.07 for
La*", 0.27 for Gd**, and 1.00 for Lu®*. Moreover, a 3.22 log unit
difference between the largest log Kp,;, (18.90) and smallest log
Ky (15.28) for aapa is more significant than those for oxyaapa
(2.43) and octapa (only 0.36). The larger difference in log Ky,
values for aapa indicates that it is a more promising candidate
for REE separations, compared to oxyaapa and octapa. In
addition, the increased selectivity of aapa for large metal ions is
consistent with established chelator design principles that
suggest the inclusion of additional neutral oxygen donor atoms
leads to this type of metal-binding preference (Fig. 4).>

In comparison to macropa and acyclopa, aapa exhibits
systematically larger Ln*"-binding affinities (log Koy = 18.90-
15.23 for aapa, log Ky ,;, = 14.99-8.25 for macropa, and log Ki 1,
are in a range of 14-9 for acyclopa respectively).*** Additionally,
aapa provides uniformly strong binding for early Ln*" (La*'-
Dy’"), whereas macropa has stability constants for these metal
ions that decrease steadily across the series by ~3 log K units.
For the small Ln*" ions (Dy**-Lu’"), the stability constants of
the aapa complexes decrease gradually by 2.93log K units,
which is comparable to the 3.47 and ~3log K unit decrease
observed for the macropa and acyclopa complexes over the

© 2026 The Author(s). Published by the Royal Society of Chemistry

same range. Following the trends based on the higher affinity of
aapa for larger REEs, this chelator is also expected to only
weakly bind smaller non-REE metal ions like Fe**, and Ca**,
which are present within common end-of-life REE materials.
This type of selectivity was observed for BZmacropa, which
enabled its use for enriching REEs from complex mixtures
containing multiple metal ion types.*>** To further evaluate the
selectivity of aapa for REEs over non-REE metals, we investi-
gated its coordination chemistry Fe** and Cu®", two of the most
common contaminants in end-of-life materials. Mass spec-
trometry showed that aapa forms primarilya 2:1 M : L complex
with Cu®*, whereas Fe*" forms a 1: 1 complex (Fig. S41 and S42).
Potentiometric titrations were carried out, and the equilibria
were modeled based on the stoichiometry observations from
mass spectrometry. From these data, the pM values of these two
metal ions and Ln*" under standard conditions (10 puM total
ligand and 1 uM total metal at pH 7.4 and 25 °C) were calculated
to provide a direct comparison of conditional affinity of these
ligands (Tables 1 and S5). The results show that pM values for
the Ln** range from 16.3 (Lu**) to 19.9 (Pr**), whereas the non-
REE metals exhibit substantially lower pM values (Fe*': 12.75;
Cu*": 6.3), indicating that the ligand preferentially sequesters
REEs over these competing ions. Overall, the difference between
and overall larger stability constants for the Ln*" ions makes
aapa advantageous for applications in both REE extraction and
separation.

Selective dissolution of REE oxalates

In a typical hydrometallurgical approach, REEs are recovered in
the form of insoluble oxalate salts from the strongly acidic
leachate solutions. This method is specifically efficient for REE
extraction from Fe-containing matrix because Fe(C,0,);*" is
water soluble.*>**%* Although this precipitation strategy can
remove non-REE ions reasonably well, the oxalate salts are ob-
tained a mixture of the different REEs. Given both the binding
affinity and selectivity of aapa for large REESs, we investigated
whether this chelator could be used to simultaneously extract
and separate REEs from solid REE oxalate mixtures. Because
light REE oxalates have a larger thermodynamic stability (log K

Chem. Sci., 2026, 17, 10237-10250 | 10243
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Fig. 6 The selective dissolution of REE oxalates using aapa within 96-well plate. (a) A photograph of REE,(C,04)3 binary mixtures in the 96-well
plate. (b) A photograph of the REE,(C,04)s binary mixtures after being mixed with aapa for 1.5 h. (c) The SF values of selective dissolution

separation using aapa. Condition: [REE1]
15h.

values of Ln,(C,0,); for La**~Lu*" increase from 4.5 to 5.3) but
poorer solubility than heavy REE oxalates (K, values decrease
from 107>° to 107%?),°+% we hypothesized that aapa, which more
strongly binds to more soluble light REE oxalates, could achieve
effective dissolution-based separations of these elements.
First, the ability of aapa to dissolve pure individual REE
oxalates at different pH values was investigated. Nine different
solid REE,(C,0,); salts were prepared in ammonium acetate
buffer by combining solutions of LnCl; (final concentration 5
mM) and excess ammonium oxalate (final concentration 15
mM) for 30 min. The precipitation efficiencies (E%), calculated
based on eqn (S3), from this process were determined by
measuring the remaining Ln*' concentration in solution by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) after removal of the solid REE,(C,0,); by filtration, as
summarized in Tables S6, S7, Fig. 5, and S45. The REE
concentration remaining in solution was below the detection
limit, reflecting near-quantitative precipitation of the metal
ions with oxalate at pH 5. Once these solids were formed, they
were subsequently treated with 1 equiv. of aapa (5 mM) for 1.5 h
at pH 5 to determine its dissolution efficacy. Under these
conditions, aapa could dissolve nearly 100% of La,(C,0,4); and

= [REE2] = 2.5 mM, [C,04%7] = 15 mM; [aapa] = 5 mM. pH 4. Buffer: 100 mM ammonium acetate; t =

affinity for light REEs. Notably, La,(C,0,); can be fully dissolved
by aapa in 2 minutes with stirring (Fig. 5a), underscoring the
rapid dissolution kinetics achieved by aapa. In comparison,
only 58.8% Yb,(C,0,); and 52% Lu,(C,0,); were solubilized by
aapa under identical conditions (Fig. 5¢). The large differences
in dissolution efficiency of aapa for the light and heavy REEs is
not entirely expected based on the relatively small differences in
stability constants between these metal ions. However, the large
dissolution efficiency differences are also a result of the poorer
affinity of the light REEs for oxalate, which enables aapa to more
easily bring these species back into solution via chelation.®%”
Notably, the difference in dissolution efficiencies between light
and heavy REEs can be enhanced significantly at lower pH
values (Fig. 5¢). At pH 4.5, aapa can dissolve 89.7% Ce,(C,0.,)3,
but only 57.7% Dy,(C,0,4); and 37.0% Lu,(C,04)3. At pH 4, the
differences in dissolution efficiency between the light Ce*" and
the heavy Dy’ and Lu®" reached 66.0% and 71.6%, respectively.

Because aapa afforded the largest differences within the
dissolution of the Ln,(C,0,); solids at pH 4, this pH was
selected for subsequent separation experiments. A total of 36
binary Ln,(C,0,); mixtures were prepared and then contacted
with aapa (Fig. 6a and b), following the procedures used for the

Ce,(C,0,); (Fig. 5b, c and S41), highlighting its strong binding single-element oxalate salts. The metal concentrations
20
(a) i Nd,Fe,,B magnet waste (b) 35 Nd FeMB magnet waste (C) 170 Nd,Fe,,B magnet waste
£ 800 | s I 157
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Fig. 7 REE leaching from waste magnet using different chelators. (a) Metal concentration in the filtrate of magnet waste leaching; (b) ligand
efficiency of REEs for magnet waste; (c) weight ratio of REE to non-REEs in the filtrate of magnet waste leaching. Conditions: 20 mg magnet
waste. 1 mL chelator solution (20 mM); buffer: 100 mM MOPS solution (pH 7.4); t = 24 h, rotated at 40 rpm.
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remaining the solution were measured by ICP-OES, and based
on these data the separation factors (SFs), which quantify the
extent of REE separation, were calculated with eqn (S4) and are
summarized in Tables S8 and S9. The SF values increase as the
difference in ionic radii between the REEs gets larger. The
highest SF of 38.7 was achieved for the Ce**/Lu®" pair, followed
by 33.1 for La**/Lu®" and 26.6 for Ce*"/Yb*" (Fig. 6¢). These
binary REE separation data are consistent with the single
Ln,(C,0,4); dissolution experiments and provide a promising
strategy for direct dissolution-based REE separations. Although
these SFs are somewhat smaller than might be expected based
on relative log K value, the experimentally observed SFs reflects
the combined effects of metal-ligand complexation, precipita-
tion-dissolution equilibria, and the specific experimental
conditions employed. Consequently, further optimization of
separation conditions could potentially improve the observed
SFs. The chelator acyclopa was also used for dissolution-based
separations of La®" and Y** from insoluble REE(OH);. With a-
cyclopa, SFs for these two metal ions up to 295 could be ob-
tained, albeit with higher loading concentrations of insoluble
REE(OH); mixtures at pH 9.*

REE-selective extraction from magnet waste and autocatalyst
smelting slag

Building upon the ability of aapa to dissolve REE,(C,0,); solids,
we investigated its use for selectively leaching REEs from
Nd,Fe;,B magnet waste and autocatalyst smelting slag (autocat
slag). The Nd,Fe,,B magnet waste was acquired from a computer
hard drive that was ground and separated into 30-mesh (0.595

© 2026 The Author(s). Published by the Royal Society of Chemistry

mm) particle size. These leaching experiments were performed at
pH 7.4, buffered by 100 mM 3-(morpholin-4-yl)propane-1-sulfonic
acid (MOPS), and studied in comparison to di-
ethylenetriaminepentaacetic acid (DTPA) and macropa. Buffered
water was used as a leaching control. After contacting the solid
waste materials for 24 h with continuous mixing via end-over-end
rotation at 40 rpm, the solid was removed by filtration, and the
metal concentration in the filtrate was determined by ICP-OES.
From these data, dissolution efficacy was calculated via the
ligand efficiency parameter shown in eqn (1):

REE
Ligand efficiency = [713] X

REE,,] < % ®

where [REEp] is the molar concentration of REEs measured in
the filtrate, and [REE,,,] is the maximum molar concentration
of REE that can be chelated by each ligand, calculated from the
concentration of each ligand in the solution and assuming a 1:
1 M: L binding model. For the Nd,Fe,,B waste, a pulp density of
20 g L~ " was employed. As shown in Fig. 7a, Tables $10 and $11,
1 mL of buffered water does not extract any metals from the
Nd,Fe,,B magnet waste at neutral pH. By contrast, the addition
of 20 umol (20 mM x 1 mL) aapa or macropa to the magnet
waste leads to efficient dissolution of the REEs. This effect is
most pronounced for Nd**, the REE of highest abundance in
these materials. Under this condition, the use of aapa and
macropa gives leachates containing 828 ppm and 819 ppm
Nd**, corresponding to ligand efficiencies of 28.9% and 28.6%
(Fig. 7a), respectively. Both of these chelators are more effective
than DTPA, which gives rise to a leachate containing 521 ppm
Nd** corresponding to a ligand efficiency of 18.1%. Moreover,
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both aapa and macropa achieved superior leaching of Dy*" and
Pr** compared to DTPA, even though DTPA complexes of these
REEs have larger log K values than those of aapa and macropa,®®
as reflected by overall ligand efficiencies for REEs of 30.5%,
29.8%, and 19.1% for aapa, macropa, and DTPA, respectively
(Fig. 7b). The poorer performance of DTPA can potentially be
explained by the less selective metal-binding properties of this
chelator. For example, DTPA also extracts large quantities of
transition metals (342 ppm Fe*" and 363 ppm Cu®') into the
solution. These values are 2-6 times larger than those extracted
by aapa (179 ppm Fe** and 120 ppm Cu”*) and macropa (58 ppm
Fe®" and 265 ppm Cu”"). The difference in metal composition of
the leachate obtained from these different chelators could be
easily recognized from their colors (insert of Fig. 7a), as
complexes of Cu®" and Fe®" give characteristic blue and yellow
solutions. The selectivity of these ligands for REEs over non-
REEs was calculated by determining the weight concentration
ratio between the total quantity of REEs (D rgrs) and total
quantity of non-REEs (> ,on-regs) in the filtrates (Fig. 7c). The
chelator aapa shows the highest selectivity for REEs with
a > rees/Y nonregs ratio of 1.70, somewhat larger than the 1.57
value obtained for macropa. The larger transition metal-
leaching ability of DTPA is characterized by a poorer selec-
tivity ratio of only 0.66. Next, the rate of dissolution of Nd** and
Dy** from magnet waste by these chelators were investigated
over a 0.5-24 h timescale (Fig. S46, SI). Faster Nd*'-leaching
kinetics are observed for aapa and macropa compared to DTPA.
Furthermore, even though aapa and macropa have a similar
Nd**-dissolution performance after 24 h, aapa dissolves Nd**
much faster, achieving soluble concentrations of this metal ion
of 730 ppm after only 4 h (Fig. S46a, SI). By contrast, macropa
requires 16 h to dissolve Nd*" to the same extent (774 ppm). The
faster leaching properties of aapa are also apparent for Dy*", as
this chelator exhibits the fastest rates for dissolution of this
metal ion from magnet waste throughout the entire leaching
process (Fig. S46b, SI).

To evaluate the REE-selective dissolution of aapa and
macropa, they were compared to the most commonly used lix-
iviant 4 M HNOj;. As shown in Tables $10 and S11 (SI), 4 M
HNO; extracts both Nd** (2132.4 ppm) and Dy** (107.5 ppm),
2.6 times more effectively than aapa. However, this increased
dissolution efficacy also leads to poorer REE selectively, leach-
ing 89-, 35-, 5-, 23-, 53-, and 3-fold higher levels of AI**, Fe*",
Ca*', Cu®', Ni”" and Zn*", respectively, than that of 20 mM aapa.
Consequently, the REE weight percentage of the resulting HNO;
leachate is very low. As shown in Fig. 8, this HNO; leachate
contains only 15.6% Nd*', 0.1% Pr*", and 0.8% Dy’", with larger
weight percentages of Fe®* (44.8%) and Cu** (20.3%). By
contrast, the Nd** and Dy’** content in the aapa and macropa
leachate range between 58.4-59.4% and 2.1-3%, respectively,
and the Fe*" and Cu®" weight percentages are only 19.9-4.1%
and 8.7-19.0%, respectively. For comparison, 20 mM DTPA
exhibits moderate selectivity for REEs, leading to a leachate that
contains 37.6% Nd*" and 1.7% Dy**, but also with 26.2% Cu>".
Collectively, these leaching results demonstrate that aapa
enables the most efficient and selective recovery of Nd**, Dy*",
and Pr** from Nd,Fe,,B magnet waste under neutral aqueous
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conditions, performing better than the macrocycle macropa,
the conventional chelator DTPA, and 4 M HNO;.

Similar leaching experiments were conducted with autocat
slag. Compared to the Nd,Fe;,B magnet waste, the relative
amounts of main group and transition metals are hundreds of
times larger than those of REEs within the autocat slag,*
making selective REE leaching a more challenging process.
First, the effects of the pulp density of the autocat slag on its
chelator-assisted dissolution was studied (Tables S12, S13 and
Fig. S47, SI). At larger pulp densities, both aapa and macropa
were more effective at dissolving the REEs. For example, at
a pulp density of 10 g L', aapa and macropa led to soluble Ce**
concentrations of 12.4 and 2.36 ppm, respectively, whereas at
a pulp density of 50 g L', these soluble concentrations
increased to 28.4 and 10.2 ppm, respectively. Although higher
pulp densities appear to lead to more efficient dissolution, the
maximum practical pulp density used in these studies was 50 g
L™, due to challenges arising from the mechanical mixture of
higher pulp density suspensions. For direct comparison, all
subsequent studies with aapa, macropa, DTPA, and buffered
water used a pulp density of 50 g ™" (Tables S14 and S15, SI). As
expected, pH 7.4 buffered water is unable to leach any metals
from the autocat slag (Fig. S48a, SI). Remarkably, aapa solubi-
lizes more REEs from autocat slag than macropa, yielding
a leachate containing 3.76 ppm La®", 28.4 ppm Ce*", 0.92 ppm
Pr**, and 2.25 ppm Nd** that corresponds to an overall ligand
efficiency of 1.26% (Fig. S48b, SI). In comparison, the concen-
tration of these REEs solubilized by macropa were 1.62, 10.2,
0.26, and 0.83 ppm, respectively, which corresponds to only
~30% of the REE content that can be dissolved by aapa
(Fig. S48b, SI). These results indicate that aapa is more effective
than macropa in leaching REEs from autocat slag, presumably
due to its higher binding affinities for these elements. Under
the same condition, DTPA extracted more Ce** (33.0 ppm vs.
28.4 ppm) and La*" (4.8 ppm vs. 3.8 ppm) than aapa and gave
a higher ligand efficiency of 1.67% (Fig. S48b, SI). However, this
chelator also dissolved neatly two times as much Ca*" (125 vs.
78 ppm) and more than twice as much Fe** (50 vs. 21.2 ppm)
than aapa, which can be recognized from the color of chelate in
insert of Fig. S48a, resulting in a slightly lower > rgps/> non-rREEs
(0.23%) than that of aapa (0.25%, Fig. S48c, SI). Moreover, aapa
and DTPA have similar kinetics for autocat slag leaching, as
both reach equilibrium at 4 h. By comparison, macropa leach-
ing is slower; it doesn't reach equilibrium until 24 h (Fig. 549,
SI). However, the leaching efficiencies of those three chelators
for autocat slag (2-3% of 4 M HNO; REEs leaching) is much
lower than that for magnet waste (~40% of 4 M HNO; REEs
leaching), demonstrating that the composition of the secondary
REEs materials is also an important factor for REEs leaching
employing chelators.

Conclusion

Inspired by recent efforts to make acyclic versions of macropa,
like acyclopa and ODA, we developed and evaluated a cost-
efficient acyclic ligand, Hjaapa, for its abilities to chelate
REEs from solid waste. This ligand has a high binding affinity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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for REEs, as marked by log K ,,;, values that range from 18.95-
15.28. Furthermore, it retains a preference for light over heavy
REEs. These properties enable aapa to achieve a direct
dissolution-based REE separation via its action on REE oxalate
mixtures. The subsequent application of aapa for use in
authentic magnet waste, as well as autocat slag, also reveals its
potential for enhanced REE solubilization and enrichment,
especially compared to a conventional chelator like DTPA and
a strong acid, like HNOj;, which exhibit poor selectivity.
Collectively, these studies highlight how chelator design efforts
can be applied for the direct leaching of REEs from end-of-life
materials. However, further efforts are needed to optimize and
improve the overall selectivity of these chelators to achieve both
higher leaching efficiency as well as REE selectivity.
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